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A B S T R A C T

Across the entire mantle we interpret 94 positive seismic wave-speed anomalies as subducted lithosphere and
associate these slabs with their geological record. We document this as the Atlas of the Underworld, also accessible
online at www.atlas-of-the-underworld.org, a compilation comprising subduction systems active in the past
~300 Myr. Deeper slabs are correlated to older geological records, assuming no relative horizontal motions
between adjacent slabs following break-off, using knowledge of global plate circuits, but without assuming a
mantle reference frame. The longest actively subducting slabs identified reach the depth of ~2500 km and some
slabs have impinged on Large Low Shear Velocity Provinces in the deepest mantle. Anomously fast sinking of
some slabs occurs in regions affected by long-term plume rising. We conclude that slab remnants eventually sink
from the upper mantle to the core-mantle boundary. The range in subduction-age versus – depth in the lower
mantle is largely inherited from the upper mantle history of subduction. We find a significant depth variation in
average sinking speed of slabs. At the top of the lower mantle average slab sinking speeds are between 10 and
40 mm/yr, followed by a deceleration to 10–15 mm/yr down to depths around 1600–1700 km. In this interval,
in situ time-stationary sinking rates suggest deceleration from 20 to 30 mm/yr to 4–8 mm/yr, increasing to
12–15 mm/yr below 2000 km. This corroborates the existence of a slab deceleration zone but we do not observe
long-term (> 60 My) slab stagnation, excluding long-term stagnation due to compositional effects. Conversion
of slab sinking profiles to viscosity profiles shows the general trend that mantle viscosity increases in the slab
deceleration zone below which viscosity slowly decreases in the deep mantle. This is at variance with most
published viscosity profiles that are derived from different observations, but agrees qualitatively with recent
viscosity profiles suggested from material experiments.

1. Introduction

Seismic tomography has provided a breakthrough in the analysis of
plate tectonic history by allowing to trace now-subducted ancient li-
thosphere in the Earth's mantle, where they appear as plate-like positive
seismic wave-speed anomalies in the upper mantle and often more
amorphous structures in the lower mantle (e.g., Spakman et al., 1988;
Van der Hilst et al., 1991; Zhao et al., 1992; Fukao et al., 1992, 2001;
Grand et al., 1997; van der Hilst et al., 1997; Bijwaard et al., 1998;
Widiyantoro et al., 2000; Zhao and Lei, 2004; Fukao and Obayashi,
2013). Since the earliest detection of positive wavespeed anomalies in
the deep mantle (Dziewonski, 1984) their interpretation was almost
exclusively in terms of remnants of ancient subduction. Only recently,
however, this presupposed link was corroborated as being statistically
significant at the 99% confidence level for subduction of the past

~120 Myr reaching mantle depths of ~2300 km (Domeier et al.,
2016).

Research into linking detailed plate tectonic history to present-day
mantle structure started around 1990 (e.g. Spakman et al., 1988;
Richards and Engebretson, 1992; van der Hilst and Seno, 1993; De
Jonge et al., 1994; Carminati et al., 1998a,b; Lithgow-Bertelloni and
Richards, 1998). Improved global mantle tomography models led to
interpretations of lower-mantle slab structure which initially focussed
on the large Farallon and Tethys anomalies (e.g. Grand et al., 1997; van
der Hilst et al., 1997; Bijwaard et al., 1998; Van der Voo et al., 1999a;
Hafkenscheid et al., 2006) and the Mongol-Okhotsk (Van der Voo et al.,
1999b) as third important anchor slab for linking deep mantle structure
to plate tectonic evolution. A major jump was made by van der Meer
et al. (2010) who linked present-day lower mantle structure to the
paleo-location of 28 ancient subduction zones, of which the geological
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artefacts have moved away by plate motion. van der Meer et al. (2010,
2012) used geological dating for the start and end of subduction (e.g.
van Hinsbergen et al., 2005) combined with a detailed relative plate-
motion model (Torsvik et al., 2008a; Steinberger and Torsvik, 2008) to
identify slab remnants in the lower mantle that effectively comprised
~250 Myr of global subduction history. They also derived a first-order
estimate of the average sinking rate of slabs through the lower mantle
(12 ± 3 mm/yr), a range consistent with later estimates (Butterworth
et al., 2014; Sigloch and Mihalynuk, 2013; Domeier et al., 2016), which
was also used as a novel constraint on mantle viscosity (Cízková et al.,
2012; Bower et al., 2013). Importantly, the identification of slab rem-
nants that subducted at 28 paleosubduction zones provided the first
step towards establishing a mantle reference frame based on subduction
(van der Meer et al., 2010) that proved to be relatively close to absolute
plate motion models that are primarily based on hot spot tracks (e.g.
Doubrovine et al., 2012).

Recently major progress occurred on linking geological history to
slab remnants imaged in the mantle at regional scale (e.g. Shephard
et al., 2013; Sigloch and Mihalynuk, 2013; van Hinsbergen et al., 2014;
Hall and Spakman, 2015; Zahirovic et al., 2016). By invoking absolute
plate motion models, relatively isolated slab remnants in the deep
mantle, of which the geological evidence is meanwhile displaced by
thousands of kilometres, could be identified (e.g. Schellart et al., 2009;
Schellart and Spakman, 2015; Shephard et al., 2016; Vissers et al.,
2016). New approaches use imaged slabs directly as a novel basis for
plate kinematic restorations by “surfacing” slab anomalies (Lister et al.,
2012; Wu et al., 2016).

Furthermore, mapped slab remnants were correlated with the lo-
cation of seismic scatterers in the lower mantle (e.g., Hutko et al., 2006;
Kaneshima, 2013; van der Meer et al., 2012; Ma et al., 2016) and with
Pacific LLSVP topography (He and Wen, 2009; van der Meer et al.,
2012). Global interpretation of mantle structure has led to estimates of
paleo-subduction zone lengths through time that provided constraints
for global plate tectonic activity impacting atmospheric CO2 (van der
Meer et al., 2014; Mills et al., 2014; Kashiwagi, 2016), strontium iso-
tope ratios (van der Meer et al., 2014, 2017) and sea level (van der
Meer et al., 2017).

Encouraged by all these new developments, we have expanded our
analysis of mantle structure to the identification of 94 slabs throughout
the upper and lower mantle. This review constitutes our geological
interpretation of these imaged slab remnants by linking them to geo-
logical records of subduction. The compilation is summarized in what
we call the Atlas of the Underworld, for which we also developed an
online version at www.atlas-of-the-underworld.org that is fully
searchable and includes discussion forums for each interpreted slab to
facilitate post-publication peer review. This catalogue is intended to
provide a new basis for future studies in the fields of orogenesis, mantle
convection and plate tectonic reconstruction, and as a first and ex-
tensive global framework for interpretation of present-day global
mantle structure and its physical properties and how that relates to our
planet's dynamic evolution of the past ~300 Myr.

2. Methods

We aim to provide a succinct documentation of many positive
seismic wavespeed anomalies in the mantle as remnants of subducted
lithosphere of which we interpret plate tectonic provenance and the
timing of subduction from the global continental geological record of
subduction. We expand on our previous work (van der Meer et al.,
2010) by (1) incorporating upper mantle slab anomalies, (2) by iden-
tifying contributions within major mantle anomalies (particularly
below North America) from individual paleo-subduction events, and (3)
by incorporating lower mantle anomalies that were not yet subject to
interpretation in terms of subducted lithosphere, if possible.

Our previous compilation (van der Meer et al., 2010) suggested that
the deep mantle contains slab remnants that may have subducted

200–300 Myr ago. Whilst actively subducting upper mantle slabs are
straightforwardly linked to the active orogenesis and to overlying arcs,
correlating such deep, detached slabs to geological records is not
straightforward. Any detached lower mantle slab may, when viewed in
isolation, be associated with a large number of geological records, since
post-detachment plate motions may have displaced these records over
thousands of kilometres relative to the location where its slab remnant
sinks in the mantle. One way of assessing this problem is by in-
vestigating the past location of a particular geological subduction re-
cord in an ‘absolute’ mantle reference frame which potentially may
restore the record above a candidate slab remnant in the underlying
mantle (e.g. Schellart et al., 2009; Schellart and Spakman, 2012; van
der Meer et al., 2012; Sigloch and Mihalynuk, 2013; Schellart and
Spakman, 2015; Vissers et al., 2016). However, with the exception of
two slab anomalies (Malpelo and Mesopotamia), here we refrain from
using absolute plate models as an identification guide because we ul-
timately aim to use the imaged slab remnants as a constraint on such
absolute plate motion models. Instead, we took the following approach
in our correlation attempt, which is independent of any absolute plate
motion frame.

1) We identified positive P-wave speed anomalies in the mantle that
occur in the UU-P07 tomography model (Amaru, 2007, where it was
called P06; also described in Hall and Spakman, 2015 and available
on the Atlas website) as well as in S-wave anomaly models that are
independent of model UU-P07 in terms of both seismological data-
type used and inversion methodology. For the lower mantle we
examined S40RTS (Ritsema et al., 2011) while for the upper mantle
we used the surface wave model SL2013sv (Schaeffer and Lebedev,
2013). Occurrence of positive anomalies in these independent
models, albeit with different spatial resolution, was taken as a strong
indication of the existence of corresponding mantle heterogeneity.
Although here we compare only one P-model to one independent S-
model in the upper and lower mantle, we note that a thorough
comparison of the structural content of 14 recent P- and S-models,
including UU-P07 and S40RTS, through the construction of detailed
voting maps (Lekic et al., 2012) is currently underway (Shephard
et al., 2017). A preliminary comparison shows an overall match
between these voting maps with the anomalies presented here in the
Atlas of the Underworld (G. Shephard, personal communication).

Following the approach of Hafkenscheid et al. (2006) and van der
Meer et al. (2010), we then estimated the depth range of tops and bases
of slabs for P-wave anomaly amplitudes> 0.2% in the UU-P07 model.
We label each slab by the name of the geographic region under which
the mantle anomalies occur so as to avoid an a priori paleogeographic
interpretation of an anomaly and also allow for future corrections of our
interpretations, which then needs not involve the anomaly name.

As outlined above, correlation of detached slab anomalies to geo-
logical records becomes more difficult with increasing depth. In the
Atlas of the Underworld (Section 3), we aimed to provide concise de-
scriptions of our correlations, citing the pertinent literature, while
avoiding description of the geological records to which we did not
correlate the slab under discussion. Our interpretation strategy starts in
the upper mantle with generally well-identifiable slabs. We work our
way down in the mantle and side-ways by considering new anomalies in
the same, or wider, region occuring at comparable or larger depth.
Viable interpretations are next considered in the geological context of
previously identified slabs for the same region, or in a wider region if
necessary. Clearly, such interpretation process requires stepping back-
ward (questioning previous interpretations at comparable or shallower
depth) and forward (evaluating all possible candidate subduction
zones).

In more detail, the geological interpretation of slabs was carried out
as follows:
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2) We first interpreted slabs that are still associated with active sub-
duction zones, orogens, and arcs. From these geological records, we
estimated the age range of the onset of these subduction zones using
a combination of the following data types: the onset of accretion of
thin-skinned nappes or an accretionary prism, the onset of a period
of arc volcanism that lasts until today, the oldest high-pressure, low-
temperature metamorphic rocks found in an accretionary orogen,
and, in the case of subduction below oceanic lithosphere preserved
as ophiolites, the ages of metamorphic soles and supra-subduction
zone ophiolites. For each individual anomaly, the Atlas provides
documentation of the geological data that were used for their in-
terpreted age of subduction.

3) Subsequently, detached slabs were interpreted, whereby we em-
phasize that we made no assumption on slab sinking rates. We do
assume, however, that regionally adjacent slabs did not undergo
significant lateral motions relative to each other after slab break-off.
This means that we assume slabs to sink dominantly vertically after
detachment, as recently shown viable by Domeier et al. (2016).
Progressively deeper slabs were generally correlated to progres-
sively older geological records of subduction. In the interpretation
process of a particular slab anomaly we used other slabs in the re-
gion at shallower or comparable depth as a guide for locating the
corresponding geological record. Particularly in the lower half of the
mantle, identification of several slab remnants depends in this way
on the identification of slab remnants at shallower depth. These
interpretation links are made explicit in several schematic figures:
Fig. 1 for the Tethyan realm, Fig. 2 for the American realm, and
Fig. 3 for the Australasian realm. Unavoidably, to give direction to
our search for suitable candidate records we initially assume that
shallower slabs have generally younger subduction ages than deeper
slabs, and that slabs residing at similar mantle depths may have
roughly similar subduction ages, although the range in subduction
age we strictly adopt from the literature and may comprise up to

100 Myr for slabs at a particular depth. Generally, slabs are corre-
lated to the youngest possible record of subduction that was not yet
associated with shallower slab remnants. (See Fig. 4.)

4) Age ranges for slab break-off are based on a combination of the
following data types: the end of accretion in an orogen, the end of
deformation in a plate boundary zone associated with an orogen, the
arrest of volcanism, or the type of volcanism (e.g., adakites), or the
arrest of convergence reconstructed from published plate tectonic
reconstructions.

We illustrate this approach by the following example of slab
anomalies in the mid-mantle below northwest Africa. For literature
references to stated ages and descriptions of the associated subduction
records, we refer to the sections in which the slabs are described. Below
NW Africa, the Algeria slab (Section 3.4) is a N–S trending body at
~1300–2400 km depth located below Algeria and Mali, and the small
Reggane slab (Section 3.71) is located between 1500 and 1900 km
depth to the west of the Algeria slab. For correlating these slab
anomalies to their geological records we continue on the regional
analysis we made for associating slab anomalies at the same depth or
shallower to their respective orogens. To the north of the Algeria and
Reggane slabs lie upper mantle slabs of Gibraltar (Section 3.34), the
Kabylides slab below northern Algeria (Section 3.46), and the Calabrian
slab in southern Italy (Section 3.20). These slabs have a record of
subduction in their associated circum-Mediterranean orogens dating
back to ~45–85 Ma, depending on the literature. This precludes cor-
relation of the Algeria and Reggane lower mantle slabs to the active
circum-Mediterranean orogens, where high-temperature metamorphic
rocks in Calabria and the Betic Cordillera provided Eocene, ~45 Ma
ages demonstrating that subduction was underway by this time.

To the northeast of the Algeria slab, the Aegean slab (Section 3.1) is
found down to depth of ~1300–1500 km, i.e. at a depth range corre-
sponding to the top of the Algeria and Reggane slabs. The Aegean

West Mid-point longitude East

Fig. 1. Interpretation flowchart Tethyan realm. Blue bars indicate depth extent of slabs. Red arrows show the used inter-slab correlations to constrain geological interpretations of slab
subduction history.
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North Mid-point la�tude South

Fig. 2. Interpretation flowchart American realm. Legend same as Fig. 1.

Deeper anomalies detected but yet 
uncorrelated in the

Tethys-Pontus-Panthalassa Oceans transi�on

East Asian slab graveyard

North Mid-point la�tude South

Fig. 3. Interpretation flowchart Australasian realm. Legend same as Fig. 1.
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orogen in the overriding plate suggests that the slab has continuously
subducted since 120–100 Ma. Immediately below the Aegean slab lies
the NW-SE trending Emporios slab (Section 3.32) between ~1300 and
2100 km, i.e. in the same depth interval as the Algeria slab suggesting
that the Algeria and Emporios slabs subducted simultaneously along
two adjacent subduction zones. The geological record of the Eastern
Mediterranean region shows a double Jurassic ophiolite belt – the West
and East Vardar ophiolite belts – with ~170 Ma metamorphic sole and
supra-subduction zone ophiolitic crustal ages, one emplaced north and
eastwards onto Eurasian crust, and one emplaced westwards onto
continental crust of Adria, a microcontinental fragment that existed
north of Africa surrounded by Alpine and Neotethyan oceanic basins.
The ages of obduction are 130–120 Ma. The correspondence between
two adjacent slabs with similar depth ranges and two records of sub-
duction with similar ages then leads to the correlation of the Algeria
slab to the formation (onset of subduction) and emplacement (end of
subduction) of the West Vardar ophiolite belt, and the Emporios slab
correlated to the East Vardar ophiolite belt. The Reggane slab to the
west of the Algeria slab is then best correlated to a subduction record to
the west, but in the vicinity of Adria. There, plate kinematic re-
construction of the Central Atlantic Ocean and Bay of Biscay, and pa-
leomagnetic data from Iberia predict up to ~500 km convergence
across the Pyrenees starting ~125 Ma and that ending around
~110 Ma, which is followed by a phase of high-temperature meta-
morphism and associated volcanism around 100 Ma, which is then in-
terpreted to reflect the timing of break-off of the Reggane slab. With
these correlations, all geological records of subduction of the (southern)
Mediterranean region are correlated to slabs, and all slab anomalies in
the upper and lower mantle below the southern Mediterranean and
North Africa are then correlated to geological records of subduction.

3. Atlas of the underworld

In the Atlas below, we describe the geological evidence on which we
base the duration of subduction for each slab. We provide a location,
images from the tomographic models UU-P07 and S40RTS and
SL2013sv tomographic models in map-view and cross-section, and the

location of the correlated geological record. In cross-sections, we plot
SL2013sv in the upper mantle and S40RTS in the lower mantle. For
every anomaly, we provide 6 cross-sections centred on the midpoint of
the anomaly in the online version of the Atlas at www.atlas-of-the-
underworld.org, as well as spike resolution tests (Spakman and Nolet,
1988; Rawlinson and Spakman, 2016) for each anomaly in model UU-
P07. Depths and interpreted subduction ages of all slabs are summar-
ized in Table 1.

3.1. Aegean - Aeg

The Aegean anomaly (Fig. 5) was previously called ‘Aegean Tethys’
by van der Meer et al. (2010) and is located below south-east Europe
from the deep lower mantle up to the surface at the Hellenic subduction
zone. It was one of the first slabs imaged (Spakman, 1986a; Spakman
et al., 1988, 1993) and is widely interpreted as a slab that represents
north-dipping African lithosphere (e.g. Spakman et al., 1988; De Jonge
et al., 1994; Piromallo and Morelli, 1997, 2003; Bijwaard et al., 1998;
de Boorder et al., 1998; Faccenna et al., 2003; van Hinsbergen et al.,
2005, 2010; Hafkenscheid et al., 2006; Chang et al., 2010; Biryol et al.,
2011). Van der Voo et al. (1999b) identified this slab as the II anomaly,
and Hafkenscheid et al. (2006) called it the ‘Gr’ anomaly, with both
papers identifying that the slab deeply penetrates the lower mantle.
Where Faccenna et al. (2003) initially interpreted the mantle below the
Aegean slab to host a single slab that folded and overturned in the lower
mantle, van Hinsbergen et al. (2005) suggested that there are actually
two slabs below the Aegean: A deep anomaly between ~2000 and
1500 km, and an anomaly from 1500 km to the surface, associated with
continuous northward subduction of oceanic and continental litho-
sphere, upper crust which accreted to form the Aegean mountain belt
on basis of the geological record of the Aegean region, where three
separate subduction records are found: A Jurassic – Early Cretaceous
record emplaced ophiolites westward and northeastward suggesting
two oppositely dipping subduction zones of this age. The northeastern
one we associate with the deeper Aegean slab (see ‘East-Vardar slab,
Section 3.33) and the western with the Algeria slab to the west (Section
3.4). van der Meer et al. (2010) included the Emporios and Aegean

Fig. 4. Midpoints location map. Blue: slab midpoints projected to surface. Red: geological records. Arrows indicate the correlations between slabs and their corresponding geological
record and show the displacement of the geological records over time relative to the relatively fixed locations of sinking slabs.
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slabs both in the Aegean Tethys slab and assigned an age range of mid-
Jurassic to Present. Because the subduction of both slabs can be clearly
separated in the geological record, we separate these into two separate
lithospheric bodies. For the Aegean slab we avoid the addition “Tethys”
because a considerable part of the subducted lithosphere is of con-
tinental origin rather than the oceanic nature of the Tethys (van
Hinsbergen et al., 2005, 2010).

The onset of northward subduction of the Aegean slab must have
started after the emplacement of the East Vardar ophiolites in the early
Cretaceous (~130–120 Ma (Schmid et al., 2008)) (See Emporios slab,
Section 3.33), and before the onset of arc volcanism in the Sredna-Gorie
belt of southern Bulgaria starting around 92 Ma (Stoykov et al., 2004;
von Quadt et al., 2005; Zimmerman et al., 2007), and is generally
considered to occur around ~110 ± 10 Ma (e.g., Faccenna et al.,
2003; van Hinsbergen et al., 2005, 2010; Schmid et al., 2008; Jolivet
and Brun, 2010). Subduction of the Aegean slab is still continuous at the
Hellenic trench, and seems in the upper mantle laterally disconnected
to slabs under western Anatolia (de Boorder et al., 1998; van
Hinsbergen et al., 2010; Biryol et al., 2011) Fig. 6). Based on a kine-
matic reconstruction of western Turkey, the timing of break-off of the
Aegean slab below Western Anatolia was estimated at ~15 Ma (van
Hinsbergen, 2010; van Hinsbergen et al., 2010).

3.2. Agattu - Agt

The Agattu anomaly (Fig. 6) is a detached slab located below the
northernmost Pacific Ocean, in the upper part of the upper mantle and
uppermost part of the lower mantle, predominantly south and west of
the Aleutian trench. At its deepest it is W-E striking and south dipping,
changing to a NW-SE orientation in the uppermost lower mantle. At its
shallowest it is located south of the Aleutian slab (Section 3.3). van der
Meer et al. (2010) interpreted it as a slab representing the westernmost
part of the North Pacific slab (Section 3.68). The tectonic model of
Shapiro and Solov'ev (2009) now allow us to refine this interpretation,
and define the Agattu slab separately. The Agattu slab is detached and
its top is located at a similar depth as the base of the actively subducting
Aleutian slab, which started to subduct around 56–46 Ma (Section 3.3).
We hence searched for geological records in the NW Pacific realm of
subduction that ceased in Eocene time. At a latitude consistent with this
intra-oceanic location, Levashova et al. (2000) and Shapiro and
Solov'ev (2009) used paleomagnetic data to reconstruct the Achai-
vayam–Valaginsky terrane. This terrane comprises Upper Cretaceous
and Lower Paleocene volcanic and sedimentary rocks of diverse but
mostly submarine facies, with older Mesozoic volcano-sedimentary
blocks and ophiolite fragments. The arc originated at about 90–85 Ma
(Coniacian–Santonian) as an island arc built upon oceanic crust
(Bogdanov et al., 1987; Sokolov, 1992, as cited in Shapiro and Solov'ev,
2009, subducting to the southeast and culminating in ophiolite em-
placement onto Kamchatka, Sakhalin, and Hokkaido around 50–45 Ma
(e.g., Nokleberg et al., 2000). This southeastward subduction zone is
not portrayed in most Pacific plate models (e.g., Seton et al., 2015;
Müller et al., 2016; Torsvik et al., 2017) who do not discuss and in-
corporate the geological record of the northwest Pacific region. Paleo-
magnetic data from the Cretaceous-Paleocene ophiolites and arc rocks
of Kamchatka indicate about 2000 km northward transport of the arc
terrane from its initial paleolatitude to its modern position at the Eur-
asian margin between the Campanian (~75 Ma) and the Middle Eocene
(50–45 Ma) (Levashova, 1999; Kovalenko, 2003, as cited in Shapiro and
Solov'ev, 2009 suggesting north(west)ward roll-back of the slab upon
Pacific plate advance. The slab geometry suggests that it was partly
formed during NW ward transport towards the Eurasian margin. We
therefore interpret the top of the slab to have subducted sometime
between 50 and 45 Ma shortly following ophiolite and arc obduction
onto the continental margin.

3.3. Aleutian - Al

The Aleutian anomaly (Fig. 7) is located in the upper mantle below
the southern Bering Sea and Alaska and connects to the surface in the
Aleutian subduction zone. It was previously identified in the upper
mantle (Gorbatov et al., 2000; Qi et al., 2007; Koulakov et al., 2011;
Martin-Short et al., 2016). In the UU-P07 model the Aleutian slab is
continuous and penetrates the top of the lower mantle below the
southern Bering Sea. van der Meer et al. (2010) initially assumed an
inferred onset of magmatism in the Kluane arc at the southern margin
of Alaska in the late Cretaceous to Eocene (Nokleberg et al., 2000), as a
base age of the slab. We now correlate the Kluane Arc to a more east-
erly, deeper slab (Yukon slab, Section 3.93). Instead, we use the onset of
subduction at the Aleutian trench as age for the base of the slab. In the
tectonic reconstruction of Shapiro and Solov'ev (2009), 56–54 Ma was
inferred as onset of subduction below the Aleutians, based on a change
in plate motion of the Pacific plate (Creager and Scholl, 1973; Scholl
et al., 1989; Geist et al., 1994). 40Ar/39Ar datings of volcanic and
plutonic rocks from several islands along the Aleutian arc shows that
volcanism was underway by 46 Ma (Jicha et al., 2006; Chekhovich
et al., 2014, providing a minimum age for the onset of subduction.
Chekhovich et al. (2014) estimated the time of origination of the
Aleutian subduction zone is estimated at to be 47 ± (2–3) Ma. We
therefore adopt a 50–46 Ma age range for the onset of subduction of the
Aleutian slab.

3.4. Algeria - Ag

The Algeria anomaly (Fig. 8) is a detached slab located below NW
Africa and the Mediterranean from the deep mantle up to mid-mantle
and was first described by van der Meer et al. (2010). The neighbouring
base of the Emporios slab (Section 3.33) and the N–S trend of the Al-
geria anomaly is used to infer that it is the best candidate to represent
eastward subducted lithosphere below the West Vardar ophiolites sensu
Schmid et al. (2008), found from the Pannonian Basin to southern
Greece over a reconstructed distance (e.g., Maffione et al., 2015a) si-
milar to the N–S length of the Algeria slab. The slab is interpreted to
represent oceanic lithosphere that was attached to Adria and that
subducted below these ophiolites. This lithosphere was referred to as
the Meliata-Maliac ocean by Stampfli and Borel (2004). The onset of
subduction below the West-Vardar ophiolites likely shortly predated
the cooling of metamorphic soles below the west-Vardar ophiolites of
Greece, Albania and the Dinarides, dated at 174–157 Ma, by several
million years (Dimo-Lahitte et al., 2001; Liati et al., 2004; Karamata,
2006; Šoštarić et al., 2014): we consequently interpret the Algeria
anomaly as a slab with a 175 ± 5 Ma age for the base. Obduction of
the ophiolites onto eastern Adria, currently in the Dinarides-Hellenides
was shown by sedimentary overlap assemblages in the Dinarides and
Hellenides to have finalized in the early Cretaceous, around
130 ± 10 Ma (Schmid et al., 2008; Scherreiks et al., 2014; Tremblay
et al., 2015; Maffione et al., 2015a), which we take as the age for the
top of the slab.

3.5. Al Jawf - AJ

A NW-SE elongated anomaly is imaged overlying the core-mantle
boundary below the Red Sea and most of Arabia, which we here define
for the first time as the Al Jawf anomaly (Fig. 9). Resolution tests show
that the anomaly is poorly resolved, and our interpretation is therefore
tentative. In the west, the body reached shallower depths, rising up to
~2400 km depth into the lower mantle. Based on correlation with the
shallower Emporios slab (Section 3.33), the Mesopotamia slab (Section
3.64) towards the North, and the Central China slab (Section 3.30) and
the Mongol-Kazakh slab (Section 3.67) at similar depths to the NE, we
infer the Al Jawf slab likely formed by subduction to the south of
Laurasia in pre-middle Jurassic time. We consequently interpret this
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anomaly as Paleotethys lithosphere that subducted during the opening
of the Neotethys between the Gondwana-derived ‘Cimmerian’ con-
tinental fragments and Arabia-Africa. Neotethys opening and Paleo-
tethys subduction is not the same age in the Tethyan realm. Subduction
between the Cimmerian continents of Iran and Arabia is paleomagne-
tically and stratigraphically constrained to occur between the Late
Permian and the Early Triassic collision of the Iranian Cimmerian
continents with Eurasia, 230 ± 10 Ma (Stampfli and Borel, 2002;
Muttoni et al., 2009). Closure of the Paleotethys in the Eastern Medi-
terranean region was younger, and may either have occurred by
northward (Okay and Nikishin, 2015), or, as more widely accepted,
southward subduction (Sengör and Yilmaz, 1981; Dokuz et al., 2017)
below the Sakarya continental fragment. A record of subduction is re-
flected by the Karakaya mélange complex in northern Turkey. This
complex contains Devonian radiolarian cherts, showing that Paleozoic
oceanic crust was consumed (Okay et al., 2011). 40Ar/39Ar ages of
eclogite blocks in the Karakaya subduction mélange of 215–203 Ma
(Okay and Monié, 1997; Okay et al., 2002) show that subduction was
active until the latest Triassic. This mélange is unconformably overlain
by Lower Jurassic limestones which may mark the end of subduction
around ~200 Ma (see Sayıt and Göncüoglu, 2013 for a review). In
addition, Middle Jurassic, ~170 Ma old lavas in the Pontides were
interpreted to reflect Paleotethys slab break-off (Dokuz et al., 2017) and
we adopt a 200–170 Ma age for the top of the Al Jawf slab. Since there
was minimal convergence between Gondwana and Laurasia in the
Triassic, the closure of the Paleotethys was almost entirely accom-
modated by contemporaneous opening of the Neotethys (Gutiérrez-
Alonso et al., 2008). The oldest radiolarian cherts obtained from mél-
anges that formed during subduction of the Neotethys in Turkey along
the Izmir-Ankara suture zone are Ladinian-Carnian in age
(242–228 Ma) (Tekin et al., 2002; Tekin and Göncüoğlu, 2007) provide
a minimum age for opening of the Neotethys and thus for the onset of
subduction of the Paleotethys. Because shallower slabs in the mantle in
the region of the Al Jawf slab were all correlated to Jurassic and
younger geological records, we correlate the Al Jawf slab to the
youngest, Triassic-Jurassic record of Paleotethys subduction in the
eastern Mediterranean region and therefore adopt a minimum age of
240 Ma for the base of the western end of the Al Jawf anomaly, and a
200 Ma age for the top. The S-wave tomographic images suggest that to
the east, there may be more lithosphere present that may be the relics of
the Permo-Triassic slabs of the Paleotethys that formed east of the Al
Jawf slab, but in the UU-P07 model, we find no sufficient resolution to
independently confirm this.

3.6. Alps - Alp

The Alps anomaly (Fig. 10) was first detected by Spakman (1986b),
Kissling (1993) and Kissling and Spakman (1996) and was interpreted
by Spakman and Wortel (2004) as the remnant of the Piemonte-Li-
gurian ocean that subducted in the Alps. The Alps anomaly is inter-
preted as a curved body of detached lithosphere that follows the or-
oclinal shape of the western Alps, and lies on the 660 km discontinuity,
with its base penetrating the upper part of the lower mantle, reaching
~800 km depth (Fig. 11). The Alps slab is disconnected from shallower
anomalies below the western and eastern Alps that are imaged to<
200 km depth (Lippitsch et al., 2003; Kissling, 2008) and that are in-
terpreted as European continental lithosphere in the west, and Adriatic
continental lithosphere in the east that subducted in the last 20 Ma
(e.g., Schmid et al., 2004; Handy et al., 2010, 2014). The Alps slab
likely represents oceanic lithosphere of the Piemonte-Ligurian and
Valais oceans and continental lithosphere of the intervening Brian-
çonnais microcontinent (Handy et al., 2014) that subducted in the Alps.
The oldest definitive record of subduction, with a southward vergence,
in the geological record of the western Alps is the HP-LT metamorphism
of the Sesia zone, with an age around 75–65 Ma (Handy et al., 2010)
and references therein). Subduction must have started prior to this

time, and may have initiated due to a change in relative Africa-Europe
convergence from E–W to N–S around 85 Ma (Handy et al., 2014),
which we adopt as the age of the base of the Alps slab, with a somewhat
arbitrary but conservative uncertainty estimate of± 10 Ma. Break-off
of the Alps slap was interpreted to be reflected by a series of granitoid
intrusions of 33 ± 8 Ma (von Blanckenburg and Davies, 1995). In
more recent years also rapid uplift and exhumation in the Alps in the
Early Oligocene was interpreted to possibly reflect a phase of slab
break-off (Jourdan et al., 2013). In any case, breakoff of the Alps slab in
the eastern Alps must have occurred prior to the onset of northward
underthrusting of Adriatic lithosphere, which according to geological
interpretations of the southern Alps occurred since ~20 Ma
(Ustaszewski et al., 2008). Following these constraints, we con-
servatively adopt an age for the top of the Alps slab of 30 ± 10 Ma.

3.7. Anhui - Anh

The Anhui anomaly (Fig. 11) is located in the upper part of the
lower mantle and lower part of upper mantle below southeastern China.
It has previously been imaged by Wei et al. (2012), who suggested it
may represent Pacific or Izanagi lithosphere that detached from the
present Pacific slab. Its shape is irregular at the base and forms a broad
anomaly at 810 km depth. At shallower depths it thins and is not im-
aged above the 440-km discontinuity. Towards the north, the Man-
churia slab (Section 3.54) shares similar flat-slab characteristics, al-
though the Anhui anomaly is located somewhat deeper in the mantle.
We interpret this anomaly as the Anhui slab with the subduction history
below the South China block postdating the subduction of the East
China slab (Section 3.30).

Following the formation of a slab window and tectonic inversion as a
result of ridge subduction and/or collision with the West Philippine block
(Li et al., 2014a), subduction below South China recommenced with arc
magmatism and crustal extension (107–86 Ma). The exact end of that
phase of subduction is unclear. Generally, Cretaceous magmatism mi-
grated progressively eastward towards the Taiwan area and is reported to
have ceased at 90–86 Ma (Li et al., 2014a, 2014c). Subsequent trans-
pression is associated with the ESE-ward retreat of the Pacific subduction
zone (Li et al., 2014a), which, however, corresponds to the Izu-Bonin
subduction zone that started at ~52 Ma (see Section 3.44). This leaves a
~30 Myr subduction gap in the region (see also Hall, 2002; Li et al.,
2012), here interpreted as the waning of the Anhui slab subduction. Future
research may require revising our interpretation of the Anhui slab.

3.8. Antalya - Ant

The Antalya anomaly (Fig. 12) is interpreted as a N–S striking,
eastward dipping slab below the Bay of Antalya and the western
Taurides of southern Turkey. It was first shown by De Boorder et al.
(1998), and later, in more detail, by Biryol et al. (2011). Seismic to-
mographic images clearly show that the Antalya slab is disconnected
from the Aegean-west-Anatolian slab (Section 3.1) (van Hinsbergen
et al., 2010; Biryol et al., 2011) along a NE-SW trending zone that was
interpreted as a subduction transform edge propagator (STEP) fault
(Govers and Wortel, 2005). Below 300–400 km depth, the Antalya slab
becomes tomographically indistinguishable from the Cyprus slab
(Section 3.30), which plunges down into the top of the lower mantle.

Subduction in southern Anatolia occurred below oceanic litho-
sphere, preserved in a wide belt of ophiolites. Metamorphic sole cooling
ages of these ophiolites, widely regarded as forming within several
million years after subduction initiation (Hacker, 1990; Wakabayashi
and Dilek, 2000; van Hinsbergen et al., 2015), are ~92 ± 3 Ma (Çelik
et al., 2006), suggesting subduction initiation several million years
earlier, ~95–100 Ma, which we adopt for the age of the base of the
Antalya and Cyprus slabs.

Even though the Antalya slab is associated with a Benioff zone
(Kalyoncuoğlu et al., 2011), it is not evident if and where the Antalya
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slab is connected to a subduction thrust at the surface. Biryol et al.
(2011) and Schildgen et al. (2012) interpreted the Antalya slab to be a
part of the Cyprus slab that tore off and rotated into a N–S orientation.
Recently, however, Koç et al. (2016) argued that subduction of the
Antalya slab accommodated E–W shortening in the heart of the Isparta
triangle until at least Pliocene time, and created E–W overriding plate
extension in southern Turkey since at least middle Miocene time. Based
on a paleomagnetic study of a Central Anatolian volcanic arc, Lefebvre
et al. (2013) showed that a N–S trending subduction zone must have
already existed since late Cretaceous time and Advokaat et al. (2014a)
and van Hinsbergen et al. (2016) argued that African plate subduction
in Anatolia was accommodated along discrete E–W and N–S trending
segments since the onset of subduction. The Antalya and Cyprus slabs
may thus have been two independent slabs since the onset of subduc-
tion, but their close vicinity makes them tomographically indis-
tinguishable at depth.

3.9. Arabia - Ar

The Arabia anomaly belt (Fig. 13) is located in the mid-mantle from
the northern part of the Red Sea to the southeast below the southeastern
coast of Saudi Arabia. The Arabia anomaly belt was previously identi-
fied by Hafkenscheid et al. (2006) and identified as the Eg and SA slabs.
They are located south of and at a depth interval overlapping with, and
hence probably subducted in part simultaneously with and south of the
Mesopotamia slab (Section 3.60) to the NE that subducted along the
Eurasian margin between 150 and 65 Ma. The Arabia anomalies thus
likely represent Neotethyan lithosphere that subducted intra-oceani-
cally. Intra-oceanic subduction within the Neotethys between Arabia
and Eurasia is a well-known event in the Late Cretaceous, and culmi-
nated in the obduction of ophiolites over the Arabian margin (the Se-
mail ophiolite of Oman, and the Baer Bassit and Hatay ophiolites of
Syria and SE Turkey, respectively, and likely the Troodos ophiolite of
Cyprus, in the Late Cretaceous (70 ± 5 Ma; Koop and Stoneley, 1982;
Al-Riyami et al., 2002; Dilek and Furnes, 2009; Homke et al., 2009;
Searle and Cox, 2009; Agard et al., 2011; Maffione et al., 2017). These
foreland basin deposits and overlap assemblages provide the likely age
for break-off of the Arabia slab. The minimum age of onset of sub-
duction below the Arabian ophiolites is provided by the age of their
metamorphic soles (95 ± 5 Ma: Hacker, 1994; Hacker et al., 1996; Al-
Riyami et al., 2002; Warren et al., 2003; Agard et al., 2007).

3.10. Arafura - Af

The Arafura anomaly (Fig. 14) corresponds to anomaly A6 of (Hall
and Spakman, 2002, 2004). It is interpreted as a NNW-SSE trending
slab, flat-lying at the top of the lower mantle and the base of the upper
mantle from north of the Bird's Head, beneath the Arafura Sea, to the
Gulf of Carpentaria. Towards the north, the Arafura slab is in the vi-
cinity of the base of the Halmahera slab that started subduction around
15 Ma (Section 3.36), suggesting that the Arafura slab should be cor-
related to a subduction zone that terminated east of Halmahera in mid-
Late Cenozoic time. Hall and Spakman (2002, 2004) interpreted the
slab as the result of northward subduction underneath the Philippines-
Halmahera arc between 45 and 25 Ma. The geological record of this
Paleogene subduction zone is, according to the reconstruction of Hall
(2002), now found on the eastern Philippines. Wu et al. (2016) inter-
preted the anomaly to be an East Asian Sea south slab, being the result
of southward subduction underneath the Solomon Sea between 50 and
20 Ma. Both interpretations are consistent with the modern position of
the slab and we therefore adopt 50–45 Ma and 25–20 Ma as age ranges
for the base and top of the Arafura slab.

3.11. Atlantis - At

The Atlantis anomaly (Fig. 15) is located below the central Atlantic

Ocean, covers the core-mantle boundary, and was first identified in van
der Meer et al. (2010). The Cocos and Hatteras slabs (Sections 3.29,
3.37) shallower in the mantle to the west leads us to interpret the
Atlantis anomaly as a slab with a pre-Jurassic subduction age. Several
correlations to the geological record were discussed in van der Meer
et al. (2010), with a preferred interpretation that the Atlantis slab re-
presents Panthalassa oceanic lithosphere that subducted along the
western margin of Laurasia until the middle Triassic. Recently Hadlari
et al. (2017) with a synthesis of U-Pb detrital zircon data corroborated a
Triassic subduction zone and continental magmatic arc system along
western Laurentia. The disconnection of the Atlantis and Cocos and
Hatteras slabs results from a pause in subduction along western Laur-
entia illustrated by a gap in magmatism at the western continental
margin of Laurentia during the mid-Late Triassic (Ward, 1995;
Nokleberg et al., 2000; Barboza-Gudiño et al., 2008; DeCelles et al.,
2009).

3.12. Balkan - Ba

The Balkan anomaly (Fig. 16) is located below south-eastern Europe
and overlies the core-mantle boundary. It was first identified in van der
Meer et al. (2010). The Emporios slab (Section 3.32), Mesopotamia slab
(Section 3.60) to the northeast, both higher in the mantle and corre-
lated to geological records of Jurassic and younger subduction, were
used to infer to interpret the anomaly as the Balkan slab representing
lithosphere that subducted prior to the Jurassic age. The Mongol-
Okhotsk subduction in the east constrains the Siberia block to a Triassic
to Jurassic position northeast of the Balkan slab. The Balkan slab
therefore is likely the result of subduction to the west of Siberia. The Al
Jawf slab (Section 3.5), interpreted as subducted Paleotethyan litho-
sphere, suggests a subduction location of the Balkan slab northwest of
southern Laurasia. van der Meer et al. (2010) considered the Solonker
Ocean that subducted between the North China block and Amuria until
Triassic time (Xiao et al., 2010), and the Uralian ocean that intervened
Siberia and Baltica as potential sources of this slab. The position of this
slab in the light of global plate reconstructions makes a correlation to
the Uralian Ocean more likely. The collision between Siberia and Bal-
tica occurred in the Late Permian (~280–250 Ma) (Cocks and Torsvik,
2007, 2011; Torsvik et al., 2012), which we adopt as the age for the top
of the Balkan slab.

In the S40RTS model the Balkan slab is part of a much larger NW-SE
trending anomaly of> 4000 km, from the North Sea to Anatolia, where
it connects to the Al Jawf slab. This large extent may represent a a more
complete record of the Permian Uralian Ocean, but in the UUP07 model
only the Balkan slab (< 2000 km) is detected.

3.13. Banda - Bn

The Banda anomaly (Fig. 17) is interpreted as an amphitheatre-
shaped, south-, west-, and north-dipping slab that underlies the Banda
Sea in southeast Indonesia and that is still, connected to the surface in
the north, east, and south. It was first shown in Fukao et al. (1992),
Puspito et al. (1993), Widiyantoro and van der Hilst (1996), and Rangin
et al. (1999) and topic of reconstruction in Hafkenscheid et al. (2001),
Wu et al. (2016), and particularly in Spakman and Hall (2010). The
deepest part of the Banda slab reaches the 660 km discontinuity.
Spakman and Hall (2010) showed kinematic reconstructions suggesting
that subduction of the proto-Banda embayment of the Australian con-
tinent formed the Banda slab that started around ~15 Ma by eastward
rollback. This was partly associated with delamination of the mantle
lithosphere of the Western Sula Spur directly north of the subducting
embayment and with ultra-high temperature metamorphism in crustal
rocks now found on the island of Seram. This metamorphism was re-
cently dated at 16 Ma (Pownall et al., 2014), suggesting a somewhat
earlier initiation of subduction of the Banda embayment. A recent re-
construction of the fold-thrust belt of Timor, in the south of the Banda
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embayment, shows that at least the last 8 Myr of subduction consumed
~350 km of (continental) lithosphere (Tate et al., 2014, 2015, 2017).
The lithosphere now lying between 650 and 500 km depth thus must
have subducted prior to ~8 Ma and after 16 Ma. We thus use a
12 ± 4 Ma as estimate for the start of its subduction.

3.14. Beaufort - Bf

The Beaufort anomaly (Fig. 18) is located below North Alaska and
the Beaufort Sea within the deep mantle. It was first identified in van
der Meer et al. (2010) and subsequently Shephard et al. (2014) inter-
preted its dynamic evolution based on modelling. The base of the
Mongol-Kazakh slab (Section 3.63), as well as the base of the Idaho slab
(Section 3.42) to the south at similar depth, led us to interpret the
anomaly as the Beaufort slab representing lithosphere that likely sub-
ducted during the Early or Middle Mesozoic in the Arctic. Nokleberg
et al. (2000) reconstructed subduction of Arctic/Panthalassa litho-
sphere at the Alazeya arc and forming the Aluchin subduction zone
terrane, during the Late Triassic-Jurassic, and was chosen by van der
Meer et al. (2010) as most likely correlation for this slab, with the time
of subduction of 230–144 Ma. Shephard et al. (2014) preferred a tec-
tonic model suggested that the source of the Alazeya arc was sub-
ducting Panthalassa lithosphere between 230 and 193 Ma, followed by
a subduction polarity reversal in the reconstruction of Nokleberg et al.
(2000). A more recent geological and geochronological study of
Sokolov et al. (2009) described the Alazeya arc and several of its ter-
ranes (Yarakvaam, Vurguveem, and Aluchin ophiolites) in more detail
and found ages of amphibolites associated with ophiolites
(239.1 ± 8 Ma) or in tectonic blocks in sub-ophiolitic melanges
(229–257 Ma). Sokolov et al. (2009) interpreted this to reflect the age
range of the entire subduction history below the Aluchin ophiolite.
Amphibolites associated with ophiolites are, however, frequently re-
lated to the early stages of subduction (metamorphic soles), after which
temperatures in the subduction zones decrease and blueschists are
formed instead. Sokolov et al. (2009) does not describe the structural
context of these amphibolites within the ophiolite structure in detail,
but we conservatively estimate the 257–229 Ma age range to reflect the
age of the base of the Beaufort slab, reasonably in line with the esti-
mates of Nokleberg et al. (2000), and adopt the 193 Ma age preferred
by Shephard et al. (2014) as the end of subduction.

3.15. Bering Sea - BS

The Bering Sea anomaly (Fig. 19) is located below the Bering Sea, is
detached, and is flat-lying at the 660-km discontinuity. Towards the
south it is close to, but separated from the Aleutian slab (Section 3.3).
Towards the west, it is close to but separated from the Agattu slab.
Towards the north, it connects to the N–S trending Mayn slab (Section
3.59). Gorbatov et al. (2000) suggested that the separation between the
Aleutian slab and the Bering Sea anomaly would have been caused by
the Kula-Pacific ridge subduction and estimated a ~48 Ma age for
break-off. There is no clear reason, however, why the Kula lithosphere
would become located farther north than the Pacific lithosphere to
explain the separation between the Bering Sea and Aleutian slabs. The
Bering Sea contains, moreover, evidence for a short-lived Cenozoic
intra-oceanic subduction zone to the north of the Aleutian trench. This
subduction formed the volcanic arc of the Bowers Ridge which is clearly
visible in the bathymetry of the western Bering Sea. Nokleberg et al.
(2000). The presence of a trench filled with as much as 12 km of
Cenozoic sedimentary rocks at the base of the north and east slopes of
the Bowers Ridge suggests that the unit formed in a Cenozoic arc-trench
system that faced northeast (Nokleberg et al., 2000). We do not see any
other slab that could represent the Bowers Ridge subduction other than
the Bering Sea slab. Recently Wanke et al. (2012) dated volcanic rocks
of the Bowers Ridge at Oligocene-Miocene (32.3 ± 2 to
22.7 ± 2.7 Ma), which we adopt as the age range of the subduction of

the Bering Sea slab. The size of the Bering Sea slab however seems to be
bigger than the Bowers basin, which may suggest that the close vicinity
of other slabs may lead to blurring of the tomographic image increasing
its apparent size.

3.16. Bitlis - Bi

The Bitlis anomaly (Fig. 20) is a detached and is located below
southeast Anatolia in the upper mantle and uppermost lower mantle. It
was identified by Zor (2008), as the western Lh1 anomaly, which forms
in his model a narrow band just south of the modern Bitlis suture. Other
tomographic models published in Faccenna et al. (2006), Hafkenscheid
et al. (2006), Lei and Zhao (2007), Biryol et al. (2011), and Skolbeltsyn
et al. (2014), or the UUP07 model (Fig. 21) do not show such detail, but
consistently show an anomaly lying on the 660 km discontinuity, in-
terpreted by these authors as detached lithosphere (Bitlis slab). Our
model, as well as Hafkenscheid et al. (2006), suggests that the Bitlis slab
penetrates the 660 km discontinuity. We interpret the Bitlis slab depth
between 440 and 920 km depth. Break-off of the Bitlis slab is widely
interpreted to have occurred at 13–10 Ma ago, which corresponds to
the end of deep-marine sediment deposition in the suture zone, a rapid
phase of erosional denudation of the Bitlis massif, and a volcanic flare-
up in eastern Anatolia (Keskin, 2003; Sengör et al., 2003; Faccenna
et al., 2006; Hüsing et al., 2009; Okay et al., 2010). The onset of sub-
duction of the Bitlis slab is more difficult to assess. In late Cretaceous
time, ophiolites were obducted onto northwestern Anatolia in south-
eastern Turkey, Syria, and further west in Cyprus and southern Ana-
tolia. These ophiolites formed since ~95 Ma as reflected by crustal
crystallization ages and cooling ages of metamorphic soles, and up-
permost Cretaceous, ~70–65 Ma sediments unconformably cover the
obduction thrust (Al-Riyami et al., 2002; Kaymakci et al., 2010;
Karaoğlan et al., 2012, 2014). We interpreted this obduction to reflect
the end of subduction of the western part of the Arabia slabs (Section
3.10) with a top at ~1100 ± 100 km, to the south of the Bitlis slab.
Moix et al. (2008) and Maffione et al. (2017) suggested that obduction
of these ophiolites followed upon westward radial roll-back of an east-
dipping subduction zone into the eastern Mediterranean region, which
would have been accompanied by the opening of a back-arc until
ophiolite obduction. The Bitlis slab probably represents lithosphere of
this back-arc, with subduction starting at or after ~70–65 Ma, which
we adopt for the age of the base of the Bitlis slab.

3.17. Bitterroot - Btr

The Bitterroot anomaly (Fig. 21) is detached and located in the
upper mantle below western North America, and is hook-shaped at a
depth of~200 km. In tomographic studies it has been imaged to depths
of 230–600 km (Schmandt and Humphreys, 2011). Its distal position
relative to the trench has recently been interpreted as the result of flat-
slab subduction, which may be correlated to the geological record that
shows the accretion of the Siletzia micro-continent to North America
starting at ~60 Ma (Schmandt and Humphreys, 2011). Following this
accretion, regular subduction at the Cascadia subduction zone (see Juan
de Fuca slab, Section 3.45) led to arc volcanism in Oregon and Wa-
shington beginning ca. 45–40 Ma (Schmandt and Humphreys, 2011;
Wells and McCaffrey, 2013). The volcanic arc associated with the Bit-
terroot subduction we interpret to be the Challis-Absaroka arc, ex-
tending nearly 1000 km into the present-day Laurentian continental
interior and located above the Bitteroot anomaly. The age of this arc is
~55–45 Ma (Humphreys, 2009). Recently the volcanics were dated by
U-Pb geochronology by (Gaschnig et al., 2017) and we interpret the
Bitterroot peraluminios suite (66–53 Ma) and Challis intrusives
(~50–46 Ma) to have resulted from subduction of the slab. We there-
fore adopt 66 Ma as start of subduction and 46 Ma as end of subduction
leading to the formation of the Bitterroot slab.
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3.18. Brasilia - Br

The Brasilia anomaly (Fig. 22) is located below central South
America from the deep lower mantle to the Andean trench. It is N–S to
NW–SE trending. Above 1175 km it connects to shallower slabs, in-
cluding the Venezuela slab (Section 3.90) and the Malpelo slab (Section
3.53) to the north. We interpret the anomaly as a slab that resulted from
Mesozoic-Present Farallon-Nazca lithosphere subduction at the South
American continental margin. The start of arc magmatism in Peru has
been recently documented to have ages ranging from ~200 Ma
(Demouy et al., 2012), 180–145 Ma (Villagomez et al., 2011) to 173 Ma
(Boekhout et al., 2012), which we take as the minimum age range for
the start of subduction. These studies find a gap in magmatism between
145 and 110 Ma (Villagomez et al., 2011; Boekhout et al., 2012;
Demouy et al., 2012), followed by volcanism into the Cenozoic
(Demouy et al., 2012; Jones et al., 2014). In the tomographic model
UUP07 there is not a noticeable gap visible in the slab, however the
anomaly considerably weakens at 2100 km. In S40RTS, the anomaly
appears to have a slab window at some locations at 2200 km, but the
anomaly appears to be otherwise contiguous in the south. We do not
find evidence from the tomographic models to spatially separate a
deeper Jurassic slab from a Cretaceous-Cenozoic slab and therefore
treat the Brasilia slab as one single slab that subducted since at least
200–173 Ma. The SL2013 model does show a significant positive
anomaly on top of the transition zone, up to 2000 km east of the trench
(Fig. 22F). Another flat-lyuing anomaly in the transition zone and
shallow lower mantle is visible in the tomographic model of Li et al.
(2008) and modelled by Faccenna et al., 2017. In their interpretation it
has from subduction possibly as old as 100 Ma. These shallower
anomalies are not expressed in the UU-P07 model and we therefore
suggest that the tomographic imaging of these anomalies and subduc-
tion evolution at depth require further investigation.

3.19. Burma - Bur

A N–S striking, steeply east-dipping anomaly has been described
below the West Burma block (Fig. 23) by Huang and Zhao (2006), Li
et al. (2008), Zhao and Ohtani (2009), Pesicek et al. (2010), Replumaz
et al. (2010a), and Koulakov (2011). This was interpreted as a slab that
is disconnected in the upper few hundred kilometres of the mantle from
the Sunda slab below Sumatra (Section 3.85) through a slab window
below the Andaman Islands. The deepest parts of the Burma slab reach
~710 km depth (Fig. 24). The eastward dip of the Burma slab led Li
et al. (2008) to interpret the Burma slab as Indian plate lithosphere that
subducted below the Burma block. The Burma block in Neogene time
has acted as a forearc sliver that moved northward relative to the ad-
jacent Indochina block, bounded in the west by a fold-thrust system
(along which the Burma slab subducted), and in the east by a transform
fault zone (Morley, 2002; Bertrand and Rangin, 2003; Maurin and
Rangin, 2009). The West Burma block contains Paleozoic and older
metasediments which tectonically overlies an ophiolite with upper
Cretaceous oceanic crust that in turn was obducted onto India (Acharya
and Mitra, 1986). The ophiolite overlies a foreland basin with Cretac-
eous to Upper Eocene to Lower Oligocene clastic sediments, and is
unconformably covered by shallow marine to fluvial Upper Eocene
sediments (Ghose et al., 2010), constraining the final obduction onto
India to the Late Eocene-Early Oligocene, ~35 ± 5 Ma. By that time,
northeastern India was in a position adjacent to, and underwent highly
oblique convergence with the West Burma block. A kinematic restora-
tion of the oblique Burma subduction zone of van Hinsbergen et al.
(2011a) suggests that ~600–700 km of E–W convergence occurred
between India and the Burma Block since ~30–40 Ma, alongside
~1100 km of northward motion of the Burma block relative to Indo-
china. This 600–700 km corresponds to the length of the Burma slab
and we consequently interpret the base of this slab to have started
subduction around 35 ± 5 Ma.

3.20. Calabria - Cl

The Calabria slab (Fig. 24) was first documented by Spakman
(1986a) and Spakman et al. (1993), and has since been a prominent
feature in tomographic models (e.g. Piromallo and Morelli, 1997, 2003;
Spakman and Wortel, 2004; Chang et al., 2010). The Calabria slab is
lying flat at the base of the upper mantle and that has not penetrated
the lower mantle yet. It is still subducting along the Calabrian sub-
duction zone. Estimates for the onset of northward subduction in the
western Mediterranean vary from ~80 to 35 Ma (Rosenbaum et al.,
2002b; Faccenna et al., 2004). A recent kinematic reconstruction of the
western Mediterranean region of van Hinsbergen et al. (2014) showed
that Africa-Iberia convergence, as estimated from the Atlantic ocean
spreading reconstructions and corrected for intra-Iberian and intra-
African shortening, started around 85 Ma, and was very slow until
45 Ma (< 100 km), after which subduction accelerated. This led to
inception of arc volcanism in Sardinia and in the Provence around
38 Ma (Lustrino et al., 2009), and was followed by the inception of roll-
back and back-arc extension around 30 Ma (Faccenna et al., 2001,
2004; Rosenbaum et al., 2002b; Rosenbaum and Lister, 2004; van
Hinsbergen et al., 2014). Because it is uncertain when the slow con-
vergence culminated in the inception of Calabrian subduction, we adopt
a wide time range for the base of the Calabrian slab of 65 ± 20 Ma.

3.21. Caribbean - Ca

The Caribbean anomaly (Fig. 25) is located in the upper mantle
below the eastern Caribbean Sea rising to the surface at the Lesser
Antilles subduction zone where Central Atlantic oceanic lithosphere
subducts westward. The anomaly is interpreted as a slab dipping steeply
westwards from the surface to a depth of 600 km, changing to a sub-
horizontal position below this depth (van der Hilst and Spakman, 1989;
van Benthem et al., 2013). The base of the slab is at least 45 Ma old, as
shown by the ages of onset of the Lesser Antilles arc (Burke, 1988), and
the Paleocene Grenada and Tobago basins may have formed shortly
after initiation of subduction along the Lesser Antilles subduction zone
(Boschman et al., 2014). The Lesser Antilles subduction zone likely
formed by inversion of a STEP fault that accommodated the northward
retreat of the Hispaniola slab (Section 3.41) after that slab decoupled
from the Venezuela slab (Section 3.90) (see also van Benthem et al.,
2013). This may explain why the Caribbean slab is not physically
connected – at least in its central portion – to these two deeper slabs
(Boschman et al., 2014). Based on the reconstruction of Boschman et al.
(2014) and the onset age of the Lesser Antilles arc, we adopt a
50 ± 5 Ma age for the base of the slab.

3.22. Carlsberg - Cr

The Carlsberg anomaly (Fig. 26) is detached and NNE-SSW trending
below the northwestern Indian Ocean and was identified by Gaina et al.
(2015) in the top of the lower mantle between 800 and 1400 km depth.
The location and depth of the top suggest that the slab should be cor-
related to a geological record of past subduction in Late Mesozoic or
Early Cenozoic time to the southwest of the Himalaya. Gaina et al.
(2015) interpreted the anomaly as the Carlsberg slab that subducted as
a result of highly oblique subduction of Indian lithosphere below
oceanic lithosphere of the African (Arabian) plate in the Late Cretac-
eous to Paleocene. Initiation and arrest of its subduction is reflected in
the geological record by formation and obduction of the Bela and
Muslim Bagh ophiolites in Pakistan and the Kabul-Altimur ophiolites on
the Kabul block in Afghanistan (Gnos et al., 1997; Gaina et al., 2015).
The oldest radiometric age of supra-subduction ophiolites in western
Pakistan that were interpreted to have formed above this subduction
zone is an 80.2 ± 1.5 Ma U/Pb age from a plagiogranite dyke (Kakar
et al., 2012), whereas metamorphic soles below these ophiolites have
65–70 Ma ages (Mahmood et al., 1995; Gnos et al., 1998). We follow
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the interpretation of the Carlsberg slab of Gaina et al. (2015) and adopt
a 73 ± 8 Ma age range for the subduction of its base. The end of
subduction is reflected by Eocene foreland basin deposits on the Indian
and Arabian margin and overlap assemblages sealing the obduction
thrust of ~55–45 Ma (Gnos et al., 1997; Khan and Clyde, 2013; Gaina
et al., 2015).

3.23. Caroline ridge - CR

The Caroline Ridge anomaly (Fig. 27) was identified by Hall and
Spakman (2002, 2004) and is draped on the 660 km discontinuity
below the Caroline Ridge, north of Papua New Guinea. It lies south of
the Mariana slab (Section 3.57), but according to the reconstruction of
Hall (2002) is not directly related to it. (Hall, 2002) reconstructed an
intra-oceanic subduction zone that accommodated Pacific plate sub-
duction at the location of the Caroline Ridge anomaly initiating at
~25 Ma along a transform fault that accommodated clockwise rotation
of an intra-oceanic subduction zone that rolled back southward towards
Papua New Guinea, opening the Caroline Sea plate lithosphere in its
back-arc position. This subduction zone came to an arrest at ~5 Ma
according to Hall (2002). Wu et al. (2016) named this anomaly the New
Guinea Offshore slab and suggested an age range of 25–10 Ma. We use
the largest age range of these interpretations and adopt 25 and 5 Ma as
the ages for onset and end of subduction of the Caroline Sea plate
forming the Caroline Ridge slab.

3.24. Carpathians - Cp

The Carpathian anomaly (Fig. 28) is found draped on the 660 km
discontinuity below the Carpathian oroclinal fold-thrust belt and its
back-arc region, the Pannonian basin. It has been long known and is
imaged in numerous tomographic models (Spakman, 1991; Spakman
et al., 1993; Bijwaard et al., 1998; Wortel and Spakman, 2000;
Piromallo and Morelli, 2003; Ren et al., 2012; Zhu et al., 2012). Apart
from the southeastern corner of the Carpathian orocline – the Vrancea
area, where a slab and associated Benioff zone are still imaged to be
connected to the European lithosphere – the Carpathian anomaly is
disconnected from the surface.

The anomaly is interpreted as the Carpathian slab that resulted from
westward subduction of Eurasian lithosphere below several terranes
(Tisza-Datca and AlCaPa blocks) that became separated from Eurasia
during Jurassic opening of the Piemonte-Ligurian Ocean (Schmid et al.,
2008; Vissers et al., 2013) and that were deformed in a Cretaceous
orogenesis unrelated to, and prior to the westward Carpathian sub-
duction history (Csontos and Voros, 2004; Schmid et al., 2008). This
westward subduction led to the formation of a thin-skinned fold-thrust
belt – the outer Carpathians. The onset of this deformation occurred
around 35 ± 5 Ma (Matenco and Bertotti, 2000; Matenco et al., 2003;
Gągała et al., 2012; Handy et al., 2014), and became associated with
back-arc extension since ~20 Ma, opening the Pannonian basin
(Horvath et al., 2006; Matenco and Radivojević, 2012), followed by
arrest of shortening and unconformable covering of the frontal thrust
system around 10–12 Ma in the northeastern Carpathians (Matenco and
Bertotti, 2000; Gągała et al., 2012). We adopt the 11 ± 1 Ma as the
age of break-off of the Carpathian slab. Finally, we note that the
northern part of Carpathians hosted by the AlCaPa terrane, north of the
Periadriatic-Ballaton fault, underwent several hundreds of kilometres
more subduction and extension in the Miocene than the area hosted by
the Tisza-Datca terranes to the south (Ustaszewski et al., 2008). This
suggests that the Carpathian anomaly is in fact composed of two slabs,
separated by a transform fault, whereby the southern slab may still be
connected to the surface in the Vrancea area (Fig. 30). Our tomographic
image, as well as that of Ren et al. (2012) appears to show such a
disconnection between the two bodies below the Ballaton line.

3.25. Carpentaria - Cn

The Carpentaria anomaly (Fig. 29) corresponds to anomaly A8 of
Hall and Spakman (2002, 2004). It lies in the upper part of the lower
mantle below the Gulf of Carpentaria below northern Australia and
Papua New Guinea. It is located deeper in the mantle than the Arafura
and Papua slabs that lie to the west and east respectively, and which
likely subducted since ~45 Ma (Sections 3.70 and 3.10, respectively).
This led Hall and Spakman (2002, 2004) to interpret the Carpentaria
anomaly as a slab with a pre-middle Eocene age of subduction. They
consequently suggested that the Carpentaria slab may represent Aus-
tralian plate lithosphere that subducted westward prior to the polarity
switch associated with the onset of subduction of below the Melanesian
arc around 45 Ma (see also Gurnis et al., 2000). Hall and Spakman
(2002, 2004) suggested a Cretaceous age for the onset of subduction.
Based on plate reconstructions of the SW Pacific and southern Pacific
ocean basins, Seton et al. (2012) showed that convergence between the
Pacific and SW Pacific basins must have occurred since at least 83 Ma,
which we adopt as the minimum age for the onset of the Carpentaria
slab. Wu et al. (2016) interpreted the anomaly to be an East Asian Sea
south slab, being the result of southward subduction underneath Papua
New Guinea and Solomon Sea between 50 and 20 Ma. We therefore use
an age range of 83–50 and 45–20 Ma for the base and top of the slabs.

3.26. Caucasus - Cau

Tomographic images and earthquake locations have shown a com-
plex mantle structure below the Caucasus (Fig. 30). The Eastern Cau-
casus is underlain by a northward dipping zone of seismicity with
earthquakes reaching> 150 km depth, which was interpreted to bound
a 130–280 km long, northward dipping slab (Maggi and Priestley,
2005; Skolbeltsyn et al., 2014; Mumladze et al., 2015) (Fig. 33). The
western Caucasus, however, does not display seismicity deeper than
50 km (Mumladze et al., 2015). Instead, seismic tomographic images
show an anomaly between ~650 and 350 km depth that may represent
a body of lithosphere that delaminated from the base of the western
Caucasus. This was first noted in Brunet et al. (2000b), and shown for
the first time in Hafkenscheid et al. (2006). Subsequently, seismic to-
mographic images of Zor (2008) and Koulakov et al. (2012) confirmed
the location and size of this body.

The onset of shortening and uplift in the Caucasus, as a proxy for the
age of subduction of the base of the Caucasus anomalies, may be esti-
mated by a first phase of denudation in Oligocene that is detected by
low-temperature thermochronology (Vincent et al., 2007, 2010;
Cowgill et al., 2016), at 30 ± 5 Ma, whereby Vincent et al. (2017)
showed that the older end of this age range is probably most realistic.
Break-off of the anomaly below the western Caucasus may coincide
with the rapid phase of uplift and crustal shortening that started around
5 Ma (Forte et al., 2010, 2014; Avdeev and Niemi, 2011). Because the
slab is much narrower than the elongated E–W subduction zone that
existed until at least Early Cenozoic time along the southern Pontides of
Turkey (e.g., Meijers et al., 2010), we consider it unlikely that the
narrow western Caucasus slab is related to this subduction zone. We
have not interpreted a slab of this Pontide subduction zone, but suspect
that it is located within the wide anomaly below Turkey of which the
southern parts are interpreted as the Cyprus (Section 3.33), Bitlis
(Section 3.17), and Antalya slabs (Section 3.9).

3.27. Central China - CC

The Central China anomaly (Fig. 31) is located in the lower mantle
from the core-mantle boundary upwards to a depth of ~1500 km. It
was first defined by van der Meer et al. (2010), who separated the slab
from the Mongol-Kazakh slab (Section 3.67) as defined by Van der Voo
et al. (1999a). van der Meer et al. (2010) interpreted the Central China
slab as representing Paleotethyan lithosphere that subducted between
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North China, northeast Tibet and Eurasia following interpretations of
Stampfli and Borel (2004), assigning a Permian to Early Cretaceous age
to this slab. Recently, however, Van der Voo et al. (2015) proposed that
the Mongol-Okhotsk subduction zone started as a westward dipping
subduction zone below Siberia in the north and Amuria in the south,
whereby the northern, currently WNE–WSW trending margin of Amuria
along the Mongol-Okhotsk suture was oriented N–S until Triassic time
and rotated counterclockwise towards its current orientation
throughout the Late Triassic and Jurassic, culminating in an orocline
around the western termination of the Mongol-Okhotsk suture in wes-
tern Mongolia. In that interpretation, the Central China slab subducted
since at least Triassic times until the latest Jurassic below Amuria, and
form the southward continuation of the Mongol-Kazakh slab. The pa-
leomagnetic data summarized in Van der Voo et al. (2015) in addition
imply that the North China block moved 1000's of km northward re-
lative to Siberia-Kazakhstan until the latest Jurassic-earliest Cretaceous,
requiring that the North China-Kazakhstan plate boundary should ac-
commodate significant (oblique) convergence. Although the location of
such a plate boundary remains enigmatic, a ‘Paleotethyan’ origin as
implied in Stampfli and Borel (2004) is not excluded. If related to the
advance of NE Tibet to Eurasia, the Central China slab subducted since
at least Triassic and probably earlier time, and ended around the Jur-
assic-Cretaceous boundary 140 ± 10 Ma. An alternative interpretation
would be that the Central China slab resulted from subduction along the
Songpan Ganzi suture between the Qiangtang and Kunlun terranes. This
subduction also started prior to the Triassic, and ended in Late Triassic
or Early Jurassic time, ~200 Ma ago (e.g., Pullen and Kapp, 2014). In
the recent reconstruction of Van der Voo et al. (2015) the reconstructed
position of the Songpan-Ganzi suture would however be ~15° south of
the slab and is therefore considered an unlikely candidate associated
with the subduction of the slab.

3.28. Chukchi - Ch

The W-E trending Chukchi anomaly (Fig. 32) is located below North
Siberia and the Chukchi Sea (Arctic Ocean) within the mid-mantle. At
its base, at equivalent latitudes it is located in between the top of the
Mongol-Kazakh slab (Section 3.63) towards the west and the Hudson
slab (Section 3.41) towards the east. It was first identified in van der
Meer et al. (2010), who interpreted it as the Chukchi slab representing
paleo-Arctic lithosphere, subducted below the Upper Jurassic to Lower
Cretaceous Koyukuk arc in a (near-) continental margin position.
However, in the subsequent interpretation van der Meer et al. (2012),
we considered it more likely that the Chukchi slab resulted from
northward Panthalassa Ocean subduction. This subduction may corre-
late with the Kony-Murgal arc Nokleberg et al. (2000), in which the age
of was poorly constrained between Triassic and Early Cretaceous.
Sokolov (2010) pointed out that the Middle Jurassic of the Kony-Murgal
arc is characterised by structural rearrangements and deformation co-
inciding in time with the onset of the formation of the system of Pacific
plates controlling the present-day appearance of the Pacific Ocean. This
results in the start of the Late Jurassic–Early Cretaceous Uda–Murgal
arc in the region of the Chukchi slab. Noteworthy is that the slab at its
eastern extent has a N–S trend both in the UUP07 and S40RTS model,
suggesting a change in subduction zone orientation. This change would
fit with the eastward extent of the Uda-Murgal arc into the Pekulney
and Oloy arcs during the Late Jurassic -Early Cretaceous (Nokleberg
et al., 2000) and subsequently modelled by Shephard et al. (2013)
between 160 and 108 Ma. According to Sokolov et al. (2009), the ac-
cretionary prism (Beregovoi terrane) started forming in the Middle
Jurassic, and the volcanic arc (central Taigonos terrane) ended in the
Barremian-Albian. We therefore adopt a 174.1–163.5 Ma for the start of
subduction and an end of 129.4–100.5 Ma for the end of subduction.

3.29. Cocos - Co

The Cocos anomaly (Fig. 33) is part of the set of anomalies com-
monly, and in our previous compilation in van der Meer et al. (2010),
referred to as the Farallon slab, as originally defined by Grand et al.
(1997) and also imaged by e.g. Bijwaard et al. (1998), Fukao and
Obayashi (2013) and Sigloch and Mihalynuk (2013). The anomaly is
interpreted as the Cocos slab and is NW-SE trending, and dips from the
Central American trench, where it connects to the subducting Cocos
plate, down to the lower mantle below the northern Caribbean region
and eastern North America. Rogers et al. (2002) showed tomographic
images of the Cocos slab below Central America and suggested that it
may have detached in recent times at a depth of ~200–300 km, but our
tomographic model UU-P07 does not reveal this gap. Recently detached
or not, the Cocos slab is the longest contiguous anomaly in our data-
base. It can be distinguished from the Hatteras slab (Section 3.37), al-
though it may connect with this slab at mid-mantle depths, where it
locally assumes a N–S strike. Above 1100 km depth the NW-SE strike
reappears, all the way up towards the Central American trench.

The location of the deepest part of the anomaly corresponds to the
slabs that (Sigloch and Mihalynuk, 2013) interpreted as resulting from
Franciscan intra-oceanic subduction, forming their SF1 slab, which re-
sides at shallower depth. We adopt their interpretation, and extend the
SF1 slab into the deepest mantle. The Cocos slab is the only still-sub-
ducting segment of the once vast Farallon oceanic plate and is currently
subducting the Cocos plate below Mexico. Correlating the Cocos slab to
the Franciscan melange predicts that North America moved northward
relative to the Cocos slab during its subduction, which may be tested in
future studies. Although there is debate when the ‘Franciscan’ phase of
subduction initiated, most agree that subduction was underway by
170–160 Ma, the time of formation of high temperature – high-pressure
metamorphic rocks in the structurally higher levels of the Franciscan
complex (Anczkiewicz et al., 2004; Wakabayashi and Dumitru, 2007;
Hoisch et al., 2014; Wakabayashi, 2015), which we adopt as the
minimum age of the start of subduction of the Cocos slab.

3.30. Cyprus - Cy

The Cyprus anomaly (Fig. 34) was imaged by Faccenna et al. (2006)
and Biryol et al. (2011) and is interpreted as a north-dipping slab that
may or may not be still attached to the African lithosphere to the south
of the island of Cyprus. In the upper several hundred kilometres of the
mantle, it is clearly disconnected from the Antalya slab (Section 3.8),
but in the lower part of the upper mantle, the two slabs become in-
distinguishable (Biryol et al., 2011). We do therefore not add a separate
estimate for the age of the base of the Cyprus slab, but apply the esti-
mate for the base of the Antalya slab of 95 ± 5 Ma. The Cyprus slab
consequently likely contains oceanic lithosphere of the Izmir-Ankara
ocean, continental lithosphere of the Taurides, and oceanic lithosphere
that subducted after the Late Cretaceous-Eocene accretion of the
Taurides. This oceanic lithosphere must have connected to the Troodos
ophiolite on Cyprus that emplaced in the late Cretaceous onto con-
tinental rocks exposed in the Kyrenia range following roll-back of an
original East-dipping subduction zone into the SE Mediterranean region
(Moix et al., 2008; Maffione et al., 2017), whereby the Cyprus
(Troodos) and Syria (Baer Bassit) ophiolites underwent large counter-
clockwise rotations (Morris et al., 2002). The age of obduction is best
constrained by Maastrichtian sediments that unconformably cover the
contact of the ophiolite with its underlying melange that contains
Triassic passive margin carbonates (Swarbrick and Naylor, 1980; Bailey
et al., 2000). Similar to the Bitlis slab (Section 3.16), we suggest that
the much of the Cyprus slab consists of this back-arc that formed during
late Cretaceous roll-back.
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3.31. East China - EC

The East China anomaly (Fig. 35) is located below eastern Asia from
the core mantle boundary up into the deep mantle (~2000 km depth)
and east of the Mongol-Kazakh slab (Section 3.63). At its shallowest
point (~1700 km), it connects to Mongolia slab (Section 3.62) to the
NW. Due to the thickness of the anomaly slab (> 1000 km) we tenta-
tively suggest it may comprise multiple SW-NE trending slabs. Van der
Voo et al. (1999a) identified this anomaly as a Pacific slab, which
formed due to westward subduction of paleo-Pacific (Panthalassa) li-
thosphere at the east-Asian margin during Mongol-Okhotsk subduction.
This suggests that we best correlation the East China slab to a Triassic-
Jurassic geological record east of Mongolia. Previously, we correlated
the anomaly with the Triassic to Late Jurassic evolution of the Korean
peninsula, the North China block, and Japan (van der Meer et al.,
2010). Li and Li (2007) described how subduction that started in the
Triassic culminated during the Early Jurassic in a flat slab below the
South China craton. Foundering of this slab took place between 180 and
155 Ma. However, Li et al. (2014a) showed that magmatism in South
China occurred over a zone of ~600 km wide between 145 and 118 Ma,
which they inferred to be caused by the migration of a subducting ridge.
This ridge subduction may be used as timing of slab break-off which we
adopt here, although future study into the kinematic history of the
Panthalassa-North China subduction history may require altering this
interpretation.

3.32. Emporios - Emp

The Emporios anomaly (Fig. 36) is located in the lower mantle
slightly south of, and immediately below the Aegean slab, between
1500 and 2000 km. The name derives from a village on the island of
Chios, Greece, which is located above the midpoint of the slab. Pre-
viously, van der Meer et al. (2010) followed the interpretation of van
Hinsbergen et al. (2005) that the Emporios slab represents Jurassic to
Early Cretaceous intra-oceanic (north)eastward dipping subduction
within the western part of the Neotethys culminating in ophiolite ob-
duction of the Hellenic and Albanides ophiolites (e.g. Othris, Pindos
and Mirdita ophiolites) in the Early Cretaceous (~130 Ma ago) – now
known as the ‘west-Vardar ophiolites’ of Schmid et al. (2008). Stampfli
and Borel (2004) and Schmid et al. (2008), and more recently Jahn-
Awe et al. (2010) and Natal'in et al. (2012), however, pointed out that
two Jurassic-Early Cretaceous intra-oceanic subduction zones existed in
the Vardar ocean, not only emplacing the west-Vardar, but also the
East-Vardar ophiolites. The latter were thrusted onto the fringes of the
Moesian platform (i.e. onto the circum-Rhodope units and Biga pe-
ninsula) It is more likely that the slab present below, and slightly south
of the Aegean slab is associated with southward subduction below the
east Vardar ophiolites instead. The age of onset of subduction is similar
to that previously inferred, and is occurred ~170 Ma ago as shown by
the oldest ages of the supra-subduction zone ophiolitic crust of the
northeast Aegean ophiolites (e.g., Guevgueli, Samothraki, and Sithonia
ophiolites (Magganas et al., 1991; Robertson, 2002; Koglin et al., 2009).
The age of the top of the slab is likely somewhat older than the age of
the base of the Aegean slab, for which we inferred an age of
110 ± 10 Ma (Section 3.1). The west-Vardar slab should be found
farther to the west (here interpreted as the Algeria slab, Section 3.4).

3.33. Georgia Islands - GI

The Georgia Island anomaly (Fig. 37) is located below the southern
Atlantic and Antarctic Oceans from the core-mantle boundary up into
the mid-mantle, separated from the shallower Scotia slab (Section
3.79). It is interpreted as a slab that appears to be flattened on the core-
mantle boundary and has a W-E trend at shallower depths. It was first
identified by van der Meer et al. (2010), who inferred an Early-Middle
Mesozoic age of subduction. On trend with other deep slabs (i.e. Cocos

(Section 3.29) and Brasilia (Section 3.18) that subducted below the
Americas in the Mesozoic, the Georgia Islands slab probably subducted
farther south along the southwestern Gondwana margin. The magmatic
arc history of southern South America shows a gap in magmatism be-
tween the Early Triassic and the Jurassic, after which subduction re-
initiated (Martin, 2007). The Jurassic and younger subduction history
we associate with the more westerly located South Orkney Island slab in
the mid-mantle (Section 3.84).

Pre-Jurassic subduction in southern South America started at least
in Carboniferous time (Pankhurst et al., 2006), although the anomaly
that is still visible at the core-mantle boundary may represent litho-
sphere that subducted well thereafter at this trench. This subduction is
associated with a continuous volcanic arc peaking in activity during the
Late Permian (280–270 Ma) and remaining active until the Early
Triassic (~245 Ma) (Pankhurst et al., 2006; Ramos, 2008). This episode
of subduction culminated in the Gondwanide orogeny of the Triassic
(~250–215 Ma), followed by regional extension (Pankhurst et al.,
2006; Cawood and Buchan, 2007; Elliot and Fanning, 2008; Ramos,
2008; Tankard et al., 2009). The timing of slab detachment is highly
uncertain, and may be inferred from the tectonic model of Dalziel et al.
(2013) who interpreted the following sequence of events. Prior to
270 Ma a mantle plume impinged under the subducting slab, under-
plating it and causing the subducting slab to flatten. This induced the
Gondwanide deformation and reduced arc volcanism during the
270–240 Ma period. Normal oceanic subduction and arc volcanism
returned after the period of Gondwanide deformation. At approxi-
mately 200 Myr, a new mantle plume impinged beneath the subducted
slab below Patagonia and southern Africa, eventually resulting in the
Karoo-Ferrar Large Igneous Province at 182 Ma, and break-up and de-
tachment of the Gondwana Island slab. We assume this 200–180 Ma age
as the age of break-off, somewhat younger than in our previous inter-
pretation of van der Meer et al. (2010).

3.34. Gibraltar - Gb

The Gibraltar anomaly (Fig. 38) is located in the upper mantle
below the Alboran Sea. Its base is resting on the 660 km discontinuity,
and it is still connected to Atlantic crust in the west, is dipping east-
wards and is interpreted as subducted lithosphere. Below southern
Iberia, the slab curves into an E–W strike, dipping southwards, and is
largely detached. The first tomographic images of subduction remnants
in the Gibraltar region imaged the E–W trending, detached portion
below southern Iberia Spakman, 1986a; Blanco and Spakman (1993)
and interpreted subduction in the Gibraltar region to have occurred
southwards. With the advent of more advanced tomographic models it
became clear, however, that the Gibraltar slab is curved, and mainly
dips eastwards reaching the 660 km discontinuity (Gutscher et al.,
2002; Piromallo and Morelli, 2003; Spakman and Wortel, 2004; Bezada
et al., 2013; van Hinsbergen et al., 2014; Chertova et al., 2014). Since
plate convergence between Iberia and Africa is only 100–250 km (in-
creasing eastwards) since the Cretaceous, the bulk of subduction of the
Gibraltar slab must have resulted from roll-back. Assuming that the slab
did not stretch significantly, subduction of the Gibraltar slab started
below the Balearic islands (Spakman and Wortel, 2004), with plate
circuit and geological constraints suggesting an onset of deep under-
thrusting around 45 Ma following very slow convergence between 85
and 45 Ma (van Hinsbergen et al., 2014), culminating in roll-back since
~27 Ma (Lonergan and White, 1997; Rosenbaum et al., 2002b;
Faccenna et al., 2004, 2014). The E–W trending, south-dipping portion
of the Gibraltar slab below southern Iberia likely resulted from> 180°
counterclockwise rotation during roll-back (Rosenbaum et al., 2002b;
Spakman and Wortel, 2004; Chertova et al., 2014; van Hinsbergen
et al., 2014) and its detachment likely occurred following the arrest of
rapid thrusting in the sub-Betic fold-thrust belt, around 7–8 Ma (Platt
et al., 2003; Garcia-Castellanos and Villasenor, 2011).
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3.35. Great Basin - GB

A positive wave speed anomaly below the Great Basin, Nevada
(Fig. 39) was originally named the Nevada Cylinder (Roth et al., 2008).
The Great Basin anomaly is located in the upper mantle below south-
western North America, and has been imaged at depths of
~100–800 km (West et al., 2009). It has an overall N–S trend and dips
to the NE. It has been interpreted as either a lithospheric drip due to
gravitational instability (West et al., 2009), a relic of the Laramide flat
slab (Schmandt and Humphreys, 2011), perhaps fragmented by fracture
zones (Sigloch, 2011), or a putative mantle plume (Obrebski et al.,
2010). Based on its elongation and dip, we interpret the anomaly to
result from Cenozoic subduction, and follow the interpretation of Liu
and Stegman (2011) who consider it subducted Farallon oceanic li-
thosphere. Based on mantle convection modelling, they argued that its
subduction initiated at ~35 Ma, and ended with slab detachment at
~15 Ma. Its subduction may correspond to phase of ignimbritic vol-
canism in the Great Basin between 31 and 20 Ma (Best and Christansen,
1991; Dickinson, 2006).

3.36. Halmahera - Hm

The Halmahera anomaly (Fig. 40) corresponds to the A4 anomaly of
Hall and Spakman (2002, 2004) and was previously imaged by
Widiyantoro and van der Hilst (1997), Hall and Spakman (2015), and
Wu et al. (2016). It is interpreted as one of the two actively subducting
slabs attached to the Molucca Sea basin lithosphere, the other being the
Sangihe slab (Section 3.76). It is subducting eastwards below the island
of Halmahera and reaches the base of the upper mantle. Wu et al.
(2016) separated this slab into three slabs; Molucca Sea East slab in the
upper mantle and East Asian Sea west and Ayu Trough Deep in the
upper-lower mantle transition zone. In our tomographic model we
cannot confidently separate these slabs. Subduction below Halmahera
started at 15 Ma in both reconstructions of Hall (2002) and Wu et al.
(2016), which we adopt as age for the base of the slab.

3.37. Hatteras - Ha

The Hatteras anomaly (Fig. 41) is part of the set of anomalies
commonly, also in our previous compilation in van der Meer et al.
(2010), interpreted as the Farallon slab, initially defined by Grand et al.
(1997). It is located below eastern North America within the lower
mantle. The anomaly is generally interpreted to represent eastward
subducted Farallon oceanic lithosphere (Grand et al., 1997; Bunge and
Grand, 2000; van der Meer et al., 2010) below the North American
continental margin. The Hatteras slab corresponds to the MEZ and in
part the SF1 slab of Sigloch and Mihalynuk (2013), who, based on their
interpretation of the geological records of the Wrangellia and Stikinia
composite terranes of the North American Cordillera, interpreted the
slab to be predominantly intra-oceanic, westward subducted Mezcalera
Ocean lithosphere (their MEZ slab) and only a small part Farallon-de-
rived (their SF2 slab). Their pre-100 Ma interpretation, however, is
based on a true-polar wander corrected paleomagnetic reference frame
without longitude control under the assumption that Africa was long-
itudinally fixed (Torsvik et al., 2008a, 2008b). van der Meer et al.
(2010) showed that such an assumption leads to major mis-locations of
reconstructed subduction zones relative to their corresponding slabs,
particularly for the still-subducting Aegean slab, of 1000–2000 km. A
much better match between slabs and subduction zones arises with a
westward longitude shift, which places the location of the Hatteras slab
much closer to the west-North American margin, making a Mezcalera
origin unlikely. In addition, Liu (2014) found that westward subduction
of Mezcalera oceanic lithosphere would not be able to generate suffi-
cient volume for the slab. One of the arguments supporting that part of
the Hatteras slab resulted from intra-oceanic subduction is the mis-
match between the reconstructed location and shape of the North

American continental margin and the outline of the slab (Sigloch and
Mihalynuk, 2013). This occurs mostly towards the south, an area where
Sigloch and Mihalynuk (2013) have interpreted the Franciscan intra-
oceanic subduction zone, forming the deeper parts of the Cocos slab
(their SF1 slab, see Section 3.29). By extending the Cocos slab and
preceding Franciscan intra-oceanic subduction into the deepest parts of
the mantle, this would resolve most of the mismatch. The Hatteras slab
would then represent (predominant) subduction at the continental
margin.

Debate exists on the age of onset of continental margin subduction,
with estimates varying from ~100 Myr (Grand et al., 1997), prior to
100 Ma (Liu et al., 2008), or since 150 Ma (Sigloch et al., 2008). In the
interpretation of Sigloch and Mihalynuk (2013), the intra-oceanic
subduction zone was overridden by the continental margin, followed by
initiation of Rocky Mountain deformation, recorded by synorogenic
clastic wedge (160–155 Ma), which we adopt as minimum age of start
of subduction. Tectonic studies (Ward, 1995; Nokleberg et al., 2000;
DeCelles et al., 2009), however, suggested that subduction at the wes-
tern margin of North America (then part of Laurentia) initiated earlier,
from the Early Jurassic onwards. Consequently, van der Meer et al.
(2010) interpreted the base of the slab as Early Jurassic. Magmatism in
the Sierra Nevada batholith started at ~200 Ma (DeCelles et al., 2009),
which we adopt as the maximum age of the base of the Hatteras slab.

Towards the top of the lower mantle, the N–S trending Hatteras slab
ceases to exist and is replaced by the NW-SE trending SF3 slab of
Sigloch and Mihalynuk (2013). This happened after the South Farallon
trench steps westward following accretion of the Shatsky Rise Con-
jugate plateau, and a slab window formed leading to Sonora volcanism
including the Tarahumara ignimbrite province (Sigloch and Mihalynuk,
2013). The volcanic rocks and granitic plutons were dated by González-
León et al. (2011). The age of the Tarahumara Formation is between ca.
79 and 59 Ma; the monzonitic to granitic plutons have ages of ca.
71–50 Ma (We have adopted 59–50 Ma as the end of subduction of the
Hatteras slab.

3.38. Himalayas - Hi

The Himalayas anomaly (Fig. 42) is located below the northern part
of the Indian continent from the upper part of the lower mantle up to
the upper mantle. In previous tomographic studies it has been referred
to as the IV (Van der Voo et al., 1999b) or Hi anomaly (Hafkenscheid
et al., 2006), and it was also imaged by Li et al. (2008), and shown in
Replumaz et al. (2004, 2010b, 2010c) and van Hinsbergen et al.
(2012). van der Meer et al. (2010) followed the interpretation of
Hafkenscheid et al. (2006), who suggested that this lithosphere re-
presents Neotethyan lithosphere that formed as back-arc lithosphere
associated with the late Cretaceous Spontang arc. The Himalaya
anomaly, however, is the shallowest anomaly associated with con-
vergence between India and Asia, and consequently likely represents
the youngest slab, interpreted to reflect either continental crust of
Greater India (Replumaz et al., 2010c), or (partly) oceanic crust of
Greater India that according to paleomagnetic data formed in Cretac-
eous time (Greater Indian Basin of van Hinsbergen et al., 2012). Given
the northward subduction polarity of India below Asia, the southward
dip of the Himalayas slab likely indicates that the slab is overturned
(Replumaz et al., 2010c). Although the inferred nature of the litho-
sphere of the Himalaya slab differs in the scenarios of Replumaz et al.
(2010c) and van Hinsbergen et al. (2012, 2017b), the inferred age for
top of the slab are similar, 20 ± 5 Ma, after which time India-Asia
convergence can be fully accounted for by intra-continental shortening
and horizontal underthrusting of Indian lithosphere below the Tibetan
Plateau. The age of the base of this slab is difficult to assess. Based on
the volume of the Himalaya slab compared to India-Asia convergence
rates, Replumaz et al. (2010b) estimated a ~35 Ma age, and consensus
exists that the Himalaya slab represents Greater Indian lithosphere, i.e.
lithosphere that subducted after the collision of northernmost Indian
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plate continental lithosphere with Asia around 50 Ma. We adopt a
43 ± 8, Ma for the base of the Himalaya slab.

3.39. Hindu Kush - HK

A narrow, E–W trending, steeply north-dipping anomaly was de-
scribed below the Hindu Kush region of North Pakistan, from deep
earthquakes reaching 250 km depth (Pegler and Das, 1998; Pavlis and
Das, 2000; Lister et al., 2008; Zhang et al., 2011) and seismic tomo-
graphy shows it reaches a depth of ~600 km (Van der Voo et al.,
1999b; Negredo et al., 2007; Li and van der Hilst, 2010; Replumaz
et al., 2010b; Kufner et al., 2014, 2016) (Fig. 43). The Hindu Kush
anomaly is typically seen as subducted Indian plate lithosphere at-
tached to continental crust of NW India (Negredo et al., 2007; Lister
et al., 2008; Replumaz et al., 2010a; Kufner et al., 2016). This inter-
pretation requires that India has been horizontally underthrust north-
ward below the Sulaiman Lobe of Pakistan, south of the Hindu Kush,
over a N–S distance of ~500 km to reach the location where the Hindu
Kush slab dips steeply northward. We may thus estimate the minimum
age for the moment of subduction of the base of the Hindu Kush slab by
reconstructing since when India and Asia have converged 1100 km
(500 km northward underthrusting of India plus 600 km of slab length)
at the longitude of the Hindu Kush slab, assuming no overriding plate
shortening, i.e. 30 Ma according to the reconstruction of van
Hinsbergen et al. (2011b). Recently, however, Kufner et al. (2014)
suggested that the Hindu Kush slab may correspond to Asian litho-
sphere instead, since at depth the Hindu Kush slab cannot be dis-
tinguished from the Pamir slab (see Section 3.69). Gaina et al. (2015)
developed a scenario assuming that the Hindu Kush slab is Asian,
showing that it must have subducted between the Helmand Block of
Afghanistan and the Tadjik depression. Taking the westward dis-
appearance of the Hindu Kush slab into account, these authors pro-
posed an (unconstrained) counterclockwise rotation of the Helmand
block, keeping the Kandahar arc of the Afghan block contiguous with
the Kohistan-Gangdese arc of Karakoram-Tibet. This scenario would
provide ~600 km of Helmand-Tadjik convergence since ~50 Ma. Al-
though speculative, this age may provide a maximum age for the base
of the Hindu Kush slab. We allow a 50–30 Ma age range for the base of
the Hindu Kush slab.

3.40. Hispaniola - His

The Hispaniola anomaly (Fig. 44) is detached and located below the
island of Hispaniola in the northern Caribbean region, at a depth of
800–1400 km. It was first identified by van Benthem et al. (2013), who
interpreted it as the nGAC slab (northern Great Arc of the Caribbean).
We name the slab Hispaniola according to its current location. Its de-
tached nature and location in the top of the lower mantle and its po-
sition west of the Caribbean slab and east of and above the Cocos slab
suggests that it should be correlated to a geological record of past
Cretaceous or Paleogene subduction in the northern Caribbean region.
van Benthem et al. (2013) interpreted this anomaly to represent litho-
sphere that subducted below Cuba and Hispaniola in Cretaceous to
Eocene time, which decoupled from the Venezuela slab (Section 3.90),
or ‘sGAC’ slab in terminology of van Benthem et al. (2013), upon the
Paleogene northward retreat of the Cuba segment relative to South
America (see also Pindell and Kennan, 2009; Boschman et al., 2014).
Cuba and Hispaniola show a history of subduction of the North
American plate, comprising oceanic Proto-Caribbean lithosphere, a
microcontinental terrane, and the North American continental margin
below the oceanic Caribbean plate represented by ophiolite and arc
rocks (García-Casco et al., 2008; Pindell and Kennan, 2009). The oldest
record of subduction in Cuba is represented by ~130 ± 5 Ma volcanic
arc and high-pressure, low-temperature metamorphic rocks (García-
Casco et al., 2006; Stanek et al., 2009), and subduction terminated

between 45 and 40 Ma shown by the youngest foreland basin deposits
and oldest overlap assemblages (Iturralde-Vinent et al., 2008).

3.41. Hudson - Hu

The Hudson anomaly (Fig. 45) is part of the set of anomalies com-
monly, also in our previous compilation in van der Meer et al. (2010),
referred to as the Farallon slab, initially defined by Grand et al. (1997).
It is located below northern North America within the lower mantle.
The NW-SE trending Hudson anomaly is interpreted as the northern-
most slab of the family of Farallon slabs and is entirely contained in the
lower mantle. At its eastern end it connects to the northern part of the
N–S trending Hatteras slab (Section 3.37).

Sigloch and Mihalynuk (2013) referred to the Hudson slab as the
ANG slab, and inferred that it formed due to southwestward subduction
of Angayucham oceanic lithosphere since 140 Myr based on their inter-
pretation of the amalgamation history of the Wrangellia superterrane of
the North American Cordillera. We infer Angayucham subduction led to
the formation of the Lougheed slab instead (Section 3.51). Rather, we
follow Nokleberg et al. (2000), who suggested that eastward subduction
of Farallon/Panthalassa lithosphere occurred at this latitudinal position
at the Stikinia arc while it was (close to) being accreted to the continental
margin subduction zone (Hatteras slab, Section 3.37). Collision started
by 72–69 Myr and was accomplished by 55–50 Myr ago (Sigloch and
Mihalynuk, 2013), which we take as age range for the top of the slab.

Johnston and Borel (2007) interpreted a two-stage process, a first
involving intra-oceanic subduction and arc formation and accretion
forming the Stikinia-Quesnellia superterrane between 230 Ma to
150 Ma within the (eastern) Panthalassa. In a second stage, from
150 Ma to 55 Ma, this arc migrated towards North America, collided,
and moved northward parallel to the continental margin. We interpret
stage one to have resulted in the Wichita slab (Section 3.91) and cor-
relate their stage two with the Hudson slab.

3.42. Idaho - Id

The Idaho anomaly (Fig. 46) is located below western North
America from the deep mantle up to upper part of the lower mantle. It
was interpreted as the Idaho slab by van der Meer et al. (2010) and
corresponds to the S2 anomaly of Sigloch et al. (2008) and Shephard
et al. (2013) and Cascadia Root (CR) anomaly of Sigloch and Mihalynuk
(2013). It has been interpreted as Farallon lithosphere that subducted in
the Cenozoic Sigloch et al. (2008) and Shephard et al. (2013) or as
lithosphere of the Kula plate that subducted in the Cretaceous (Ren
et al., 2007; Shephard et al., 2013). Sigloch et al. (2008) suggested that
the Idaho slab subducted after, and below the northern extent of the
Farallon slab to the NE (defined here as the Hudson slab, Section 3.41)
after the Hudson slab broke off in the late Cretaceous. van der Meer
et al. (2010) argued that such an interpretation would require that the
Hudson slab remained stagnant in the mantle since the Late Cretaceous,
whereas the Idaho slab sank rapidly into the lower mantle, which they
considered unlikely. Instead, they followed Nokleberg et al. (2000),
who reconstructed northward to eastward subduction of Farallon/
Panthalassa lithosphere in the latitude range of the Idaho slab based on
paleomagnetic data from the northern parts of the Wrangellia terrane.
The Wrangellia terrane comprises of four island arcs, the Devonian
Sicker, the late Paleozoic Skolai, the Late Triassic and Early Jurassic
Talkeetna-Bonanza, and the Late Jurassic through mid-Cretaceous
Gravina arcs (Nokleberg et al., 2000). van der Meer et al. (2010, 2012)
interpreted the Idaho slab as Farallon/Panthalassa lithosphere resulting
in the Talkeetna-Bonanza and Gravina arcs. U-Pb zircon ages of mid-
crustal plutons of he Bonanza arc show that these were emplaced be-
tween 203.8 Ma and 164 Ma (Canil et al., 2013; D'Souza et al., 2016).
Based on their present-day relative locations between the Mendocino
(Section 3.59) and Idaho slabs and arcs, we tentatively suggest that the
Idaho slab is correlated with the Bonanza arc. Following one of the
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accretion scenarios of Nokleberg et al. (2000), end of subduction and
accretion to the continental margin was modelled by Shephard et al.
(2013), who modelled accretion to occur at 140 Ma. However, Sigloch
and Mihalynuk (2013), suggested that the final terrane accretion oc-
curred later at 55–50 Myr ago. However,this late accretion date is
specifically referring to the Siletzia terrane, which may be mostly a
large igneous plateau related to the Yellowstone plume (Wells et al.,
2014) and therefore not the result of subduction. Gehrels et al. (2009)
argued that on the basis of U-Pb and Hf isotope analysis of detrital
zircons from strata of the Gravina belt that during the mid-Cretaceous
the Gravina belt collapsed and the Alexander-Wrangellia terrane was
accreted until 85 Ma to the Stikine and Yukon Tanana terranes at the
continental margin. High-flux magmatism continued during this ac-
cretionary event at 100–80 Ma, which we associate with the final intra-
oceanic arc accretion A dramatic reduction in magmatic flux occurred
at ca. 78 Ma, which continued until ca. 55 Ma. We therefore associate a
break-off age of 85–78 Ma in our current compilation, defining the top
of the Idaho slab.

3.43. India - In

The India anomaly (Fig. 47) is located below India. The India
anomaly was classified by Van der Voo et al. (1999b) as the ‘II’
anomaly, by Replumaz et al. (2010c) as the ‘TH’ anomaly, and it was
also identified by Hafkenscheid et al. (2006), Li et al. (2008), and van
Hinsbergen et al. (2012). The India anomaly is widely interpreted to
represent Neotethyan oceanic lithosphere that subducted below the
southern Tibetan Plateau before the inception of India-Asia collision.
Initiation of its subduction probably occurred after the collision of the
Lhasa terrane with the Qiangtang terrane of central Tibet, which oc-
curred ~130 Ma–120 Ma ago (Yin and Harrison, 2000; Kapp et al.,
2007; Li et al., 2017). Subduction of the India slab generated the long-
lived Gangdese volcanic arc on the Lhasa terrane since early Cretaceous
time (Ji et al., 2009) and was associated with the formation of supra-
subduction zone ophiolites in the Lhasa forearc (Huang et al., 2015;
Maffione et al., 2015b). We date the base of the India slab at
130 ± 10 Ma and note that this is a minimum age. The top of the slab
coincides in age with that of the base of the Himalaya slab of
43 ± 8 Ma (Section 3.38), the subduction of which accommodated
India-Asia convergence after break-off of the India slab.

3.44. Izu-Bonin - IB

The Izu-Bonin anomaly (Fig. 48) is interpreted to reflect Pacific li-
thosphere that subducted beneath the Philippine Sea Plate. It is well-
imaged in seismic tomographic models of van der Hilst et al. (1991),
Bijwaard et al. (1998), Gorbatov and Kennett (2003), Widiyantoro et al.
(1999), Sugioka et al. (2010), Fukao and Obayashi (2013), and
Jaxybulatov et al. (2013) and extends from the present-day Izu-Bonin-
Mariana trench to the base of the upper mantle, where it is horizontally
overlying the 660 km discontinuity. The Izu-Bonin slab is connected to
the Mariana slab (Section 3.57) in the upper 300–400 km of the mantle,
but is disconnected through a vertical slab tear at greater depth, al-
lowing for the Mariana slab to penetrate steeply into the lower mantle
(Miller et al., 2004, 2005). Previous reconstructions estimated sub-
duction of the Mariana-Izu Bonin subduction zone to have started at
48 Ma (Seno and Maruyama, 1984) to 50 Ma (Wu et al., 2016).

The Mariana-Izu Bonin forearc has been instrumental in the devel-
opment of models linking geochemical evolution of subduction-related
magmas in a forearc position to subduction initiation (Stern and
Bloomer, 1992; Dewey and Casey, 2011; Stern et al., 2012). U/Pb and
40Ar/39Ar ages of the oldest forearc lavas that are believed to have
formed during subduction initiation are consistently 51–52 Ma
(Ishizuka et al., 2011; Reagan et al., 2013; Arculus et al., 2015), which
we adopt as age for the onset of subduction of the Izu-Bonin slab.

3.45. Juan de Fuca - JdF

The Juan de Fuca anomaly (Fig. 49) is located below western North
America, is N–S trending and is interpreted to be the still-subducting
slab at the Cascadia subduction zone. In tomographic studies it has been
imaged to depths of 250–400 km (Sigloch et al., 2008; Schmandt and
Humphreys, 2011; Chu et al., 2012). The Juan de Fuca slab has been
interpreted as the result of the reinstatement of normal subduction
following the accretion of the Siletzia microcontinent, and a subsequent
period of flat-slab subduction (Schmandt and Humphreys, 2011).
Above the slab lies the Cascadian arc, where magmatism started at
45–40 Ma (Schmandt and Humphreys, 2011; Wells and McCaffrey,
2013). The slab has been interpreted to be broken up by the Yellow-
stone plume (Obrebski et al., 2010; Long, 2016). Fragmentation of the
slab presumably occurred just prior to the arrival of the plume at the
surface, around 19–17 Ma (Obrebski et al., 2010. We adopt this as the
age of the base of imaged slab. Some weak positive anomalies are im-
aged in the UU-P07 model towards the east and northeast, named the
F1 and F2 slabs in Obrebski et al., 2010 and Long, 2016, which may
represent the remnant slabs of 45–19 Ma subduction, separated from
the Juan de Fuca slab by the Yellowstone plume.

3.46. Kabylides - Kb

The Kabylides anomaly (Fig. 50) is located in the upper mantle
below the north African margin of Algeria and was first identified by
Spakman and Wortel (2004). It dips steeply, resting on the 660 km
discontinuity, and is interpreted as a slab that is detached above 200 km
depth. The Kabylides anomaly is interpreted to represent part of the
African plate that subducted northward below the Baleares margin
since ~85–45 Ma (van Hinsbergen et al., 2014) then still contiguous
with the Gibraltar slab (Section 3.34). Subsequent roll-back led to
southward retreat of the subduction zone, and underthrusting of the
North African margin in Miocene time (Michard et al., 2006), followed
by slab segmentation and further westward retreat of the Gibraltar slab
(Section 34), leaving the Kabylides slab behind which subsequently
detached from the north African margin (Spakman and Wortel, 2004;
Michard et al., 2006; Chertova et al., 2014; van Hinsbergen et al.,
2014). The age of slab break-off is estimated at 15–12 Ma, inferred from
the end of African underthrusting below the leading edge of the Eur-
opean plate exposed in the Kabylides massifs, as well as break-off in-
duced magmatism (Coulon et al., 2002; Michard et al., 2006).

3.47. Kalimantan - Ka

The Kalimantan anomaly (Fig. 51) is located below southeast Asia
from the middle to the upper part of the lower mantle (Widiyantoro and
van der Hilst, 1996, 1997; Rangin et al., 1999; Replumaz et al., 2004;
Hall et al., 2008; Zahirovic et al., 2012; Fukao and Obayashi, 2013). It
is frequently interpreted as one single slab together with the Sunda slab
(Section 3.86). However, the Kalimantan anomaly is not present in the
western part of the Sunda slab, where the Sunda slab does not penetrate
the upper-lower mantle boundary (Hall and Spakman, 2015), and its tip
lies just to the south of the Kalimantan anomaly. In addition, the Ka-
limantan slab is striking NE-SW, whereas the Sunda slab strikes WNW-
ESE. This suggests that the Kalimantan anomaly results from a history
of subduction north of, and starting earlier than the Sunda slab. Slabs to
the east of the Kalimantan anomaly that started to subduct around
55–45 Ma, e.g., Izu-Bonin (Section 3.45), Mariana (Section 3.57), Ara-
fura (Section 3.10), or Caroline Ridge (Section 3.23) still reside in the
upper mantle or penetrated into the top of the lower mantle. The base
of the Kalimantan anomaly is thus likely of Late Cretaceous or Paleo-
gene subduction age. Hall (2012) concluded that westward subduction
below west Sulawesi, Sumba, and Borneo (i.e. Kalimantan) started
~70–65 Ma, and ended 50–45 Ma, at which time subduction of the
Sunda slab started to the south and west (Section 3.85). In addition,
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Hall and Spakman (2015) suggested that the Kalimantan anomaly may
host of two separate slabs, whereby the upper part of the anomaly re-
presents subducted proto-South China Sea lithosphere that subducted
southeastward beneath North Borneo and the Cagayan arc, now
southeast of Palawan, between 45 and 20 Ma. This interpretation was
adapted by Wu et al. (2016), where the western part of the anomaly
was marked as Proto South China Sea and the east as one of two wes-
tern East Asian Sea anomalies, subducting between 45 and 35 Ma and
50–20 Ma respectively. Wu et al., 2016 distinguished another slab in
between these anomalies and named it Molucca Sea West, being a
continuation of the slab in the upper mantle, with an interpreted start of
subduction at 30 Ma. In the UU-P07 model it is not possible to con-
fidently distinguish the boundary between these two or three slabs, and
we adopt an age range of subduction of 70–65 to 20 Ma for the com-
posite the Kalimantan slab(s).

3.48. Kamchatka-Kuriles - Kc

The Kamchatka-Kuriles anomaly (Fig. 52) is located below the Sea
of Okhotsk and is interpreted to represent a slab that is still subducting
at the Kamchatka-Kuriles subduction zone, penetrating down to the
upper part of the lower mantle. We previously named it the Kamchatka
slab (van der Meer et al., 2010) but renamed it to include the widely
used Kuriles slab (Spakman et al., 1989; Van der Hilst et al., 1991;
Gorbatov et al., 2000; Jiang et al., 2009; Koulakov et al., 2011). It re-
presents northwestward-subducted Pacific oceanic lithosphere. The
part of the slab below 660 km discontinuity was interpreted to have an
age of at least 65–55 Ma (Gorbatov et al., 2000). Nokleberg et al.
(2000) and Golonka et al. (2003) proposed that the onset of westward
subduction below Kamchatka started earlier and formed the Olyutorka
arc since the middle to Late Cretaceous. van der Meer et al. (2010)
followed that latter interpretation. Following the more recent tectonic
models of Konstantinovskaia (2001), Hourigan et al. (2009), and
Shapiro and Solov'ev (2009), accretion of the intra-oceanic Aichayam-
Valangskyi ophiolite terrane including the Olyutosky arc to the Asian
continental margin followed upon a phase of SW-ward subduction that
ended around 52 Ma (Konstantinovskaia, 2001; Hourigan et al., 2009),
which we correlate to the Agattu slab (Section 3.2). This was followed
by a subduction polarity reversal and onset of NW-ward subduction of
Pacific lithosphere during the Middle Eocene (Konstantinovskaia, 2001;
Shapiro and Solov'ev, 2009), simultaneously with the Aleutian slab
(Section 3.3) to the northeast, which we interpret to as the age of the
base of the Kamchatka-Kuriles slab.

3.49. Komsomolets - Km

The Komsomolets anomaly (Fig. 53) is located below northernmost
Asia within the deep mantle and was not previously defined. It is E–W
trending and its shallowest and easternmost location it may connect to
the Chukchi slab (Section 3.28). Based on the Chukchi slab as well as
the Mongol-Kazakh slab to the south (Section 3.63), we interpret the
anomaly as a Lower Mesozoic slab subducted in the paleo-Arctic region.
In the Arctic, a record of mid-Mesozoic subduction, along a continental
margin, is preserved in the form of the Svyatoy-Nos arc located in
northernmost Siberia (Nokleberg et al., 2000). According to Nokleberg
et al. (2000) and Sokolov (2010) this arc was active in the Late Jurassic
to Early Cretaceous and was part of a south dipping subduction zone,
subducting South Anyui oceanic lithosphere. We date the subduction of
the Komsomolets slab by this arc. In the reconstruction of Shephard
et al. (2013) the Svyatoy-Nos arc is not modelled as such but would be
located as the time-equivalent continuation of the Oloy subduction zone
in between Siberia and Baltica.

3.50. Lake Eyre - LE

The Lake Eyre anomaly (Fig. 54) was defined by Schellart and

Spakman (2015). It is located at 800–1200 km depth in the upper part
of the lower mantle below southern Australia. There is no record of
Mesozoic or Cenozoic subduction within Australia, and pointing at a
rapid northward absolute plate motion of Australia suggested by hot-
spot reference frames, Schellart and Spakman (2015) suggested that the
geological record of subduction of the Lake Eyre slab is best sought
along the northern Australian margin. Those authors correlated the slab
to a period of northward intra-oceanic subduction that started ~70 Ma
ago north of Australia. This phase terminated when Australian con-
tinental lithosphere arrived in the trench. Relics of the overriding
oceanic lithosphere are now found as ophiolites on Papua New Guinea
and the Pocklinton Trough area. The end of their emplacement onto the
Australian margin occurred around 50 Ma and was suggested as timing
of slab break-off (Schellart and Spakman, 2015). Subsequently, Aus-
tralia moved northward and overrode the detached slab.

3.51. Lougheed - Lo

The Lougheed anomaly (Fig. 55) is located below northernmost
North America within the mid-mantle. It is N–S to NNW–SSE trending
and at its southern end lies close to, but is separate from the NW-SE
trending Hudson anomaly that is correlated to the Stikinia arc in
northwest Canada (Section 3.41). The Lougheed slab should thus cor-
relate to circum-Arctic subduction to the north of the Stikinia terrane.
Nokleberg et al. (2000) documented the Koyukuk arc in this area and
interpreted this as the result of subduction of Angayucham and Good-
news Ocean lithosphere below North American continental lithosphere.
The Koyukuk arc is mainly of Late Jurassic to Early Cretaceous age. In
the plate motion model of Shephard et al. (2013), these different ele-
ments were brought together. They concluded that subduction below
the Koyukuk and the adjacent Nutesyn arcs was active between 160 and
120 Ma, which we adopt for the subduction age range of the anomaly.

3.52. Maldives - Md

The Maldives anomaly (Fig. 56) is located below the northwestern
Indian Ocean from the deep mantle up to the upper part of the lower
mantle. In previous tomographic studies it has been referred to as the
eastern part of the III anomaly (Van der Voo et al., 1999b) or as the IO
anomaly (Hafkenscheid et al., 2006), and was interpreted to result from
northward subduction within the Neotethys ocean. We now distinguish
the deeper NW-SE trending Maldives anomaly from the shallower SW-
NE Carlsberg slab (Section 3.22) (Gaina et al., 2015), which were
previously considered a single feature (van der Meer et al., 2010). van
der Meer et al. (2010) interpreted an onset of subduction of this
anomaly to occur as early as the Late Triassic comparing to re-
constructions of Stampfli and Borel (2004), which we now consider
unlikely given the adjacent Carlsberg, India (Section 3.43), and Arabia
(Section 3.9) slabs that subducted in Cretaceous time. More recently,
the age of the Maldives slab was interpreted from geological evidence of
intra-oceanic subduction from ophiolites found in the Indus-Yarlung
suture zone, thrust on the Tibetan Himalaya (e.g., Spontang and Xigaze
ophiolites) (Hébert et al., 2012). These were suggested to have formed
at equatorial latitudes based on paleomagnetic data (Abrajevitch et al.,
2005), and were interpreted to have thrust onto the Tibetan Himalaya
around 70 Ma based on arrival of mafic debris in the Tibetan Hima-
layan stratigraphy around that time (Searle et al., 1997; Corfield et al.,
2001). Because paleomagnetic data of the Tibetan Himalaya also show
equatorial latitudes around 70 Ma (Patzelt et al., 1996), van Hinsbergen
et al. (2012) linked the record of the Himalayan ophiolites to the
Maldives anomaly.

Recently, however, Garzanti and Hu (2015) demonstrated that
the~70 Ma mafic debris in the Tibetan Himalaya is not ophiolite-de-
rived, but related to plume volcanism, perhaps from early-stage vol-
canics of the Deccan traps. Ophiolite-derived debris did not arrive in the
Tibetan Himalayan stratigraphy until the Early Eocene instead. In
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addition, Huang et al. (2015) showed that the Xigaze ophiolites are
unconformably overlain by Tibet-derived forearc sediments with ages
very close to the formation ages of the ophiolite (~130–125 Ma). In
addition, they showed that the previous paleomagnetic data of
Abrajevitch et al. (2005) were strongly affected by compaction-induced
inclination shallowing, and provided a ~16.5°N paleolatitude for these
ophiolites instead, i.e. immediately adjacent to the south Tibetan
margin. Its current depth in the mantle is consistent with Cretaceous
subduction, and when the global plate circuit (e.g., Seton et al., 2012) is
cast in a hotspot reference frame (e.g., Doubrovine et al., 2012), the
Maldives anomaly is located within the Neotethys ocean below the
India-Arabia plate boundary. At this plate boundary, there is evidence
of subduction farther south, culminating in obduction of the Waziristan-
Khost ophiolite onto Arabia around 80 Ma (e.g., Gaina et al., 2015). The
nearest record of intra-oceanic subduction may be the Kohistan arc, and
Jagoutz et al. (2015) argued for a low latitude of Cretaceous subduction
below this arc. Borneman et al. (2015), however, documented Asia-
derived detritus from Cretaceous sandstones within the Kohistan stra-
tigraphy, arguing against such a scenario. At this stage, we therefore
refrain from interpreting a geological record of subduction for the
Maldives anomaly.

3.53. Malpelo - Mp

The Malpelo anomaly (Fig. 57) is located below the western Panama
Basin and NW South America in the mid-mantle. It is NW-SE trending
and above 1175 km it is close to the Venezuela slab to the east (Section
3.90) as well as the Cocos slab to the north (Section 3.29) and Brasilia
slab to the south (Section 3.18). The anomaly we here define as the
Malpelo slab was previously interpreted by Taboada et al. (2000) to
represent subducted Farallon plate lithosphere (labelled FaP in their
figures), beneath the Panama-Costa Rican Arc and the Choco terrane in
northwest South America. Meschede and Frisch (1998) proposed that
this subduction zone extended to the north, and connected to the sub-
duction zone below the Guerrero terrane and Chortis block, which are
now located in present day Honduras, Guatemala, and Mexico. Because
the Malpelo slab appears to have a slight westward dip, van der Meer
et al. (2010, 2012) followed models of Dickinson and Lawton (2001)
proposed for the Guerrero arc and interpreted the slab as the result of
westward subducting Mezcalera ocean lithosphere, followed by a col-
lision with the North American margin in the Late Cretaceous, followed
by a subduction polarity switch resulting in eastward subducting Far-
allon lithosphere at around 1040 km depth.

The Malpelo slab, however, extends to the south into a position
directly west of, and at a similar depth as the Venezuela slab (Section
3.90). This slab is interpreted to result from westward subduction of
Proto-Caribbean lithosphere below the Caribbean plate (van der Meer
et al., 2010; Pindell et al., 2012; van Benthem et al., 2013). Placing the
kinematic reconstruction of Boschman et al. (2014) in the slab-fitted
mantle reference frame of van der Meer et al. (2010) places the eastern
margin of the Caribbean plate above the Venezuela slab, but the wes-
tern Caribbean margin above the Malpelo slab: there is little space for a
westward subducting ocean to the East of the Malpelo slab. We there-
fore consider it more likely that the Malpelo slab originated from
eastward subduction west of the Caribbean plate.

The oldest reported evidence of subduction in Central America is arc
volcanics of only ~75 Ma (Buchs et al., 2010; Wegner et al., 2011), and
Pindell et al. (2012) suggested that the modern subduction zone below
the eastern Caribbean region may have started ~90–85 Ma. This sub-
duction zone, however, is still active whilst the Malpelo slab is de-
tached. We consider it more likely that the current phase of subduction
generated the slab above and slightly east of the Malpelo slab. This slab
is visible in a narrow depth interval around 1000–900 km, above which
a prominent slab gap is present that coincides with the location of and
may be caused by the subduction of the Cocos-Nazca ridge. Given its
narrow range, we have not defined this body as a separate slab.

The Guerrero arc of Mexico may be a better candidate to date the
Malpelo slab. This arc formed at a paleolatitude coinciding with the
northern portion of the Malpelo slab. The history of the Guerrero arc is
complex, but is seen as an intra-oceanic arc that was separated from
Mexico by a back-arc region that closed in Early Cretaceous time
(Centeno-Garcia et al., 2011). Bajocian–Cenomanian arc assemblages of
the Guerrero terrane (Talavera-Mendoza et al., 2007; Martini et al.,
2011, 2013) and Callovian to Valanginian volcanic sulphides
(Mortensen et al., 2008) suggest that the arc was active from ~170–165
to ~95–90 Ma. We adopt this as age range for the formation of the slab.
We note, however, that our interpretation suggests that the Guerrero
arc would have continued far to the south, to the west of the Caribbean
plate. Currently, there is no geological evidence to support this inter-
pretation and the interpretation of the geological record of the Malpelo
slab may need revision in the future.

3.54. Manchuria - Mc

The Manchuria anomaly (Fig. 58), also referred to as Japan anomaly
(Obayashi et al., 2009) was interpreted as a slab that dips down west-
ward from the Japan subduction zone at surface, drapes the transition
zone below east Asia and penetrated the upper part of the lower mantle
in the west (van der Hilst et al., 1991; Fukao et al., 2001; Miller and
Kennett, 2006; Abdelwahed and Zhao, 2007; Zhao and Ohtani, 2009;
Lei, 2012; Chen et al., 2017). In the uppermost mantle it has a N–S
trend and is connected at depths of< 300 km with the SW-NE trending
Kamchatka-Kuriles slab (Section 3.48) towards the north and NNW-SSE
trending Izu-Bonin slab (Section 3.44) towards the south. It has pre-
viously been associated with westward subduction of the Pacific and
Philippine Sea plate starting around 40–45 Ma (van der Hilst et al.,
1991; Abdelwahed and Zhao, 2007). This timing was based on the
evolution of the Philippine Sea plate only, whereas the Manchuria slab
is in fact located north of the Philippine Sea plate subduction zones. In
van der Meer et al. (2010), we considered an earlier, Late Cretaceous
start of Pacific plate subduction more likely, indicated by a Late Cre-
taceous-Eocene (110–50 Myr) magmatic phase in the Korean peninsula
(Sagong et al., 2005).

The complications of dating this slab might be related to two ridges
subducting underneath Japan as documented by Isozaki et al. (2010);
first the Izanagi–Kula ridge around 120–110 Ma and then the Kula-
Pacific ridge around 70–60 Ma. Ren et al. (2002) documented tectonic
inversion in the Songliao Basin (NE China) at 77–67 Ma, which may
date the onset of renewed subduction following ridge subduction, fol-
lowed by widespread regional extension and transtension as a result of
roll-back. More recently Seton et al. (2015) and Honda (2016) have the
Izanagi-Pacific ridge subducting between ~60–50 Ma. On the basis of
the Korean inversion and the recently modelled subduction of the last
subducted ridge,we interpret the onset of Manchuria slab subduction to
start at 77–50 Ma and associate this timing with the base and wes-
ternmost extent of this slab.

3.55. Manila - Ml

The Manila anomaly (Fig. 59) is located below the northewestern
Phillipine Sea in the upper mantle. The Manila anomaly dips down
towards the transition zone at the base of the upper mantle and has
previously been imaged in several regional and global tomographic
studies (Rangin et al., 1999; Lallemand et al., 2001; Zhao and Ohtani,
2009; Zheng et al., 2013; Koulakov et al., 2014; Wu et al., 2016), named
South China Sea slab (Rangin et al., 1999; Lallemand et al., 2001), or
Eurasian slab (Zheng et al., 2013; Zhao and Ohtani, 2009; Wu et al.,
2016). It is interpreted as eastward dipping South China Sea oceanic
lithosphere of the Eurasian plate still subducting at the Manila trench
below the Luzon arc. In the north, continental lithosphere of the South
China block has entered the trench, which led to an arc-continent col-
lision with the Luzon arc, creating the Taiwan fold-thrust belt (Sibuet
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and Hsu, 2004; Huang et al., 2014). Due to Pliocene arc-continent
collision, subduction in northern Taiwan is terminating and slab break-
off is currently going on, whereby the Ryukyu subduction zone is
propagating westwards, accommodating a subduction polarity flip
(e.g., Ustaszewski et al., 2012). Estimates for the onset of Eurasian plate
subduction below the Luzon arc are 15–10 Ma (Sibuet and Hsu, 2004;
Hall, 2012), which we adopt for the age of the base of the Manila slab.

3.56. Maracaibo - Ma

The Maracaibo anomaly (Fig. 60) is located in the upper mantle
below northern South America. It was first tomographically imaged by
van der Hilst and Mann (1994), and was later recognized in tomo-
graphic models by Taboada et al. (2000), Bezada et al. (2010), and van
Benthem et al. (2013). van Benthem et al. (2013) shows that the
Maracaibo slab has a shallow dip, and is at least 900 km long from the
surface to the base of the upper mantle. Another 300 km may hor-
izontally overlie the 660 km discontinuity.

The Maracaibo subduction zone is interpreted as actively sub-
ducting Caribbean plate lithosphere that is overridden by the South
American continent moving roughly W to WNW relative to the
Caribbean plate, leading to oblique convergence along the NW South
American continent (Kellogg and Bonini, 1982). Originally, the onset of
Maracaibo subduction was estimated as ~45 Ma (Kellogg and Bonini,
1982), but recently, Ayala et al. (2012) showed that sedimentary basins
in NW South America became fragmented because of uplift and de-
formation of the Maracaibo block as early as 58–55 Ma. Plate kinematic
restorations of the Caribbean region (Pindell et al., 2012; Boschman
et al., 2014) also show an onset of convergence across the Maracaibo
margin around 60 Ma, and predict ~1200 km of subduction. This is
consistent with the UU-P07 seismic tomographic image of van Benthem
et al. (2013) if the anomaly overlying the 660 km discontinuity is as-
sumed to be part of the Maracaibo slab. We thus assign a 60–55 Ma age
for the base of the Maracaibo slab.

3.57. Mariana - Mr

The Mariana anomaly (Fig. 61) was first shown in seismic tomo-
graphy by Spakman et al. (1989) and Van der Hilst et al. (1991). In
subsequent tomographic models, the Mariana anomaly, which is an
steeply westward dipping, N–S trending anomaly that connects to the
Mariana trench and the slab is thus interpreted to represent still-sub-
ducting Pacific lithosphere. It was imaged to penetrate the lower mantle
down to 1000–1200 km depth (Bijwaard et al., 1998; Widiyantoro
et al., 1999; Gorbatov and Kennett, 2003; Huang and Zhao, 2006; Rost
et al., 2008; Fukao and Obayashi, 2013; Jaxybulatov et al., 2013;
Obayashi et al., 2013; Zahirovic et al., 2014; Wu et al., 2016). To the
north along the same subduction zone, it is connected in the upper
300–400 km to the Izu-Bonin slab (Section 3.44). Below that depth,
however, the Mariana and Izu-Bonin slabs are disconnected through a
tear fault that may have formed at the subducted Marcus–Necker Ridge
and the Ogasawara Plateau, with the Izu-Bonin slab lying horizontally
on the 660 km discontinuity and the Mariana slab penetrating through
(Miller et al., 2004, 2005). To the south, the Mariana slab is also
bounded by a tear (Miller et al., 2006). Previous reconstructions esti-
mated subduction of the Mariana-Izu Bonin subduction zone to have
started at 48 Ma (Seno and Maruyama, 1984) to 50 Ma (Wu et al.,
2016). Prior to 50 Ma, Wu et al. postulate that a western Pacific plate
boundary already existed but this may have been characterised by
highly oblique subduction or transforms. After 50 Ma, Pacific plate
motions changed and fast subduction began (Wu et al., 2016).

The Mariana-Izu Bonin forearc has been instrumental in the devel-
opment of models linking geochemical evolution of subduction-related
magmas in a forearc position to subduction initiation (Stern and
Bloomer, 1992; Dewey and Casey, 2011; Stern et al., 2012). U/Pb and
40Ar/39Ar ages of the oldest forearc lavas that are believed to have

formed during subduction initiation are consistently 51–52 Ma
(Ishizuka et al., 2011; Reagan et al., 2013), which we adopt as age for
the onset of subduction of the Mariana slab.

3.58. Mayn - Mn

The Mayn anomaly (Fig. 62) is located below northeastern Siberia in
the upper mantle and uppermost part of the lower mantle. It is N–S
trending and towards the south it touches the Bering Sea slab (Section
3.15). It was previously imaged by Gorbatov et al. (2000) and Zhao
et al. (2010). The tectonic evolution and upper mantle structure of the
region leads us to interpret the Mayn anomaly as a separate slab. The
location of the slab is consistent with subduction along the Shirshov
Ridge in western Bering Sea. This ridge is generally interpreted to re-
present a Cenozoic intra-oceanic arc (Nokleberg et al., 2000;
Chekhovich et al., 2012). In the tectonic model of Chekhovich et al.
(2012), the Shirshov ridge underwent to a period of imbricate thrusting
between 30 and 15 Ma, which we adopt as the period of subduction.

3.59. Mendocino - Mdc

The Mendocino anomaly (Fig. 63), is located in the lower mantle
below the northeastern Pacific Ocean, west of the North American
continental margin, west of the Hudson (Section 3.41), Hatteras
(Section 3.37) and Idaho slabs (Section 3.42) and south of the North
Pacific slab (Section 3.68). It was named ‘X’ by Sigloch (2011) and and
later Cascadia Root 2 (CR2) by Sigloch and Mihalynuk (2013). van der
Meer et al. (2012) interpreted it as an (unnamed) slab remnant at
2300–1700 km depth in east-Panthalassa Ocean marginal subduction
zones in the UU-P07 model (Amaru, 2007). Sigloch and Mihalynuk
(2013), on the basis of a regional tomographic model of Sigloch (2011)
interpreted the slab to extend to the top of the lower mantle. The age of
subduction is poorly constrained from geological data. Sigloch and
Mihalynuk (2013) interpreted subduction to have occurred between
140 and 75 Myr on the basis of plate tectonic reconstruction. The
shallowest occurrence of the slab is close to the North American con-
tinental margin, suggesting terrane accretion might have occurred in
Cenozoic times. This is consistent with the inferences of Sigloch (2011)
and Sigloch and Mihalynuk (2013), who indicated final terrane accre-
tions (Siletzia, Pacific Rim) at 55–50 Myr. However as discussed at the
Idaho slab, the Siletzia terrane is mostly an oceanic plateau (Wells
et al., 2014) and is not related to arc volcanism. We interpret the Idaho
and Mendocino slab to be genetically linked and both resulting from
intra-oceanic subduction at the Talkeetna-Bonanza arcs. Based on their
present-day relative locations between these two slabs and arcs, we
tentatively we suggest that the Mendocino slab is correlated with the
Alaskan Talkeetna arc. This Alaskan arc was formed from 202 to
201 Ma onwards (Clift et al., 2005; Rioux et al., 2007). On the basis of
rapid exhumation and deposition of the coarse clastic Naknek forma-
tion Clift et al. (2005) suggested it was possibly amalgamated between
160 and 125 Ma in the greater Wrangellia terrane. We here interpret
these events to represent amalgation with the Bonanza and Gravina
arcs, and correlated with the Idaho slab (Section 3.42).

3.60. Mesopotamia - Me

The Mesopotamia anomaly (Fig. 64) is located below the Zagros
mountain belt at the Arabia-Eurasia plate boundary from the deep
mantle up to mid-mantle and connects upward to the Zagros anomaly
residing in the upper mantle. In previous studies it has been referred to
as the western part of the II anomaly Van der Voo et al. (1999b), as the
SI and AI anomalies Hafkenscheid et al. (2006), or as the Sb1 anomaly
in Agard et al. (2011). In van der Meer et al. (2010), we interpreted this
anomaly as a slab resulting from intra-oceanic subduction within the
Neotethys culminating in the obduction of e.g. the Semail ophiolite of
Oman. Closer inspection of the tomographic images below Arabia
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shows, however, that the Mesopotamia slab at depths of 1100–1300 km
is separated from a second slab to the SW (now named Arabia slabs
following Hafkenscheid et al., 2006, see Section 3.9) that is a better
candidate to result from subduction below the ophiolites of Oman and
Iran. The Mesopotamia slab more likely relates to subduction below the
Eurasian margin of Iran (Agard et al., 2011). The oldest geological
evidence for subduction below the Iranian continental fragments,
which collided with Eurasia in the Triassic (Muttoni et al., 2009) is the
Sanandaj-Sirjan magmatic arc, active since ~150 Ma (Agard et al.,
2011), providing a probable age for the base of the Mesopotamia slab.
Towards the top, the slab appears to be disconnected from the upper
mantle portions of slabs (see Zagros slab, Section 3.94). Agard et al.
(2011) suggested, based on the age of rapid exhumation of HP-LT
metamorphic rocks in the Zagros Mountains that there may have been a
phase of slab break-off in the latest Cretaceous to Paleogene,
~65 ± 5 Ma which we adopt as the age of the top of the Mesopotamia
slab.

3.61. Mississippi - Mi

The Mississippi anomaly (Fig. 65) is part of the set of anomalies
commonly, and also in our previous compilation in van der Meer et al.
(2010), interpreted as the Farallon slab as originally defined by Grand
et al. (1997). The NW-SE trending Mississippi anomaly has a central
position within the family of Farallon anomalies and is located in the
mid-mantle below Central North America and the northern Caribbean
region. At its base it connects with the top of the N–S trending Hatteras
slab (Section 3.37). At its top it is close to the Great Basin slab (Section
3.35). The Mississippi anomaly corresponds to the SF3 anomaly of
Sigloch and Mihalynuk (2013), who interpreted the transition of the
Hatteras to the Mississippi slab to have happened when the South
Farallon trench stepped westward after accretion of Shatsky Rise Con-
jugate plateau. This led to a slab window with Sonora volcanism in-
cluding the Tarahumara ignimbrite province (85–65 Myr ago). We have
adopted this as the start of subduction of the Mississippi slab. In the
upper mantle, the slab disintegrates into smaller, dispersed fragments,
which have been associated with subduction during the Laramide or-
ogeny (80–40 Ma) (van der Lee and Nolet, 1997; Sigloch et al., 2008;
Liu and Stegman, 2011). We have taken the end of the Laramide or-
ogeny (40 Ma) as end of subduction of the slab.

3.62. Mongolia - Mg

The Mongolia anomaly (Fig. 66) is located below northeast Asia
within the mid-mantle. In previous studies it was interpreted as a Pa-
cific slab (Van der Voo et al., 1999a). In van der Meer et al. (2010), we
used the Kamchatka-Kuriles and Manchuria slabs (shallower in the
mantle, Sections 3.48 and 3.54) and Mongol-Kazakh slab (deeper in the
mantle, Section 3.63) to infer that the Mongolia anomaly represents
(westward) subducted Pacific lithosphere with a Middle to Late Meso-
zoic subduction age range. Nokleberg et al. (2000) and Golonka et al.
(2003) inferred westward subduction of Pacific lithosphere at the
north-eastern margin of Asia associated with the continental margin
Khingan arc. This arc consists of mainly Barremian (130.8–126.3 Ma) to
Cenomanian (100.5–93.9 Ma) andesites and basalts and related in-
trusives (Nokleberg et al., 2000), which we previously used to date the
slab. Further south in the Songliao and neighbouring basins (Ren et al.,
2002) documented an earlier start of volcanism, between 155 and
140 Ma. We therefore now adopt a somewhat wider age range of sub-
duction with onset and end at 155–126.3 Ma and 100.5–93.9 Ma, re-
spectively.

3.63. Mongol-Kazakh - MK

The Mongol-Kazakh anomaly (Fig. 67) is located below northern
Siberia from the core-mantle boundary up to the mid-mantle. The

anomaly is widely known in the literature as the Mongol-Okhotsk
anomaly (Van der Voo et al., 1999a) and is interpreted to represent
lithosphere of the Mongol-Okhotsk Ocean, which has been inferred to
have subducted until the latest Jurassic-earliest Cretaceous, based on
paleomagnetic and geological data (Van der Voo et al., 1999a, 2015).
We renamed the slab after its present-day location, whereby the mid-
point lies below the borders between Mongolia, Kazakhstan, China, and
Russia, because we consistently name slabs after their present location
rather than their interpreted geological history. The base of the slab
merges with the graveyard of slabs under Asia at the base of the mantle
(Van der Voo et al., 1999a). The southern part of the Z-shaped Mongol-
Kazakh slab sensu (Van der Voo et al., 1999a, 2015) was redefined by
van der Meer et al. (2010) as the Central China slab (Section 27) and
may (also) consist of Paleotethyan lithosphere, as suggested by Stampfli
and Borel (2004). Subduction of and within the Mongol-Okhotsk Ocean
started well before the Mesozoic (Tomurtogoo et al., 2005; Donskaya
et al., 2013) and pre-Mesozoic lithosphere may not be visible any
longer in the slab graveyard above the core-mantle boundary. Van der
Voo et al. (2015) noted that the deepest part of the Mongol-Kazakh slab
is trending N–S, consistent with Triassic (~250–220 Ma) orientations of
the Mongol-Okhotsk subduction zone, whereas upwards the slab kinks
and eventually becomes oriented ~W-E, similar to the trend of the
Mongol-Okhotsk suture zone. These authors argued that the shape of
the slab is consistent with an oroclinal closure of the Mongol-Okhotsk
Ocean suggested by the geological structure of Mongolia and southern
Siberia. The shape of the slab may thus suggest a ~250–220 Ma age of
the deepest, NS striking part of the slab (below ~2000 km). Closure of
the Mongol-Okhotsk Ocean follows from paleomagnetic constraints
from the North China and Amurian blocks and Siberia, and is slightly
younger than we previously assumed: 140 ± 10 Ma (Cogne et al.,
2005; Van der Voo et al., 2015).

Recently Shephard et al. (2014) performed mantle convection
modelling, suggesting that the Mongol-Kazakh slab underwent as much
as 60 longitude degrees westward motion through the mantle during its
descent to the core-mantle boundary, and should thus be found not
further east than 35°E, instead of 60–100°E preferred here, and in Van
der Voo et al. (1999a, 2015). Our correlation philosophy, also used in
van der Meer et al. (2010, 2012) in linking slabs to their geological
record assumes that slabs do not significantly move laterally relative to
each other which, when viewed globally, implies a preference for slab
remnants to sink vertically as was recently corroborated by Domeier
et al. (2016). In other words, the modern distribution of slab remnants
in the deep mantle can be associated with the paleo-subduction zone
configuration, which was found to lead to coherent correlations of plate
reconstructions with mantle structure for the last 250–300 Ma (van der
Meer et al., 2010, 2012, 2014). The mantle convection model of
Shephard et al. (2014), and similarly Fritzell et al. (2016), predicts that
the Mongol-Kazakh slab has moved> 4000 km westward through the
lower mantle since it detached at ~140 Ma (i.e., at ~3 cm/year, about
twice as fast as the sinking rate) relative to the Aegean slab (Section
3.1). What is driving large lateral mantle “winds” in the mantle flow
modelling is not known, however, so far there has been no supporting
evidence that such large mantle winds actually exist. Moreover, one
would equally expect that strong mantle winds would deflect or destroy
mantle plumes, which then would question the basic premise of hot-
spot-based absolute plate motion models that are used to drive such
“slab-prediction” modelling. There is compelling evidence, however,
provided by Domeier et al. (2016), that any lateral mantle flow in the
past ~130 Myr did not appreciably perturb the overall radial sinking of
slab and also not appreciably perturb the rising of plumes as is implied
by their use of the Seton et al. (2012) absolute plate motion model.
Although we believe that mantle flow modelling is on the longer term
the only viable avenue to quantitatively and dynamically link plate-
tectonic evolution to mantle dynamics, at present the modelling of
mantle flow itself is based on uncertain data and large assumptions, e.g.
mantle rheology, and thereby introduces large uncertainty and
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complexity to the slab identification problem it tries to solve.

3.64. Nepal - Ne

The Nepal anomaly (Fig. 68) is located in the lower mantle below
the Himalaya. Its position south of the shallower part of the Mongol-
Kazakh slab (Section 3.63) and north of the deeper part of the India slab
(Section 3.43) suggests that the Nepal anomaly represents lithosphere
that subducted during the mid-Mesozoic, and that its subduction record
should be located between the Himalaya and Mongolia, i.e. in Tibet.
The best candidate for its subduction location is the Bangong-Nujiang
suture zone that formed in Early Cretaceous time upon collision of the
Lhasa and Qiangtang terranes of the Tibetan Plateau. All other sutures
in Tibet are Triassic or older in age (Yin and Harrison, 2000; Kapp et al.,
2003; Zhu et al., 2013). Van der Voo et al. (2015) reconstructed the
China blocks and Tibet relative to the mantle and portrayed the
anomaly here identified as Nepal slab below the Bangong-Nujiang su-
ture zone in the Early Cretaceous.

Reasonable agreement exists on the age of closure of the Bangong-
Nujiang suture zone. The suture zone contains radiolarian cherts that
range in age from mid Jurassic to late Early Cretaceous (130–120 Ma),
flysch deposits of late Early Cretaceous age, and unconformably cov-
ering upper Albian-Aptian (~110–100 Ma) shallow marine limestones
(Baxter et al., 2010; Fan et al., 2015). Calc-alkaline and adakitic mag-
matic rocks of 115 and 110–100 Ma were interpreted to reflect slab roll-
back and break-off, respectively (Chen et al., 2014; Wu et al., 2014,
2015). The age of the top of the Nepal slab can thus be dated at
~110–100 Ma. Arc magmatic rocks on southern Qiangtang have been
reported of ~168 Ma (Liu et al., 2013) and 163 Ma (Li et al., 2014b),
and northward subduction below Qiangtang since late Early Jurassic
(~180–170 Ma) was concluded as a result (Xu et al., 2014). Based on a
detrital zircon study, subduction below Qiangtang may have started as
early as 210 Ma (Zeng et al., 2015), consistent with the paleomagne-
tically constrained onset of northward drift of the Lhasa terrane relative
to Gondwana (Li et al., 2016). We use a 210–170 Ma age range for the
base of the Nepal slab.

An alternative model proposes that the Bangong-Nujiang Ocean did
not subduct northwards, but southwards below the Lhasa terrane, and
represented the main Paleozoic Tethyan Ocean. This model proposes
that the Lhasa terrane was still connected to Gondwana in the Triassic
and rifted away after the Bangong-Nujiang ocean started to subduct
southward below the north Gondwana margin, opening the Neotethyan
ocean as a back-arc from Triassic to Early Cretaceous time (Zhu et al.,
2011, 2013). This scenario implies that the slab below the Lhasa terrane
rolled back over a distance equivalent to the final dimension of the
Neotethyan ocean, i.e.> 7000 km. However, we find no anomalies in
the lower mantle that span such an enormous width that would support
such a scenario.

3.65. New Britain - NB

The New Britain anomaly (Fig. 69) corresponds to anomaly A3 of
Hall and Spakman (2002, 2004) and was previously imaged by
Bijwaard et al. (1998) and Wu et al. (2016). It is a W-E trending
anomaly interpreted as a slab that reaches the base of the upper mantle.
It is actively subducting northward along a trench south of New Britain,
consuming Solomon Sea plate lithosphere. Wu et al. (2016) separated
the New Britain slab into two slabs: Solomon Sea West and Solomon Sea
East. Subduction along the New Britain trench is interpreted to be a
delayed response to the collision of the Ontong Java plateau with the
original Melanesian subduction zone along which (part of) the Papua
slab (Section 3.70) subducted below the Australian plate until ap-
proximately 26–20 Ma (Hall, 2002; Quarles van Ufford and Cloos,
2005; Knesel et al., 2008; Holm et al., 2013). The arrest of subduction
of the Papua slab along the Melanesian trench was first followed by
subduction of the Solomon Sea plate along the Trobriand trough (Hall,

2002; Quarles van Ufford and Cloos, 2005; Schellart et al., 2006; Knesel
et al., 2008) (Welford slab, see Section 3.92), after which northward
subduction started below New Britain creating the Bismarck arc since
10–5 Ma (Hall, 2002; Holm et al., 2013) or since 15 Ma (Wu et al.,
2016). We adopt 15–10 the age range of the base of the New Britain
slab.

3.66. New Hebrides - NH

The New Hebrides anomaly (Fig. 70) is located west of the northern
termination of the Tonga trench, and is interpreted as lithosphere still
subducting at the New Hebrides subduction zone. It is a NW-SE
trending slab that was imaged before by Fukao et al. (2001), Hall and
Spakman (2002, 2004), Schellart and Spakman (2012), Fukao and
Obayashi (2013), Obayashi et al. (2013), and Wu et al. (2016). It
reaches the base of the upper mantle. The NE-dipping New Hebrides
subduction zone is interpreted to result from subduction polarity re-
versal due to the arrival of the Ontong-Java plateau into an originally
contiguous Solomon-Vitiaz-Tonga-Kermadec subduction zone, around
15–10 Ma (Hall, 2002; Sdrolias et al., 2004; Schellart et al., 2006; Seton
et al., 2012), which we adopt for the age of the base of the slab.

3.67. North Apennines - NA

The North Apennines anomaly (Fig. 71) is located below Corsica
and Tuscany in the upper mantle. Based on early tomographic models,
Spakman et al. (1993) interpreted the North Apennines anomaly as a
detached slab, but subsequent models rather suggested that it is still
connected to the surface (Piromallo and Morelli, 1997, 2003; Bijwaard
et al., 1998; Lucente et al., 1999; Spakman and Wortel, 2004). The
North Apennines slab is clearly separated from the Calabria slab by a
several hundred kilometres wide gap, interpreted as the result of a
lateral tear (Wortel and Spakman, 1992, 2000) or a subduction trans-
form fault (Rosenbaum et al., 2008). Lucente et al. (1999) and Lucente
and Speranza (2001) interpreted the North Apennines slab as con-
tiguous with an anomaly lying in and below the transition zone (the
Alps slab, Section 3.6) by, which would result in a 700 km long slab.
Spakman and Wortel (2004), however, suggested that the North
Apennines slab reaches a depth of only ~300 km, and is a separate
body from the Alps slab.

Geological reconstructions of the northern Mediterranean region
consistently conclude that the southward subduction zone of the Alps
reached as far south as Corsica, based on the finding of a (currently)
west-verging thin-skinned fold-thrust belt including high-pressure me-
tamorphic rocks on Corsica (Brunet et al., 2000a). A transition from
east- to west-dipping subduction below Corsica, coinciding with the
start of the North Apennines subduction zone, is generally estimated to
have occurred around 35–30 Ma (Rosenbaum et al., 2002a; Jolivet
et al., 2009; Argnani, 2012; Advokaat et al., 2014b). Because the North
Apennines slab is oriented at a high angle to the Africa-Europe con-
vergence direction, almost all of its length should have been accom-
modated by back-arc extension in the northwest Mediterranean, which
at the latitude of the North Apennines slab is on the order of 300 km
(Faccenna et al., 2001; Faccenna et al., 2004). We therefore follow the
interpretation of Spakman and Wortel (2004), and assign an age to the
base of the North Apennine slab of 35–30 Ma.

3.68. North Pacific - NP

The North Pacific anomaly (Fig. 72) is located below the northern
Pacific Ocean and southern Alaska from the mid-mantle up to upper
part of the lower mantle. In previous tomographic studies it has been
interpreted as Kula (Qi et al., 2007),Pacific slab (Ren et al., 2007) and
was also identified as ‘K’ in Sigloch (2011). The Aleutian slab (Section
3.3) higher in the mantle to the north that subducted since 56–46 Ma
led us to infer that the North Pacific anomaly represents Early or
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pre-Cenozoic subducted lithosphere (van der Meer et al., 2010).
Shapiro and Solov'ev (2009) inferred northward subduction of Kula
oceanic lithosphere below a southward extension of the North Amer-
ican plate, resulting in the intra-oceanic Kronotsky-Commander arc
now found in Kamchatka. This arc was dated by Levashova et al. (2000)
to be active from 73 ± 7 Ma (Campanian-Maastrichtian) to
40 ± 2 Ma (Eocene), perhaps with a switch in subduction polarity in
the Paleocene, resulting in subduction of North American plate.

The reconstruction of Shapiro and Solov'ev (2009), who restored the
Kronotksy-Commander arc as part of the Pacific plate after its Eocene
cessation, would place the arc in a positon that is in agreement with the
location of the North Pacific slab. We therefore follow their inter-
pretation and surpass our previous interpretation (van der Meer et al.,
2010) which was based on an older reconstruction (Engebretson et al.,
1985) of the paleo-Pacific Ocean. Following its extinction the Kro-
notsky-Commander arc was transported westward as an aseismic ridge
to the Eurasian plate and collided with Kamchatka at ~5 Ma (Shapiro
and Solov'ev, 2009).

3.69. Pamir - Pa

Subduction in the Pamir (Fig. 73) was first demonstrated by
Burtman and Molnar (1993), and became evident from deep seismicity
down to 250 km depth (Pegler and Das, 1998; Pavlis and Das, 2000;
Koulakov, 2011; Zhang et al., 2011; Schneider et al., 2013; Sippl et al.,
2013). The Pamir anomaly is interpreted to contain Asian lithosphere
that subducted southward below the Pamir salient, which is a half-
orocline associated with major counterclockwise rotations in the west,
and a transform fault in the east – the Kashgar-Yecheng transform
system (Bourgeois et al., 1997; Cowgill, 2010; van Hinsbergen et al.,
2011a; Sobel et al., 2013). Seismic tomographic images of the Pamir
slab reveal that its base reaches down to ~300–400 km depth (Van der
Voo et al., 1999b; Negredo et al., 2007) (Fig. 77). The nature of the
lithosphere of the Pamir slab is difficult to establish. The Pamir sub-
duction zone is not associated with accretion of sediments, but instead
with subduction erosion of the overriding plate (Sobel et al., 2013).
Because the Pamir subduction zone is currently entirely in-
tracontinental, the Pamir slab is generally interpreted as continental
Asian lithosphere, even though it seems to behave in an oceanic
manner, dipping near-vertical into the mantle (Sobel et al., 2013).
Jackson et al. (2002) suggested that the Pamir slab may have re-
presented a trapped basin of strongly attenuated continental or perhaps
oceanic crust similar to the South Caspian Sea.

van Hinsbergen et al. (2011a) kinematically restored the Pamir
salient and showed that the ~300–400 km of Pamir subduction is
consistent with the northward motion of the northern Pamir relative to
the adjacent Tarim basin, i.e. ~370 km based on estimated displace-
ments in the western Kunlun Shan fold-thrust belt and along the
Kashgar-Yecheng strike-slip system of Cowgill et al. (2003) and Cowgill
(2010). Cowgill (2010) estimated the onset of activity of these struc-
tures at 30 ± 7 Ma. Sobel et al. (2013), using thermochronological
data from the northern Pamir, estimated an onset of subduction around
25 Ma, at the young end of the spectrum. We conservatively keep the
wide age range of Cowgill (2010) to date the base of the Pamir slab.

3.70. Papua - Pu

The Papua anomaly (Fig. 74) corresponds to the northern part of the
A7 anomaly of Hall and Spakman (2002, 2004) and underlies an area
from Papua New Guinea to the New Hebrides and from the east Aus-
tralian margin to the Solomon islands, flat-lying at the top of the lower
and base of the upper mantle. At its top it is south of the base of the New
Hebrides (Section 3.66) and New Britain (Section 3.67) slabs that
subducted since ~10–15 Ma. Hall and Spakman (2002, 2004) noted
that the Papua anomaly is not everywhere well-defined and may in fact
represent more than one slab, whereby the southwesternmost part of

the slab below NW Australia (the Welford slab, Section 3.92) may be
disconnected from the northern and eastern parts of the anomaly,
which is the interpretation we follow here to account for the subduction
records of both the Melanesian and Trobriand troughs. Hall and
Spakman (2002, 2004) interpret the northern segment of the anomaly
from Papua New Guinea to the New Hebrides to result from subduction
at the Melanesian arc, from 45 Ma until the collision with the Ontong
Java plateau, ~25 Ma, based on the reconstruction of Hall (2002). We
adopt a somewhat large age range of 26–20 Ma for the collision of the
Ontong Java plateau based on published estimates of Hall (2002),
Quarles van Ufford and Cloos (2005), Knesel et al. (2008), and Holm
et al. (2013) as estimate for the age of the top of the slab. Hall (2002),
Cloos (2005) and Gaina and Müller (2007) interpreted the onset of
subduction below the Melanesian arc to occur ~45 Ma ago, and Wu
et al. (2016) since 50 Ma. Schellart et al. (2006) interpreted westward
subduction below the Melanesian arc to have been ongoing since at
least 90 Ma. We therefore adopt a large, 90–45 Ma range for the age of
the base of the slab.

3.71. Reggane - Re

The Reggane anomaly (Fig. 75) is a small anomaly located in the
upper part of the lower mantle below the western Sahara in the lower
mantle and is resolved in both the UUP07 and S40RTS models. It was
previously identified by Vissers et al. (2016). The Algeria slab directly
to the east, which we correlate with Early Cretaceous ophiolite em-
placement over Adria (Section 3.4) suggests that the Reggane anomaly
likely represents lithosphere that subducted sometime in the Late Jur-
assic or Early Cretaceous in the westernmost Mediterranean region.

An Early Cretaceous phase of subduction between Iberia and
southern France was postulated by Sibuet et al. (2004) based on re-
constructions of the Bay of Biscay and Central Atlantic Ocean. Vissers
and Meijer (2012a, 2012b) revisited the ocean basin reconstructions
and reconciled these with the shortening history of the Pyrenees. They
confirmed that ocean basin reconstructions require ~500 km of Early
Cretaceous convergence across the Pyrenees, preceding intra-con-
tinental shortening, and advocated a short phase of subduction ac-
commodating the counterclockwise rotation of Iberia. Paleomagnetic
data confirm the ~35–40° of counterclockwise rotation of Iberia re-
lative to Eurasia predicted from ocean basin reconstructions and con-
strain the timing of rotation, and hence Pyrenean subduction, to
~125–110 Ma (Gong et al., 2008; Ruiz-Martinez et al., 2012). Vissers
and Meijer (2012b) interpreted a phase of high-temperature meta-
morphism that affected the central Pyrenees around 110–100 Ma as the
result of slab break-off. Vissers et al. (2016) therefore dated the base
and top of the Reggane slab at 126–121 Ma, corresponding to the
varying ages assigned to the M0 isochron, and 105 ± 5 Ma, respec-
tively. On the basis of refuting the paleomagnetic database of Vissers
et al. and claiming the tomographic model used was inconclusive,
Barnett-Moore et al. (2016) stated the Reggane slab was the result of
enigmatic western Neotethys subduction instead of of Pyrenean sub-
duction. van Hinsbergen et al. (2017a) showed that the Reggane
anomaly appears in 8 tomographic models, including the ones used by
Barnett-Moore et al. (2016), and showed that their criticism of Barnett-
Moore et al. (2016) on the paleomagnetic database that requires Pyr-
enean subduction is unfounded.

3.72. Rio Negro - RN

The Rio Negro anomaly (Fig. 76) is located in the upper mantle
below western Patagonia, southern South America. It is N–S trending
and partly flat-lying. It has previously been interpreted to represent
still-subducting Nazca lithosphere below the Andean margin (Aragón
et al., 2011). We interpret a break in magmatism in the overriding plate
between ~30–15 Ma to correspond with the gap between this slab and
the deeper San Matias slab (Section 3.77). Aragón et al. (2011)
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estimated that subduction was re-established by ~23 Ma ago. Arc
magmatism was re-established at around 15 Ma (Munizaga et al.,
2002). We adopt the 23–15 Ma age range date the base of the slab.

3.73. Rockall - Ro

The Rockall anomaly (Fig. 77) is located west of the British Isles
under the eastern North Atlantic Ocean and lies on the core-mantle
boundary. It was first identified in van der Meer et al. (2010). The
Mongol-Kazakh slab (Section 3.63) to the east, the Wichita slab (Section
3.91) to the west and the Balkan slab (Section 3.12) to the southeast
were used by van der Meer et al. (2010) to interpret the anomaly as the
Rockall slab that resulted from Early Mesozoic subduction between
Siberia and Laurussia in the paleo-Arctic Ocean. The paleogeographic
location is similar to the Upper Triassic-Lower Cretaceous continental
margin Kony Murgal arc (Nokleberg et al., 2000). Shephard et al.
(2013) renamed this to the Koni-Taigonous arc and narrowed its age
range down to (Late) Triassic-Late Jurassic, which we adopt as age
range for the Rockall slab.

3.74. Ryukyu - Ry

The Ryukyu anomaly (Fig. 78) is located in eastern Asia below the
East China Sea in the upper mantle. The Ryukyu slab has previously
been imaged in numerous regional and global tomographic models
(Bijwaard et al., 1998; Lallemand et al., 2001; Zhao and Ohtani, 2009;
Zheng et al., 2013; Koulakov et al., 2014; Wu et al., 2016). The slab is
connected to the surface at the Ryukyu arc-Okinawa trench subduction
zone, and is interpreted as Philippine Sea plate lithosphere that is still
subducting northward below the South China block of the Eurasian
plate. Towards the northeast it is interacts with the Izu-Bonin and
Manchuria (Japan) slabs (Sections 3.44 and 3.54, respectively) at a
trench-trench-trench triple junction. Towards the southwest, the trench
is propagating westwards south of the island of Taiwan, where sub-
duction of the southeastward dipping Manila slab (Section 3.55) is
coming to a halt due to collision of the Philippine Sea plate with the
South China block (e.g., Ustaszewski et al., 2012). According to the
kinematic restoration of SE Asia of Hall (2002), subduction along the
Ryukyu trench started at ~25 Ma, whereas in the reconstruction of Wu
et al., 2016, subduction started at ~15 Ma. In the central Ryukyu arc,
volcanism started at ~21 Ma (Chung et al., 2000), and we adopt a
25–21 Ma age range for the base of the Ryukyu slab.

3.75. Sakhalin - Sa

The Sakhalin anomaly (Fig. 79) is located below northeast Asia
within the upper part of the lower mantle. In previous tomographic
studies it has been interpreted to as a subducted slab of the Okhotsk
plate (Gorbatov et al., 2000). On the basis of the Kamchatka slab to the
east and shallower in the mantle, van der Meer et al. (2010) inferred
that the Sakhalin slab likely subducted in Late Mesozoic to Early Cen-
ozoic times. In the tectonic model of Nokleberg et al. (2000) subduction
of Okhotsk lithosphere initiated at the continental margin below the
East Sikhote-Alin arc in the Late Cretaceous. The Sikhote arc consists of
Cenomanian-Danian arc volcanics, which we adopt as the age range for
the Sakhalin slab. Subduction ended in the Late-Cretaceous-Paleocene
due to accretion of the Okhotsk block, resulting in an eastward jump to
form the Kamchatka-Kuriles arc and slab (Section 3.47).

3.76. Sangihe - Sn

The Sangihe anomaly (Fig. 80) was imaged by Widiyantoro and van
der Hilst (1997), Bijwaard et al. (1998), Rangin et al. (1999), and Hall
and Spakman (2002, 2004, 2015), and Wu et al. (2016) and is inter-
preted as one of the two actively subducting slabs attached to the
Molucca Sea plate, the other one being the Halmahera slab (Section

3.36). The Sangihe slab dips to the NW below the island of Sulawesi and
the Sangihe arc and reaches the base of the upper mantle. At shallow
upper mantle levels the slab is separated into several slabs (Hall and
Spakman, 2015; Wu et al., 2016), from north to south including the
Philippine Trench slab, Molucca Sea West slab, Sulu and Celebes Sea
South slab (Wu et al., 2016). The deepest part of the Sangihe slab,
named Molucca Sea West slab in Wu et al. (2016) possibly penetrates
into the lower mantle, where it merges with the large Kalimantan
anomaly (Section 3.48). In the reconstruction of Hall (2002), subduc-
tion below the Sangihe arc started ~25 Ma, whereas the reconstruction
of Wu et al., 2016 assume a start at ~30 Ma. We therefore use
30–25 Ma as age for the base of the slab.

3.77. San Matias - SM

The San Matias anomaly (Fig. 81) is located below southeastern
South America, offshore Patagonia, at the top lower mantle and at the
base of the upper mantle. It is a N–S trending anomaly and has pre-
viously been interpreted to have subducted eastward below South
America, followed by its detachment due to the arrival of the Farallon-
Aluk ridge at the Andean margin (Aragón et al., 2011). This led to a
break in magmatism between ~30–15 Ma, which we interpret to cor-
respond with the slab window between this slab and the shallower Rio
Negro slab. We interpret the onset of subduction of the slab to corre-
spond with the Paleocene–Eocene Pilcaniyeu belt with an age of
68–49 Ma (Giacosa and Heredia, 2004).

3.78. Sao Francisco - SF

The Sao Francisco anomaly (Fig. 82) is located below eastern South
America, within the deepest mantle and resting on the core-mantle
boundary. It is NE-SW trending at the core-mantle-boundary and
changes to N–S trending at shallower levels. It is disconnected from and
lies eastward of the Brasilia slab (Section 3.18). At the CMB, it connects
northward with the Atlantis slab (Section 3.11) suggesting a possible
common origin. As we interpreted the Atlantis slab to result from
Triassic Panthalassa Ocean subduction along southwestern Laurentia,
we infer the Sao Francisco slab to have formed at the northwestern
Gondwana (South American) continental margin.

At this location, which would fit the NE-SW slab trend, Triassic
metamorphism (243–225 Ma) affected granites, basalts and sedimen-
tary rocks in the Tahamí Terrane, interpreted to have taken place in an
Andean-type orogeny on the western side of Pangea as part of an oro-
genic belt (Restrepo et al., 2011). We connect this record to the sub-
duction of the Sao Francisco slab and use it to date the Sao Francisco
slab.

3.79. Scotia - Sc

The Scotia anomaly (Fig. 83) was first documented in the tomo-
graphic model of Bijwaard et al. (1998). It is interpreted to represent
still-subducting South American plate lithosphere consumed at the
South Sandwich subduction zone, and dips westward below the Scotia
Sea. Resolution tests show that the deeper part of the anomaly is poorly
resolved, and our interpretation is therefore tentative. The cause of
formation of the Scotia subduction zone is puzzling. It formed within
the South American plate, south of the Falkland plateau, even though
the South American plate and Antarctic plate were in an extensional
phase at that time and the spreading between South America and
Antarctica was being accommodated at the mid-oceanic ridge in the
Weddell Sea. Because subduction of the Scotia slab was for most of its
history not associated with plate convergence but is fully accom-
modated by extension in the Scotia and South Sandwich basins, the age
for the onset of subduction is best estimated from the age of the onset of
extension in the overriding plate. Oceanic lithosphere in the South
Sandwich back-arc is Late Miocene and younger, and in the Scotia Sea is
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interpreted as ~27 Ma and younger (Eagles, 2005; Lodolo et al., 2006).
Closing these basins juxtaposes continental fragments along the
southern fringes of the Scotia Sea (e.g., the South Orkney micro-
continent) with the southern margin of the Falkland Plateau, suggesting
that basin formation started within the Mesozoic passive margin of the
Falkland plateau that formed during the breakup of South America and
Antarctica in the Late Jurassic or Early Cretaceous. This suggests that
oceanization in the Scotia Sea at 27 Ma was preceded by a period of
pre-drift extension. Estimates for the onset of extension in this area
from Tierra de Fuego is Eocene (~55–45 Ma) (Ghiglione et al., 2008),
by which time subduction of the Scotia slab must have been active
(Eagles et al., 2006; Livermore et al., 2007; Dalziel et al., 2013; Nerlich
et al., 2013). This episode was preceded by a phase of slow convergence
between West Antarctica and Patagonia concluded from marine mag-
netic anomalies of the Atlantic and Antarctic oceans, which likely date
the onset of subduction (e.g., König and Jokat, 2006; Eagles, 2010;
Eagles and Jokat, 2014). We adopt an 80–55 Ma age range for the base
of the Scotia slab. The anomalies in the Weddell Sea become younger
towards the north, and are youngest at the fault zone that bounds the
South Orkney microcontinent from the Weddell Sea, where they are
~10 Ma old (Müller et al., 2008). This may indicate that the originally
E–W trending portion of the Scotia subduction zone to the south of the
South Orkney microcontinent became inactive due to the migration of
the subduction zone to the Weddell Sea ridge and consequent slab
break-off, leaving the west-dipping South Sandwich subduction zone as
the only active portion of the system.

3.80. Sisimut - Si

The Sisimut anomaly (Fig. 84) is located below northernmost North
America and Greenland within the mid-mantle. It is NW-SE trending
and does not have a neighbouring slab in close vicinity. van der Meer
et al. (2012) suggested that the slab may result from paleo-Arctic sub-
duction and loosely inferred the anomaly we now define as Sisimut slab
to be of Early Cretaceous age. It was recently studied in detail by
Shephard et al. (2016) who named it the Greenland anomaly. Within
the region of the Sisimut slab, Nokleberg et al. (2000) documented
southward subduction of Angayucham and Anyui lithosphere below the
continental-margin Nutesyn arc. This arc is Late Jurassic to Early Cre-
taceous in age (Nokleberg et al., 2000; Parfenov et al., 2009). In the
plate motion model of Shephard et al. (2013), these different elements
were integrated and they concluded that subduction below the
Koyukuk and Nutesyn arcs was active between 160 and 120 Ma, which
we adopt for ages for the top and bottom of the slab, in line with
Shephard et al. (2016).

3.81. Sistan - St

The Sistan anomaly (Fig. 85) is a N–S striking anomaly below
eastern Iran and western Afghanistan in the upper part of the lower
mantle. Given its orientation, its position to the west of the India slab
(Section 3.43), northeast of the Mesopotamia slab (Section 3.60) and
northwest of the Carlsberg slab (Section 3.22), the Sistan anomaly is
best explained by subduction that terminated with the formation of the
Sistan suture that currently still overlies this slab. The Sistan suture is
N–S trending and separates the Lut Block of central Iran and the Hel-
mand Block of Afghanistan (Camp and Griffis, 1982; Tirrul et al., 1983).
This suture formed at the expense of an Early Cretaceous oceanic basin
(Babazadeh and De Wever, 2004) that was in an overriding plate po-
sition relative to the Mesopotamia slab (Section 3.60). Eclogite and
blueschist rocks in melanges of the Sistan suture (Fotoohi Rad et al.,
2005) were originally suggested to have formed in Early Cretaceous
time (~125 Ma) based on 40Ar/39Ar thermochronology with large age
uncertainties of> 10 Myr (Fotoohi Rad et al., 2009). A recent re-dating
of these rocks by 40Ar/39Ar, Rb/Sr and U/Pb geothermochronology was
not able to reproduce these Early Cretaceous ages and rather produced

a tight clustering of ages between 83 and 89 Ma (Bröcker et al., 2013),
by which time subduction must have been underway to produce pres-
sures in excess of 20 kbar (Fotoohi Rad et al., 2005). Given the strati-
graphic ages of Albian-Aptian in the HP mélange of the Sistan suture
(~125–100 Ma) we adopt an onset of subduction of the Sistan Ocean of
100–90 Ma. An ~59 Ma granite in the Sistan suture has a geochemistry
consistent with arc magmatism (Delavari et al., 2014), ~46–25 Ma
magmatism in the area is interpreted as post-collisional, perhaps re-
flecting delamination and asthenospheric inflow that may have been
triggered by slab break-off (Rezaei-Kahkhaei et al., 2010; Pang et al.,
2013; Mohammadi et al., 2016). We adopt a 59–46 Ma end of the
subduction of the Sistan slab.

3.82. Socorro - So

The Socorro anomaly (Fig. 86) is located below western North
America within the mid-mantle. It was first described in van der Meer
et al. (2010) and corresponds to anomaly CR-3 of Sigloch and
Mihalynuk (2013). The Idaho slab (Section 3.42) and the Socorro
anomaly cover similar depth ranges and dips, and have a more westerly
location than the Hatteras and Cocos slabs of the Farallon family
(Section 3.37, and Section 3.29, respectively). Similar to the Idaho slab
we therefore interpreted an intra-oceanic, Jurassic-Cretaceous origin
for this slab. The Wrangellia superterrane of the northwestern North
American margin contains terranes derived from both northerly and
near-equatorial paleolatitudes according to paleomagnetic data
(Nokleberg et al., 2000). In conjunction with our interpretation of the
Idaho slab, we associate eastward subduction of Panthalassa/Farallon
lithosphere below the southern part of the Wrangellia terranes to have
formed the Socorro slab, starting in the Early to Middle Jurassic. Ac-
cretion of the terrane to Laurentia started in the Late Jurassic (Trop
et al., 2005) and ended in the Early to Late Cretaceous (Nokleberg et al.,
2000). Sigloch and Mihalynuk (2013) inferred that the Socorro slab was
overridden by the continental margin at 55–50 Myr, culminating in the
Siletzia and Pacific Rim terrane accretions, which we adopt as the age
of breakoff.

3.83. South loyalty basin - SLB

The NW-SE trending South Loyalty Basin anomaly (Fig. 87) is lo-
cated below the Tasman Sea within the upper part of the lower mantle.
It was first identified by Schellart et al. (2009). In the east, the flat-lying
South Loyalty Basin anomaly is difficult to distinguish from the steeply
dipping Tonga-Kermadec-Hikurangi anomaly (Section 87), which
makes estimating the depth of its base difficult. We follow the sugges-
tion of Schellart et al. (2009) and Schellart and Spakman (2012), and
assign a 1000 to 1200 km depth range for the anomaly, which we in-
terpret as the South Loyalty Basin slab.

Its position west of the Tonga-Kermadec-Hikurangi slab (Section 87)
requires a subduction location between the Tonga-Kermadec trench and
Australia, where the geological record of the New Caledonia subduction
zone (Schellart et al., 2009) is the only candidate for correlation.
Schellart et al. (2006) estimated that this subduction zone was active
from 50 to 45 Ma until 30–20 Ma. Matthews et al. (2015) suggested that
subduction halted earlier, 45 Ma. The New Caledonia subduction zone
terminated with the obduction of an ophiolite derived from the over-
riding plate forearc over a Paleozoic to Mesozoic volcano-sedimentary
complex belonging to the Gondwana-derived Zealandia microcontinent
(Luyendyk, 1995; Bache et al., 2013) on the island of New Caledonia.
The ophiolite is underlain by high pressure, high-temperature amphi-
bolites interpreted as a metamorphic sole, which was dated with
40Ar/39Ar on hornblende and U/Pb dating of zircons at ~56 Ma (Cluzel
et al., 2012); sheeted dykes in the New Caledonia ophiolite have 53 Ma
ages (Cluzel et al., 2006). This shows a somewhat earlier onset of New
Caledonia subduction than previously interpreted, likely a few million
years before the ages derived from the sole. We adopt a 60–56 Ma
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subduction initiation age and a 45–30 Ma break-off age in conjunction
with the recent kinematic restoration of van de Lagemaat et al. (2017).

3.84. South Orkney Island - SOI

The South Orkney Island anomaly (Fig. 88) is NW-SE trending and is
located in the mid-mantle, from below southeastern Patagonia to below
the Weddell Sea. Based on the shallower Scotia slab (Section 79), it
most likely represents paleo-Pacific lithosphere that subducted at the
proto-Andean or Gondwanide margin. Martin (2007) interpreted break-
up of the Gondwanide margin by slab rollback and back-arc basin
spreading to occur from the Early-Middle Jurassic (190–175 Myr) to the
Middle Cretaceous. Subduction rollback was terminated by the Palmer
Land tectonic event in West Antarctica from 113 to 103 Ma and by the
inversion of the Rocas Verdes/Magallanes Basin in Patagonia around
94 Ma (Vaughan et al., 2002; Fildani and Hessler, 2005), which we
interpret to represent the end of the subduction of the slab.

3.85. Sunda - Su

The Sunda anomaly (Fig. 89) was previously imaged by Fukao et al.
(1992), Puspito and Shimazaki (1995), Puspito et al. (1993),
Widiyantoro and van der Hilst (1996, 1997), Bijwaard et al., 1998;
Replumaz et al. (2004), Spakman and Hall (2010), Pesicek et al. (2010),
Widiyantoro et al. (2011), Koulakov (2013), Fukao and Obayashi
(2013), Zahirovic et al. (2014), Hall and Spakman (2015), and Wu et al.
(2016). It is interpreted as Australian and Indian plate lithosphere that
is actively subducting northward below Sundaland, along the Sumatra
and Java trenches. To the northwest it is disconnected through a slab
window below the Andaman Islands from the Burma slab (Section
3.19). In the East it connects to the Banda slab (Section 3.13). In the
west, tomographic images show that the Sunda slab reaches the base of
the upper mantle, but does not connect with deeper anomalies. In the
east, however, the Sunda slab merges with the SW-NE trending Kali-
mantan anomaly (Section 3.48) and several authors (e.g. Replumaz
et al., 2004; Zahirovic et al., 2014) suggested that these slabs may be
contiguous. The different orientation of the Kalimantan slab from the
Sunda slab, however, suggests that these slabs result from separate
subduction events instead (Hall and Spakman, 2015; Wu et al., 2016).
For the Kalimantan anomaly (Section 3.47) the kinematic restoration of
Hall (2012) combined with the interpretation of mantle structure by
Hall and Spakman (2015) suggests a NW-ward subduction event below
western Sulawesi from the latest Cretaceous to the middle Eocene. This
same reconstruction suggested that the Sunda trench was in Late Cre-
taceous to Paleocene time a transform boundary, which became in-
verted as a subduction zone ~50–45 Ma ago upon the onset of Aus-
tralia-Eurasia convergence, subducting Indo-Australian oceanic crust
towards the NE. We adopt this as the age for the base of the Sunda slab.
Disagreement between these reconstructions exists for the eastern ex-
tent of the Sunda slab. This subduction either continued as northward
subduction of Indo-Australian oceanic lithosphere, offset by a dextral
transfer zone (Hall and Spakman, 2015) or as southward subduction of
the western part of an East Asian Sea (Wu et al., 2016).

3.86. Telkhinia slabs - Te

A north–south trending belt of positive wave-speed anomalies under
the central Pacific Ocean has been interpreted to represent a series of
Triassic-Jurassic intra-oceanic subduction zones, called the Telkhinia
subduction zones by van der Meer et al. (2012) (Fig. 90). These
anomalies are detected in both the UUP07 model and S40RTS model in
the lower mantle at depths> 1500 km. Three distinct intra-oceanic
subduction zones were correlated to these anomalies. At these positions
in the lower mantle seismic scatterers have been detected, interpreted
to be caused by remnants of subducted and folded former oceanic crust
under the central Pacific Ocean by Kaneshima and Helffrich (2010) and

Ma et al. (2016) and under the northern Pacific Ocean by Schumacher
and Thomas (2016). The tomographic analyses of van der Meer et al.
(2012) and waveform modelling of He and Wen (2009) showed that the
top of the Pacific LLSVP was essentially split as a result of sinking slabs.
In both P and S-wave tomographic models, the amplitudes of the
anomalies are weaker than for other slabs identified at equivalent
depths associated with circum-Pangaea subduction zones. This may be
explained by the proximity of the slabs to the hotter LLSVP (van der
Meer et al., 2012). Subsequent tomographic studies corroborated the
presence of central-Pacific lower mantle anomalies (Simmons et al.,
2012; French and Romanowicz, 2014; Suzuki et al., 2016) or improved
the imaging of the genetically related intra-oceanic Mendocino slab
(Section 59) to the east (Sigloch and Mihalynuk, 2013).

The Telkhinia slabs were correlated to exotic Triassic to Lower
Cretaceous volcanic arcs now accreted in the far east Asian margin,
currently incorporated in the Kolyma-Omolon and Andyr-Koryak arcs
in Siberia, and the Oku-Niikappu arc in northern Japan (van der Meer
et al., 2012). For this correlation, van der Meer et al. (2012) used the
sinking rate of slabs of van der Meer et al. (2010) to interpret the
Telkhinia slabs as the result of Early-Mid Mesozoic subduction, con-
sistent with the age of these exotic arc relics. Paleomagnetic and pa-
leontological constraints from these arcs provided an indication of their
paleolatitude, and van der Meer et al. (2012) inferred their paleo-
longitude relative to the mantle by connecting them to the Telkhinia
slabs. To avoid circular reasoning, we have not included the inferred
ages of tops and bottoms of the Telkhinia slabs in our compilation used
to constrain sinking rates of slabs in the mantle.

3.87. Tonga-Kermadec-Hikurangi - TKH

The Tonga–Kermadec–Hikurangi anomaly (Fig. 91) is located below
the south Fiji Basin in the upper mantle and the upper part of the lower
mantle up to a depth of ~1200 km. It was interpreted in the uppermost
lower mantle as a single N–S trending slab by van der Hilst (1995),
Bijwaard et al. (1998), Fukao et al. (2001), Hall and Spakman (2002,
2004), Gorbatov and Kennett (2003), Schellart et al. (2009), Schellart
and Spakman (2012), and Fukao and Obayashi (2013). In the south, the
Kermadec section of the slab penetrates almost straight through the
660 km discontinuity, but northward, a horizontal section of the slab,
overlying the 660 km discontinuity becomes prominent. This is ex-
plained by increased eastward roll-back of the slab towards the north
around an Euler pole relative to the mantle close to the southern tip of
the slab in the Hikurangi segment (Schellart and Spakman, 2012).

The onset of subduction along the Tonga-Kermadec-Hikurangi
subduction zone is debated. Hall (2002) suggested a 45 Ma onset based
on the onset of Pacific-Australia convergence, whereas Schellart et al.
(2006) suggested that westward subduction along the Tonga subduc-
tion zone had been ongoing since at least 85 Ma. Recently Wu et al.
(2016) suggested 50 Ma as a start and on the basis of the LLNL-G3Dv3
tomographic model of Simmons et al. (2012) that the Tonga-Kermadec
Hikurangi slab at ~1000 km depth may be connected with the central
Mariana slab. Prior to 50 Ma Wu et al. postulate that a western Pacific
plate boundary already existed but was this may have been char-
acterised by highly oblique subduction or transforms. After 50 Ma,
Pacific plate motions changed and fast subduction began below the
Philippine Sea Plate (Wu et al., 2016). Geochemical analysis of dredge
samples from the Tonga forearc found the first evidence of arc mag-
matism around 50 Ma (Meffre et al., 2012), although these may be
interpreted to reflect the initiation of the New Caledonia subduction
zone, correlated to the South Loyalty Basin slab (Schellart et al., 2009)
(Section 3.83). In a recent plate kinematic analysis, van de Lagemaat
et al. (2017) showed that when subduction of the South Loyalty Basin
slab along the New Caledonia trench is taken into account, there is no
or little convergence across the Tonga Trench until as young as 30 Ma,
and argued that correlating the onset of Tonga-Kermadec subduction to
subduction initiation at the Philippine Sea Plate at 52–51 Ma, or to the
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onset of Pacific-Australia convergence at 45 Ma is kinematically un-
likely. Given the ongoing debate on the age of subduction initiation, we
adopt a wide age range of 85–30 Ma for the onset of the Tonga-Ker-
madec-Hikurangi subduction zone.

3.88. trans-Americas - TA

The Trans-Americas anomaly (Fig. 92) is located below the Cocos
plate and Central America from the core-mantle boundary up to the
deep mantle. It has been detected in previous seismological (Niu and
Wen, 2001; Thomas et al., 2004; Hutko et al., 2006; Kito et al., 2007,
2008) and tomographic studies (van der Hilst et al., 2007; Ko et al.,
2017). We infer by correlation to the base of the Cocos slab (Section
3.29) to the northeast and the base of the Idaho slab (Section 3.42) to
the north that the Trans-Americas anomaly represents lithosphere that
subducted during the Middle Mesozoic or before. van der Meer et al.
(2010) previously interpreted the Trans-Americas slab to result from
subduction of Farallon/Panthalassa lithosphere in the Permian to
Triassic associated with the Sonoma orogeny at the western margin of
Laurentia (Ziegler, 1989; Ward, 1995; Cawood and Buchan, 2007).
Alternatively, and perhaps more likely, the slab may have an early
Mesozoic intra-oceanic origin with its associated arc accreting to the
western North American margin during the Middle Mesozoic. The Sti-
kinia-Quesnellia arc may fit such a scenario. This arc initiated in the
Middle-Late Triassic and accreted to Laurentia in the Early-Middle
Jurassic (Nokleberg et al., 2000; Johnston and Borel, 2007). However,
the location of the Stikinia-Quesnellia terrane, currently extending over
1200 km (Nokleberg et al., 2000), is poorly constrained and may in fact
represent more intra-oceanic arcs of varying ages and paleo-locations.
As pointed out by Shephard et al. (2013), other slabs (e.g., Wichita,
Hudson, Sections 3.91, and 3.41, respectively), would have been cor-
related as well with this arc. Alternatively, Boschman and van
Hinsbergen (2016) suggested that the Trans-Americas slab may have
detached as a result of triple junction migration at the Izanagi-Farallon
plate boundary, which culminated through instable triple junction
formation in the 190 Ma birth of the Pacific plate. Further research on
this topic may require us to revise the age of the slab, which we now
tentatively place between 233 and 166 Ma covering the age of Stikinia-
Quesnellia subduction (see Wichita slab, Section 3.91) as well as the
birth of the Pacific plate.

3.89. Ushky - Ush

The Ushky anomaly (Fig. 93) is located below northeast Asia in the
upper mantle and uppermost part of the lower mantle. It is E–W
trending and at ~920 km depth it connects to the N–S trending Sa-
khalin slab (Section 3.75) in the west, and the NE-SW trending Kam-
chatka-Kuriles slab (Section 3.48) in the east. The anomaly's location is
consistent with the inferred paleo-position of the continental margin
Okhotsk-Chukotka arc. According to Nokleberg et al. (2000), the arc
started activity in the Cenomanian-Santonian and ended in the Mio-
cene. In recent model of Shephard et al. (2013), the arc was presumed
to be active in the middle-Late Cretaceous (108–67.1 Ma), based on the
studies of Layer et al. (2001), Stone et al. (2009), Akinin et al. (2009)
and Vishnevskaya and Filatova (2012), which we adopt as the age
range of the slab. This was followed by the accretion of the Okhotsk
block to Siberia, followed by an eastward jump of subduction to the
Kamchatka-Kuriles trench (Section 3.49).

3.90. Venezuela - Ve

The Venezuela anomaly (Fig. 94) is located below northern South
America from the mid-mantle up to the upper part of the lower mantle.
It was first identified in van der Meer et al. (2010). It was interpreted as
the sGAC slab (Southern Great Arc of the Caribbean) by van Benthem
et al. (2013), who inferred a Cretaceous to Eocene subduction period

for this slab. Subduction of the Venezuela slab is likely associated with
volcanic arc rocks in the southern Caribbean region (Boschman et al.,
2014), which on e.g. Tobago date back to ~130 Ma (Neill et al., 2012).
Pindell et al. (2012) suggested that subduction of the Venezuela slab
started sometime before the geological records mentioned above
formed, and estimated an onset of subduction of 135 Ma. Arrest of the
southern Caribbean arcs in the latest Cretaceous (Neill et al., 2011), and
subsequent overriding of South America over the Venezuela slab in
kinematic reconstructions (Pindell and Kennan, 2009; Boschman et al.,
2014) suggests that break-off of the Venezuela slab occurred around
65 ± 5 Ma, after which the northern part of the slab (Hispaniola slab,
see Section 3.40) retreated farther northward (see also van Benthem
et al., 2013).

3.91. Wichita - Wc

The Wichita anomaly (Fig. 95) is located below central North
America from the core-mantle boundary up to deep mantle. It was first
described in van der Meer et al. (2010), where we interpreted the
anomaly as the Wichita slab that is the result of intra-oceanic subduc-
tion consuming Panthalassa lithosphere, creating the Mesozoic part of
the intra-oceanic Paleozoic-Mesozoic Stikinia-Quesnellia arc. This arc
consists of an extensive suite of mainly Late Triassic and Early Jurassic
volcanic and granitic plutonic rocks, each extending for a distance of
about 1200 km (Nokleberg et al., 2000). Based on the long extent,
another part of this arc is perhaps associated with the Trans-Americas
slab, Section 3.88). van der Meer et al. (2012) highlighted this slab as
effectively forming the separation between the Slide Mountain and
Thalassa Oceans. The interpretation of this deep slab and the Trans
Americas slab was to some extent corroborated by the plate model of
Shephard et al. (2013), who also identified material lying along the
core-mantle boundary at these locations using six tomographic models.
They tentatively suggested that the Wichita slab could represent Cache
Creek Ocean and/or Farallon lithosphere that subducted along the
Talkeetna– Bonanza and Gravina arcs, or alternatively an older remnant
of Slide Mountain Ocean lithosphere subducted below earlier Stikinia-
Quesnellia arcs. Johnston and Borel (2007) interpreted a two-stage
process, a first involving intra-oceanic subduction and arc formation
and accretion forming Stikinia-Quesnellia between 230 Ma to 150 Ma
within the (eastern) Panthalassa. In a second stage, from 150 Ma to
55 Ma, this arc migrated towards North America, collided, and moved
northward parallel to the continental margin. We correlate stage one
with the Wichita slab and stage two with subduction leading to the
Hudson slab (Section 3.41). Barresi et al. (2015) analysed the lower
Hazelton Group in central Stikinia, which comprises three volcanic-
intrusive complexes that nconstitute almost 16 km of volcanic strati-
graphy. U–Pb zircon ages indicate that volcanism initiated by ca.
204 Ma (latest Triassic). Detrital zircon populations from the basal
conglomerate contain abundant 205–233 Ma zircons, derived from re-
gional unroofing of older Triassic intrusions. They also linked the spa-
tial co-occurrence of Hazelton Group volcanic rocks with a belt of
economic Cu–Au porphyry deposits (ca. 205–195 Ma) throughout
northwestern Stikinia. Strata in the upper Hazelton Group) with a U–Pb
zircon age of 178.90 ± 0.28 Ma represent waning island-arc vol-
canism. Milidragovic et al. (2016) incorporated the above results and
included the absolute dating of the Hickman (222–220 Ma) and Three
Sisters plutons (172 ± 6 Ma) and as the first and final evidence of
volcanism in the Mesozoic Stikinia terrane. Based on these studies
above, we adopt a 233–220 Ma start of subduction and 178–166 Ma as
the end defining the ages of the base and top of the Wichita slab re-
spectively.

3.92. Welford - We

The Welford anomaly (Fig. 96) corresponds to the southwestern part
of the A7 anomaly of Hall and Spakman (2002, 2004) and underlies NE
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Australia, flat-lying at the top of the lower and base of the upper
mantle. Hall and Spakman (2002, 2004) note that their A7 anomaly is
not everywhere well-defined and may in fact represent more than one
slab, whereby the northern part of the slab below NW Australia (the
Papua anomaly, Section 70) may be disconnected from the south-
western parts of the anomaly, which is the interpretation we follow
here.

Kinematic reconstructions of the region NE of Australia consistently
interpret a southwestward Trobriand subduction zone to form as far-
field response to collision of the Ontong Java plateau with the
Melanesian arc at 26–20 Ma (Hall, 2002; Quarles van Ufford and Cloos,
2005; Knesel et al., 2008). This trench would have been active until
~10 Ma, after which northward subduction of the New Britain slab
(Section 3.65) created the Bismarck arc since 10–5 Ma (Hall, 2002;
Holm et al., 2013), accommodating northward absolute plate motion of
Australia.

3.93. Yukon - Yuk

The Yukon anomaly (Fig. 97) is located below northwestern North
America and is within the upper part of the lower mantle. Previously,
van der Meer et al. (2010) interpreted it to be part of the North Pacific
slab (Section 3.68). By closely examining the tectonic evolution and
upper mantle structure of the region we now prefer an interpretation
that these are separate slabs. The Yukon slab is E–W trending, and at
~900–1100 km it connects to the SW-NE trending North Pacific slab.

The location of the slab is in agreement with the location of the
Upper Cretaceous-Lower Tertiary continental margin Kluane arc in the
reconstructions of Nokleberg et al. (2000) and Shapiro and Solov'ev
(2009). We prefer this connection over the previous interpretation of
van der Meer et al. (2010), which was based on an older reconstruction
of the paleo-Pacific Ocean of Engebretson et al. (1985).

(Trop and Ridgway, 2007) infers that the Kluane arc is of Campa-
nian-Maastrichtian (83–66 Ma) age. In the Late Maastrichtian- Early
Paleocene (68–61 Ma) the continental margin was uplifted and a re-
gional unconformity developed (Trop and Ridgway, 2007). We consider
this the best estimate for the moment of slab detachment and use this to
infer the age of the top of the slab.

3.94. Zagros - Za

A northward dipping anomaly is located below the Zagros moun-
tains of Iran in the upper mantle and in the upper part of the lower
mantle (Hafkenscheid et al., 2006; Zor, 2008; Chang et al., 2010; Agard
et al., 2011; Koulakov, 2011) (Fig. 98). The anomaly is interpreted as
the Zagros slab, disconnected from the deeper Mesopotamia slab
(Section 3.60) by a gap that likely corresponds to a phase of slab break-
off. Along most of the Zagros mountain range, the Zagros slab is no
longer connected to the surface, and displays a clear gap suggesting a
recent phase of slab break-off. Agard et al. (2011) suggested, based on
the age of rapid exhumation of HP-LT metamorphic rocks found in the
Zagros suture zone that there may have been a phase of slab break-off in
the latest Cretaceous to Paleogene, ~65 ± 5 Ma. We inferred that this
corresponds to the age of the top of the Mesopotamia slab (Section
3.60), and we also use this age as the maximum age of subduction of the
base of the Zagros slab. The most recent phase of slab break-off oc-
curred in the last ~10 Myr (Agard et al., 2011), which we adopt for the
age of the top of the slab.

4. Sinking of slabs in the lower mantle and implications for the
lower mantle viscosity profile

As a first application and illustration of the potential use of our Atlas
of the Underworld we explore the sinking and deformation history of slab
remnants in the mantle and the consequences thereof for depth variation
of mantle viscosity involved in sinking of slab in the lower mantle.

4.1. Variable sinking of slabs in the lower mantle

The more than three-fold increase of age-depth relations for tops
and bases of slabs in comparison to those of the 28 slabs of van der Meer
et al. (2010) enables us to search for age-depth trends in average
sinking velocity. Fig. 99a shows the results of our age-depth compila-
tion and Fig. 99b displays the average sinking velocities that are de-
rived from the age-depth relations. All pertaining numbers and un-
certainties are listed in Table 1. In Figs. 100 and 101 these results are
split into depth intervals for the slab tops. A straight line connects the
top and base symbols for each slab in these Figures. The first observa-
tion from Fig. 99a is that sinking of slab remnants occurred across the
entire mantle during the past ~300 Myr and that there is no long-term
(> 60 Myr) stagnation (e.g., Fukao et al., 2001, 2009; Fukao and
Obayashi, 2013) visible in this downward flow, neither in the upper
mantle transition zone, nor in the top of the lower mantle, suggesting a
single layer convective system for the mantle. Long-term (> 60 Myr)
stagnation would lead to a flattening of the sinking pattern of Fig. 99a
in a particular depth range. We infer that all subduction zones that were
confined to Mesozoic times are associated with slab remnants that now
reside in the lower mantle. The deepest slab we identify required be-
tween ~200 Myr (Rockall and Trans-Americas slabs) and ~300 Myr
(Atlantis, Balkan, Georgia Islands slabs) to reach the core-mantle
boundary (CMB) (Fig. 99a). The average whole-mantle sinking rate
(mantle thickness/transit time) we determine from our global compi-
lation is 12.0± 2.5 mm/yr (Fig. 99a, b), similar to, or within range of
previous estimates (van der Meer et al., 2010; Butterworth et al., 2014;
Domeier et al., 2016). However, we also identify depth trends in
average sinking rate.

The fastest slabs reach the base of the upper mantle at ~660 km
within ~10 Myr while some slabs reside in the upper mantle until
~75 Myr since start of subduction (Fig. 99a). This spread of about
~65 Myr in subduction age can be attributed to a variety of subduction
behavior comprising slow and fast subduction or slab retreat leading to
slab flattening in the upper mantle transition zone where the flat slab
meets resistance to entering the lower mantle (e.g. Goes et al., 2008).
This spread in subduction age increases to 80–110 Myr across the top
800–900 km of the lower mantle, associated with what has been in-
terpreted as a slab stagnation zone (Fukao et al., 2001, 2009; Fukao and
Obayashi, 2013). From the depth of 1500–1700 km until the CMB, this
spread in subduction age stays rather constant. Inspection of Fig. 100
shows that slabs with tops in the lower mantle sink with comparable
rates suggested by the more or less parallel lines connecting top and
base of each slab (Fig. 100c-f). We therefore suggest that the lower
mantle spread in subduction ages at each depth is largely inherited from
that acquired in the upper mantle. The much-reduced variation in
average sinking velocities in the lower mantle, particularly below
~1500 km retains this sinking pattern. The implication is that the po-
sition of a sinking slab in Fig. 99a translates for each slab into a first-
order indication regarding the upper mantle speed of paleo-subduction
to be slow, fast, or intermediate, which puts qualitative constraints on
for instance plate tectonic reconstructions, or the geodynamic context
of mountain building, or informs independently on the possibility of
e.g. large trench retreat leading to a flat slab at the base of the upper
mantle that strongly decreases the net average sinking rate.

Generally, we observe a deceleration of the average sinking rate
with increasing depth. The bases of the majority of actively subducting
slabs (Fig. 101a) show a much smaller average sinking rate than the
present-day convergence velocity at the trench. The latter is plotted at
the surface as an instantaneous estimate of average sinking rate. A few
slabs with currently small subduction speed at the trench show the
opposite trend but the average sinking of their bases is not anomalously
high. By far most detached slabs (Fig. 101b–f) show deceleration with
depth implying that the slab top is sinking faster than the slab base and
thus that the slab must be thickening, either by bulk deformation or by
buckling. One particular exception is the detached Himalayas slab (Hi;
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Section 3.38, Fig. 101b), which may accelerate because of the proposed
strong slab suction due to sinking of the lower-mantle Tethys slab
remnants underneath (Faccenna et al., 2013). We note, however, that
the interpretation of the age range of subduction of the Himalaya slab is
based on its apparent volume (Replumaz et al., 2010b; van Hinsbergen
et al., 2017b), and few independent geological constraints exist. We will
argue in a following section that the general deceleration trend results
from an increase in viscosity accommodating slab sinking in the first
half of the lower mantle, where the spread in average sinking rates
decreases from 10 to 40 mm/yr near the top to 10–15 mm/yr in the
mid-mantle, below which there is not much change. Further, the spread
in sinking rates at a particular depth may reflect differences in forced
(Himalaya example) or free sinking, or lateral differences in mantle
viscosity, e.g. due to long-term mantle plume activity in regions near
the edges of long-lived Large Low Shear Velocity Provinces (LLSVPs)
(e.g. Torsvik et al., 2008a, 2008b, 2010).

Figs. 99–101 also allow identifying outlying slabs. Three ex-
ceptionally fast sinking slabs have reached depths below 1500 km
(Fig. 99a,b) of which only the Tonga–Kermadec–Hikurangi (TKH) slab
is still actively subducting and may therefore still be influenced by
upper mantle subduction. However, the fast sinking of two detached
slabs (Arabia, Kalimantan) requires a different cause. These fast sinking
lower mantle slabs occur in regions of mantle upwelling associated with
‘Plume Generation Zones’ at the edges of the deep LLSVPs (e.g. Torsvik
et al., 2008a, 2008b, 2010). The Arabia slab sinks close to the well-
known Afar upwelling at the NE-edge of the African LLSVP; the Kali-
mantan slab sinks in mantle that has reduced seismic velocities asso-
ciated with the Hainan upwelling that branches of the western edge of
the Pacific LLSVP (Hall and Spakman, 2015). Although we cannot ex-
clude an effect of active subduction we note that the Tonga-Kermadec
slab, with an average sinking velocity as high as 28 mm/yr, also sinks in
an overall slow seismic-velocity mantle associated with the Samoan
plume (Chang et al., 2016) above the southern edge of the Pacific
LLSVP. Two particularly slowly sinking slabs identifiable in Fig. 100e
and c are the Georgia Islands slab (GI) and the Malpelo slab (Mp). In
case of the GI slab the delayed sinking may be due to early plume-slab

interaction at a time when the slab may have been flat in the upper
mantle (Section 3.33) in which case plume rise may have stalled
sinking, while the interpretation of the Mp slab is stated to be uncertain
(Section 3.53). Other slabs that stand out are the Cocos (Co, Section
3.29) and Brasilia (Ba, Section 3.18) slabs (Figs. 100a, 101a) that we
propose are still connected to active subduction and constitute the
longest slabs on Earth.

4.2. Average versus in situ slab sinking rates

While previously we only estimated a lower mantle averaged slab
sinking rate of 12 ± 3 mm/yr from a much smaller slab catalogue (van
der Meer et al., 2010), a major finding here is the depth variation of
depth-average sinking rates Vav(d) (Fig. 99b; Fig. 101) in the lower
mantle as a function of depth d, as described qualitatively in the pre-
vious section. First, we like to emphasize that the Vav(d) sinking rates
are an integral measure of the actual slab sinking rates V(d, t) at depth d
and geological time t. For instance, the average sinking rate of the base
of the Calabria slab (Section 3.20) is 10 mm ± 3 mm/yr, but because it
is temporarily flat-lying on the 660 km discontinuity (e.g. Spakman and
Wortel, 2004) its actual sinking velocity is possibly V(660, t)≈0 mm/
yr. Generally, such temporal aspects of the sinking of slab are unknown
and therefore we approximate V(d, t) by the time-stationary in situ
sinking velocity V d( ) , which represents the time-averaged V(d, t) at
each mantle depth d. This allows us to define the relation

∫=V d V z z( ) ( )dav d
d1

0
 , which after differentiating leads to

= + ′V d V d d V d( ) ( ) ( )av av . From this equation, the in situ time-sta-
tionary sinking velocity V d( ) can be obtained for a given profile Vav(d)
of average sinking velocity for a particular (fictitious) slab. We note that
we see no use yet for solving the integral equation for V d( ) by some
method of geophysical inversion. The lateral scatter in Vav(d) at fixed
depth may relate to, as indicated earlier, forcing by regional mantle
flow or to slabs subject to different mantle viscosities during their
downward journey. The number and limited geographical spread of
Vav(d) estimates does not allow yet for solving for regional differences

Fig. 99. Age-depth relations and corresponding average sinking rates of tops and bases of slabs: a) Age-depth relations for the top (green triangles) and base (blue diamonds) of
tomographically imaged slabs determined in the Atlas of the Underworld. Depth is determined from the tomographic model UU-P07 and the age information corresponds for the top of a
slab anomaly to the end of subduction/slab detachment and for the anomaly base to the start of subduction with depth and age uncertainties derived from the tomographic models and
from the pertinent geological literature, respectively. Anomalous slabs: Ar = Arabia; Ka = Kalimantan; TKh = Tonga–Kermadec–Hikurangi; GI = Georgia Islands b) The average sinking
rate of the top and base of slabs determined from the age-depth data of a) as Vav(depth)=depth/age. Velocity uncertainties are determined from the combined age and depth uncertainties
in a). The depth uncertainty is the same as in a).”Slab-top”-symbols at the surface represent present-day subduction velocities as an instantaneous estimate of average sinking velocity. The
three orange vertical lines at 10, 15 and 20 mm/yr are plotted for identifying subtle depth-trends.
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in the V d( ) profile yielding a formal inversion of the integral equation
fairly meaningless because of the large uncertainties expected.

Therefore, we adopt a forward approach in which we configured
several slab-sinking profiles of Vav(d) for fictitious slabs for which we
calculated the corresponding time-stationary sinking rates V d( ) . The
results are summarized in Fig. 102. We conducted three batches of
calculations to illustrate the sensitivity of V d( ) for smooth changes in
Vav(d). Fig. 102a shows 8 fictitious Vav(d) profiles for slabs that assume
a constant sinking rate of 12 mm/yr below ~1700 km while at the
depth of 660 km Vav(660) is designed to start from 10 mm/yr to
24 mm/yr in steps of 2 mm/yr. The smooth variation in the top part
mimics the different sinking trends of slabs observed in Fig. 101, while
the bottom part simulates the near constant Vav(d) in deeper half of the
lower mantle. The corresponding in situ sinking rates V d( ) (Fig. 102d)
shows that generally slab sinking occurs at speeds< 15 mm/yr and
decelerating slabs in particular with speeds< 10 mm/yr. We note that
at the CMB, Vav is lowered to 11.25 mm/yr to satisfy that

=V CMB( ) 0 mm/yr . Slightly accelerating Vav(d)-profiles lead to a
modest speed up of the slab while the deceleration leads to slow-down
to as small as 4–5 mm/yr. The deceleration occurs from 660 km to
~1300 km. The lowest sinking rates occur in a depth range of about
300 km centred around 1300 km, which will take these slabs about
60 Myr to transit. Assuming incompressible deformation, the vertical
shortening rates are approximated by the factor V V d(660)/ ( )  while the
horizontal surface area of a slab is extended reciprocally. The vertical
shortening for each of the 8 slabs is plotted in Fig. 102g and shows
shortening with factors up to ~4. Shortening factors between 2 and 3
have been proposed for lower mantle slabs in the Tethyan realm
(Hafkenscheid et al., 2006) which would change the plate-like char-
acter of upper mantle slab into laterally extended amorphous “blobs” in
the lower mantle, as observed with tomography. Below this slab de-
celeration zone, slab anomalies can partially stretch because of in-
creasing sinking rate, but will not assume their plate-like shape.
Figs. 102 b, e, h, show results from a similar batch of experiments with
the only difference that Vav=14 mm/yr below the depth of 1700 km
and Vav(CMB)=13.12 mm/y. The larger deep-mantle average sinking
rate causes a general increase in rates V d( ) of a few mm/yr while the
thickening factor stays below 2.5 because deceleration is smaller.

In the last batch of experiments, Fig. 102c, f, i, we probe into the
sensitivity of V d( ) to extreme as well as middle-of-the road Vav-profiles
including small variations in these trends. As a whole, this experiment
encompasses the full range of our dataset, with the exception of the
three outliers (Ar, Ka, TKH) discussed above. The small variations we
made in the Vav-profiles of each subset of three profiles serve forging
that a minimum of >V d( ) 4 mm/yr occurs in the depth range from
900 to 1500 km. Choices made for Vav above ~1700 km also determine
the small variations in Vav below this depth such that Vav stays within
limits of the age-depth relations of Fig. 99a. Obtaining a minimum in
V d( ) requires that all Vav-profiles are decelerating in the top of the
lower mantle. A small drop in Vav below 2750 km of 0.5–0.7 mm/yr
suffices to satisfy the 0 mm/yr sinking rate at the CMB.

The resulting V d( ) -profiles of Fig. 102f show in situ velocities de-
celerating from 12 to 22 mm/yr at the top of the lower mantle to
~4–8 mm/yr at particular depths between 1000 and 1500 km. Below
the particular depth were the minimum in V d( ) occurs all profiles
speed up to rates between 10 and 15 mm/yr in the deeper mantle in
order to satisfy the average velocity Vav(d) below ~1700 km, i.e. to
keep within the inferred spread of age-depth relations (Fig. 99a). The
corresponding shortening factors (Fig. 102j) range generally between 2
and 3.5 with excursions to factors larger than 5 for two extremely fast
deceleration profiles. A factor of 5 would shorten a 660 km long upper
mantle slab to a ~130 km thick “pancake” in the depth range
1000–1250 km. Although this cannot be excluded, such strong short-
ening has so far not been suggested from tomography or numerical
modelling of subduction. Note that even slabs that sink with a minimum
Vav-profile (darker green profiles in Fig. 102i) in which Vav reduces

from 12 to 13 mm/yr at the top of the lower mantle to only 9 mm/yr
around 1250 km, lead to a slab deceleration with shortening factors
larger than 3. However, slab that subducts slowly in the upper mantle
does not need to thicken strongly in the lower mantle. An example is
the Aegean slab that, as observed in tomography, seems to transit the
deceleration zone without considerable thickening. Differences in
upper mantle subduction speed may thus explain why some slab seems
to stagnate while others do not, as noted previously by Fukao and
Obayashi (2013). These results show generally, and expectedly, that a
gentle decrease in Vav(d) between 660 km and 1500 km corresponds to
a much more pronounced decrease in the in situ sinking rate V d( ) of a
slab leading to vertical shortening. Similarly, a smooth 30% increase in
Vav(d) from 9 mm/yr to 12 mm/yr from 1600 km to 2750 km corre-
sponds to an almost 100% increase ofV d( ) from 8 mm/yr to 15 mm/yr.

Based on the average sinking velocities obtained from the Atlas
(Fig. 99b), we suggest that in situ sinking rates V d( ) generally decrease
in the top few hundred kilometres of the lower mantle from 10 to
25 mm/yr to 4–7 mm/yr somewhere in the depth range 1000–1500 km.
Corresponding vertical shortening factors are between 2 and 3.5 but
could be larger for more rapid deceleration. A minimum sinking rate of
~5–10 mm/yr across a 200–300 km depth interval where slab sinking
is impeded most in the top 900 km of the lower mantle, would predict a
slab transit time between 20 and 60 Myr. Such gradual transition in
sinking is not easily inferred from the age-depth relations of Fig. 99a,
but would explain the increase in horizontal spread in these relations
from ~65 Myr at the base of the upper mantle to roughly 80–110 Myr.
Flat slab in the upper-mantle transition zone will sink in the lower
mantle within ~65 Myr or earlier while the continuous flow of slabs
from the top to the bottom of the lower mantle excludes long-term
(e.g.> 100 Myr) stagnation due to compositional buoyancy effects
(Morra et al., 2010; Ballmer et al., 2015). Below ~1500 km in situ
sinking rates are below 15 mm/yr for most lower mantle slabs. Only
few slabs are exceptionally faster than the above range, which we have
discussed in the previous section.

4.3. Towards constraining the radial profile of lower mantle viscosity
associated with slab sinking

The vertical shortening and lateral thickening of slab explains the
primary tomographic observations that led to the proposition of the
slab stagnation zone between 660 and 1000 km (Fukao et al., 2001,
2009; Fukao and Obayashi, 2013) or down to 1500 km (Morra et al.,
2010). Recent explanations of lateral slab thickening vary from a gra-
dual increase in mantle viscosity in the top of the lower mantle, or a
sudden viscosity increase near or below 1000 km, to compositional
effects raising slab buoyancy (Morra et al., 2010; Marquardt and
Miyagi, 2015; Rudolph et al., 2015; Ballmer et al., 2015). Despite these
and other investigations there is, however, still no consensus on the
particular shape of the lower mantle viscosity profile (Karato, 2010;
King, 2016a, 2016b).

The continuous through-flow of slab demonstrates that the “slab
stagnation zone” is rather a “slab deceleration zone” that requires a
gradual increase in mantle viscosity associated with slab sinking below
660 km until ~1500 km. A rheological origin for the underlying in-
crease of mantle viscosity across the depth range of 660–1500 km,
matching with our deceleration pattern, was recently identified as a
gradual increase in the strength of ferropericlase (Marquardt and
Miyagi, 2015), which is the weakest mineral accommodating lower
mantle deformation (Karato, 2010; Girard et al., 2016). The same au-
thors note that below ~1500 km the increase in viscosity becomes
smaller while in the deeper mantle viscosity can even reduce resulting
from the Fe-spin crossover. The latter may even cause a mid-mantle
minimum in viscosity (Shahnas et al., 2017). Our patterns of Vav(d) and
V d( ) below ~1500–1700 km implicitly support these predictions in
terms of a slight acceleration in in situ sinking speeds for those slabs
that initially decelerate in the top of the lower mantle (Fig. 102). We
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note for depths below 1600 km a small increase of the minimum
average sinking rates from 9 to 12 mm/yr (Fig. 99b), which may pos-
sibly be attributed to the Fe spin crossover lowering mantle viscosity
(Shahnas et al., 2017). Concurrently, any decrease in thermal ex-
pansivity and slow but progressive thermal assimilation of the slab
remnant with increasing residence time would gradually lower the
density contrast between slab remnant and ambient mantle and thus
reduce the amplitude of the negative slab buoyancy. This would see-
mingly promote slower sinking, but to still match the inferred sinking
trends (Fig. 99; Fig. 102) such buoyancy decrease will actually require a
reduction in mantle viscosity in the deeper mantle. Any compositional
contribution to the deceleration (Morra et al., 2010; Ballmer et al.,
2015) is insufficient to cause long-term (> 100 Myr) stagnation, as this
is not observed (Fig. 99a).

To investigate the implication of the in situ sinking profiles
(Fig. 102b, f, j) for the depth variation in lower mantle viscosity we
assume, considering the very low Reynolds number, that detached slab
sinks with a depth-dependent terminal velocity equal to the in situ
velocity V d( ) . To estimate viscosity from terminal viscosity we follow
the work of Kerr and Lister (1991) on sinking of ellipsoidal olivine
grains in magma. This is done for an ellipsoidal slab with a temperature
difference of 250 K estimated from seismic anomaly amplitudes (Goes
et al., 2004), and with a vertical axis of 600 km, a long horizontal axis
(trench-length) of 1000 km, and a short horizontal axis (slab width) of
80 km. Details are given in the appendix. The calculation includes
depth-dependent thermal expansivity (Steinberger and Calderwood,
2006), but ignores effects of thermal assimilation, as these are difficult
to incorporate. An approximation for the effect of slab shape change
resulting from deceleration/acceleration is made by shortening/ex-
tending the principal axes. Fig. 103 shows the results of converting the
V-sinking profiles of Fig. 102d–f into viscosity profiles. Because of
several assumptions and uncertainties (Appendix), the viscosity profiles
computed serve primarily to be indicative of the general depth trend of
lower mantle viscosity related to slab sinking. The general observation
is that slab decelerating in the top half of the lower mantle experiences
increasing viscosity. The viscosity peaks in the top half of the lower
mantle depending on sinking profile. Below 1500–1600 km viscosity
slowly decreases due to reducing density contrasts resulting from de-
creasing thermal expansivity and increasing background density. Any
reduction of the temperature contrast by diffusive heat transport would
only enhance this decreasing trend. Most important is that the total
variation in viscosity with depth is rather limited and does not depend
on the slab shape, more extensive calculations show. We note that the
variability we model via our choices for average sinking profiles
(Fig. 102a–c) could possibly reflect the effect of global lateral differ-
ences in temperature dependence of viscosity, e.g. slab sinking in plume
regions versus relatively sinking in relatively cold mantle.

Lower mantle viscosity associated with the sinking of slabs varies by
less than a factor of 6 with depth, our results suggest. This is much less
variation than seen in most of the published viscosity profiles of which
a subset is shown in Fig. 103. Viscosity profiles that are explicitly
constrained by the average rate of slab sinking are the A- and B-profiles
(CA and CB in Fig. 103a) of Cízková et al. (2012). These resulted pri-
marily from searching for viscosity profiles that cause slabs to transit
the mantle within 250–300 Myr, i.e. with an average sinking rate of
12 mm/yr, while allowing for depth variability in viscosity. Our results
agree best with their A-family of profiles. Also viscosity profiles EX2
and EX4 of Bower et al. (2013) match this transit time constraint. In

contrast to this work, all other published viscosity profiles have been
estimated from observations distinctly different from slab sinking rates.
This concerns observations of the global dynamic response to redis-
tribution of ice-water surface loads, gravity observations being linked to
mantle structure, mantle dynamics, and Earth-rotational dynamics,
constrained by mineral physics (e.g. Hager et al., 1984; Ricard et al.,
1993, Lambeck et al., 1998, 2014; Peltier, 1998; Peltier and
Drummond, 2010; Čadek and Fleitout, 2003; Mitrovica and Forte,
2004; Steinberger and Calderwood, 2006; Argus et al., 2014; Rudolph
et al., 2015; Lau et al., 2016; Shahnas et al., 2017; King, 2016b). These
studies probe the bulk viscosity field assuming a linear material re-
sponse to volumetrically distributed forcing of mantle flow. Most stu-
dies suggest a clear depth variation while others suggest a more con-
stant lower mantle viscosity. These differences may depend on the type
of data constraint used or simply on the detail of depth parameteriza-
tion adopted. In contrast, our inferences of slab sinking speeds pertain
to the mantle rheology surrounding sinking slabs. There can be a dif-
ference if lower mantle rheology can be stress-dependent, as is recently
suggested (Girard et al., 2016), and if slab sinking can generate the
differential stresses required to activate such rheology. This, however,
needs to be further investigated.

Recent seismic tomography imaging of mantle plumes suggest that
broad vertically rising plumes change character by deflecting or thin-
ning above ~1000 km (French and Romanowicz, 2015). This concurs
with upward decreasing mantle viscosity, alike the viscosity trends in
reverse direction suggested here for slab sinking, allowing for more
plume mobility and thinning of the plume diameter, which is also
confirmed by 3-D numerical models (e.g. Leng and Gurnis, 2012;
Rudolph et al., 2015). This suggests that viscosity trends shown here are
of wider relevance than slab sinking only and may also pertain to the
bulk mantle.

Lastly, we note that proper assessment of lower mantle viscosity
based on the sinking rate findings should involve work similar to that of
Cízková et al. (2012), while mantle convection simulations can com-
pare their prediction of average and in situ sinking rates to those found
here.

5. Concluding remarks

In the preceding paragraphs 94 positive wave speed anomalies in
the mantle have been interpreted as subducted slabs. We only con-
sidered P-wavespeed anomalies that were also imaged, although at a
different resolution, in two S-wavespeed models: SL2013sv for the
upper mantle and S40RTS for the lower mantle. A preliminary com-
parison with recently constructed voting maps from 14 recent P- and S-
tomography models (Shephard et al., 2017) reveals that the majority of
features identified in the voting maps match those identified here in the
Atlas of the Underworld (G. Shephard, personal communication). We
identified the Cocos (Co) and Brasilia (Ba) slabs as the longest slabs on
Earth.

The strategy we followed for associating slab anomalies to geolo-
gical evidence for subduction is based on a regional-continental scale
interpretation of geological records relative to each other involving slab
anomalies that are found with a similar spatial distribution at depth in
the mantle. This only assumes vertical sinking of detached slab rem-
nant, which was recently corroborated by Domeier et al. (2016). The
interpretation of the start and end of subduction was based on geolo-
gical information with age ranges encompassing the estimates given in

Fig. 102. Average sinking velocity converted to in situ sinking rate, vertical slab shortening factors. a) Configured lower mantle sinking profiles Vav(d) for 8 fictitious slabs (dashed lines).
Below 2000 km Vav(d)=12 mm/yr is assumed which is reduced below 2750 km to reach 0 mm/yr in situ sinking at the CMB. At 660 km the starting value of Vav = 10 mm/yr (left curve)
incremented in steps of 2 mm/yr to 24 mm/year (right curve). Grey symbols correspond to the age-depth data of Fig. 99a; b) As a) but for a constant average sinking velocity of 14 mm/yr
below 2000 km; c) Configured lower mantle sinking profiles Vav(d) for 9 fictitious slabs for slowly sinking slabs (green curves) fast sinking slabs (red/orange curve), or following the
average depth trend (magenta curves). These curves where constrained by a minimum sinking speed of ~4 mm/yr above 1500 km and were furthermore configured to illustrate the
sensitivity of in situ sinking rates V d( ) for systematic as well as small changes in the average sinking rates Vav(d). Below 2750 km the Vav(d) profiles where artificially reduced by
0.5–0.7 mm/yr to match 0 mm/yr vertical sinking at the CMB in line with the trend in the age-depth relations of Fig. 99a (grey symbols); d–f) in situ time-stationary sinking velocityV d( )

corresponding (color) to the average sinking velocity curves of a–c). g–i) vertical shortening factors V V d(660)/ ( )  corresponding to the in situ sinking curves d–f).
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the pertinent literature. Where geology implied distinctly different
subduction events in a particular region, this allowed for inspecting any
internal lateral structure in large lower mantle slab anomalies. For
example, lateral structure in the huge Farallon slab anomaly has led to a
subdivision into several subduction segments: the Cocos, Hatteras and
Hudson slabs, resulting from different subduction zones. By treating
these separately also enables a clearer discussion on their tectonic
origins for which proposed solutions differ between the Farallon Ocean
plate subducting underneath the American continental margin (i.e.
Grand et al., 1997; Bunge and Grand, 2000), or subduction of several
Panthalassa Ocean plates dominantly under the continental margin
(van der Meer et al., 2010, 2012), or dominantly at intra-oceanic sub-
duction zones (Sigloch and Mihalynuk, 2013). Future, more accurate,
plate tectonic models relative to the mantle will be needed to converge
to one of these scenarios or combinations thereof. In this context, we
emphasize again that in the construction of the Atlas of the Underworld
no assumptions were made about slab sinking rates. Only for the in-
terpretation of the enigmatic Maldives and Malpelo slab anomalies we
cross-checked with predictions from tectonic reconstructions cast in an
absolute plate motion frame, but for the vast majority of our orogen-
slab associations we did not use any guidance from absolute plate
motion models, particularly not to allow the Atlas to become a source of
information for constructing a mantle frame based on subduction (van
der Meer et al., 2010).

Under the Indo-Australian realm, many lower mantle slabs
anomalies are imaged, presumably of Mesozoic origin (van der Meer
et al., 2012; Simmons et al., 2015). In plate tectonic reconstructions
these would be located in the transition of the Tethys to Panthalassa
Oceans, which remains poorly reconstructed. The mantle structure
below the Pacific and East Asia may provide an unprecedented means
to interpret the Panthalassa plate kinematic history back to the Triassic,
linking the few presumed relics of intra-Panthalassa and Panthalassa-
Tethys junction subduction that accreted around the Pacific to sub-
ducted slab remnants.

We did not identify slabs that correlate to subduction zones older
than ~300 Myr. This is perhaps because much older subduction rem-
nants may have been thermally assimilated in the hot thermal boundary
layer overlying the CMB. In addition, at the base of the mantle the
occurrence of rheologically weaker post-perovskite phase, mantle
viscosities are considerably lower (Fig. 103) allowing for lateral ad-
vection and strong deformation of some slab material.

The Atlas includes several slabs that appear to have interacted with
the two large low shear wave velocity bodies (LLSVPs) on the core-
mantle boundary. The LLSVPs are generally assumed to have been long-
lived, stable features along which edges plumes may have been gen-
erated throughout the Phanerozoic or beyond (e.g., Burke et al., 2008;
Torsvik et al., 2008a, 2008b, 2010, 2014). The Atlas documents that the
modern shapes of both LLSVPs appear to have been influenced by
subducted slabs. The Pacific LLSVP contains positive seismic velocity
bodies in its centre that we correlated to Telkhinia slabs (van der Meer
et al., 2012). The Perm Anomaly below Siberia was recently assumed to
have migrated ~1500 km along the CMB as a function of subduction in
the Paleopacific realm (Flament et al., 2017), but our correlations
suggest a more straightforward solution in which it was separated from
the large African LLSVP by the Balkan slab that we correlated to Per-
mian subduction in the Urals. In this scenario, the Perm anomaly may
well have acted as generation zone for the Siberian Traps (e.g., Torsvik
et al., 2008a, 2008b, 2010).

The age-depth trend of slab sinking (Figs. 99a, 100) and average
sinking speeds (Figs. 99b, 101) we derived from the Atlas suggest sig-
nificant depth variability and possibilities to retrieve the speed of
subduction in the upper mantle for slab that are now in the lower
mantle. All slabs sink to the CMB. In the slab deceleration zone (660 km
−1500 km), slab requires less than ~60 Myr to cross a depth range of
~300 km where sinking speed is lowest (4–10 mm/yr). Differences in
the speed of subduction in the upper mantle may explain why some

slabs thicken strongly while others thicken only moderately. Our results
do not agree with long-term stagnation due to compositional buoyancy
effects. The spread in sinking rates may reflect lateral heterogeneity in
the lower mantle viscosity as we identified some fast sinking slabs in
regions of long-term plume activity. Estimated in situ time-stationary
sinking rates generally decrease in the upper 900 km of the lower
mantle depending on the assumed average-sinking speed profile and
then show increase below ~1500 km. Conversion to mantle viscosity
profiles show generally a viscosity increase somewhere between
660 km and 1500 km, while below 1500 km viscosity tends to slowly
decrease. Generally our estimated profiles show a depth-variation in
viscosity far less than one order in magnitude. The mismatch we find
with many published viscosity profiles is puzzling if lower mantle
rheology around sinking slabs is not stress dependent. The depth trend
in viscosity we qualitatively infer agrees with that implied by the ob-
served morphology change of rising plumes and recent experimental
finding regarding the rheological behavior of ferropericlase.

In conclusion, this Atlas of the Underworld aims to provide a global
starting point, or framework for linking plate tectonic history of the
past ~300 Myr to present-day mantle structure. This also shows great
potential to provide novel constraints on lower mantle viscosity asso-
ciated with the sinking of slab remnants. Advances, corrections, and
extensions are expected from more detailed tomographic models and
better dating of paleo-subduction evolution. We aimed at brief de-
scriptions per slab also to welcome post-peer review input on our Atlas
via the website: http://www.atlas-of-the-underworld.org/.
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