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1 INTRODUCTION

SUMMARY

We investigate the seismic structure of the upper-mantle and mantle transition zone beneath
India and Western China using PP and SS underside reflections off seismic discontinuities,
which arrive as precursors to the PP and SS arrival. We use high-resolution array seismic
techniques to identify precursory energy and to map lateral variations of discontinuity depths.
We find deep reflections off the 410 km discontinuity (P*'°P and $*'°S) beneath Tibet, Western
China and India at depths of 410-440km and elevated underside reflections of the 410 km
discontinuity at 370-390 km depth beneath the Tien Shan region and Eastern Himalayas.
These reflections likely correspond to the olivine to wadsleyite phase transition. The 410 km
discontinuity appears to deepen in Central and Northern Tibet. We also find reflections off
the 660 km discontinuity beneath Northern China at depths between 660 and 700 km (P**°P
and S°°S) which could be attributed to the mineral transformation of ringwoodite to mag-
nesiowuestite and perovskite. These observations could be consistent with the presence of
cold material in the middle and lower part of the mantle transition zone in this region. We
also find a deeper reflector between 700 and 740 km depth beneath Tibet which cannot be
explained by a depressed 660 km discontinuity. This structure could, however, be explained
by the segregation of oceanic crust and the formation of a neutrally buoyant garnet-rich layer
beneath the mantle transition zone, due to subduction of oceanic crust of the Tethys Ocean.
For several combinations of sources and receivers we do not detect arrivals of P°°P and §°S
although similar combinations of sources and receivers give well-developed P*°P and S°6°S
arrivals. Our thermodynamic modelling of seismic structure for a range of compositions and
mantle geotherms shows that non-observations of P*°P and §°°°S arrivals could be caused
by the dependence of underside reflection coefficients on the incidence angle of the incoming
seismic waves. Apart from reflections off the 410 and 660 km discontinuities, we observe
intermittent reflectors at 300 and 520 km depth. The discontinuity structure of the study region
likely reflects lateral thermal and chemical variations in the upper-mantle and mantle transition
zone connected to past and present subduction and mantle convection processes.
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on the global seismic structure of the mantle has been inferred
from global seismic tomography (e.g. Grand et al. 1997; Megnin &

Convection in Earth’s mantle transports heat from the core—mantle
boundary to the Earth’s surface. Hot mantle material rises from the
lower mantle towards the surface while cold crustal and lithospheric
material from the surface are brought into the mantle at subduction
zones. These convection movements, if mapped properly, can give
important insights into the structure, evolution, and dynamics of
our planet. The effect of warm upwellings and cool downwellings

Romanowicz 2000; Li et al. 2008; Ritsema et al. 2011), with re-
duced seismic wave velocities frequently interpreted as representing
hotter mantle regions (upwellings, plumes), and increased seismic
wave velocities often interpreted as corresponding to cooler mantle
regions (subduction zones). However, wave velocities may also be
strongly influenced by changes in chemistry (e.g. Trampert ef al.
2004).
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An alternative way to constrain the structure of the mantle is the
deflection of seismic discontinuities within the mantle (e.g. Shearer
2000). The two major seismic discontinuities bounding the mantle
transition zone between the upper and lower mantle are found at ap-
proximately 410 and 660 km depth (e.g. Grand & Helmberger 1984;
Revenaugh & Jordan 1991; Shearer & Masters 1992; Flanagan &
Shearer 1998, 1999; Gu et al. 1998; Schmerr & Garnero 2006;
Deuss 2009). Recent estimates of the globally averaged depth of
the 410 and 660 km discontinuity by Houser et al. (2008) give av-
erage depths of 410 and 650 km. Despite variations in depth of the
discontinuities we will refer to them as the 410 and 660 km disconti-
nuities. These discontinuities are likely due to the solid-solid phase
transition of olivine to wadsleyite near 410 km depth and the disso-
ciation reaction of ringwoodite to magnesiowuestite and perovskite
near 660 km depth (e.g. Ringwood 1969) within the olivine com-
ponent of the mantle material. The depths of these discontinuities
are sensitive to the ambient temperature and composition and can
therefore be used to map the up- and downwellings of the mantle
convection (e.g. Bina & Helffrich 1994; Helffrich 2000; Weidner
& Wang 2000). The pressure—temperature dependence of a phase
transition or mineral reaction is quantified by its Clapeyron slope.
Recent measurements give a Clapeyron slope of +4.0 MPa K~! for
the olivine to wadsleyite phase transition (Katsura et al. 2004) and
a negative Clapeyron slope of —1 to —3 MPa K~! for the dissoci-
ation of ringwoodite to magnesiowuestite and perovskite (Irifune
et al. 1998; Shim et al. 2001; Fei et al. 2004). As the Clapeyron
slopes for these two reactions have opposite signs, the depths of
the reactions should be anticorrelated for thermal anomalies (Helf-
frich 2000), leading to a thinned mantle transition zone in warm
and a thickened transition zone in cold regions. In several regions
an anticorrelation of discontinuity depths has been observed (e.g.
Gu et al. 1998). Nonetheless, several observations also indicate that
the depths of the 410 and 660 km discontinuities can be correlated
in some regions (e.g. Gossler & Kind 1996, Schmerr & Garnero
20006).

Despite olivine being the dominant mineral phase of the man-
tle, the minerals of the pyroxene—garnet system will lead to more
complicated phase relationships. Mineral transformations in the
pyroxene—garnet component of the mantle and the interaction of
the pyroxene—garnet system with the olivine system might lead to
the observed behaviour of the mantle transition zone discontinuities
that is not purely thermal in origin (e.g. Vacher et al. 1998; Weidner
& Wang 1998, 2000). In cold regions of the mantle, for example, in-
fluenced by subduction, mineral physical experiments indicate two
additional solid—solid phase transitions: the exothermic garnet to il-
menite phase transition (Wang ez al. 2004) and endothermic ilmenite
to perovskite phase transition (Wang et al. 2004). The completion
of the garnet to perovskite phase transition near 720 km depth can
give rise to an additional change in seismic wave velocities and den-
sities below 660 km depth (Stixrude 1997; Weidner & Wang 1998).
In hot regions, the dissociation of ringwoodite to magnesiowuestite
and perovskite is replaced by the exothermic garnet to perovskite
phase transition (Hirose 2002) due to the instability of ringwoodite
at high temperatures (Gasparik 1996a,b; Weidner & Wang 1998;
Irifune et al. 1998). Therefore, the observation of the fine scale
structure of the multiple discontinuities of the transition zone will
allow the analysis of both thermal and chemical heterogeneities in
tectonically active regions such as subduction zones (e.g. Simmons
& Gurrola 2000; Deuss et al. 2006; Thomas & Billen 2009).

In this study, we investigate the fine scale structure of the multi-
ple seismic discontinuities of the upper-mantle and mantle transition
zone beneath India and Western China. The mantle transition zone
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Figure 1. Example ray paths of PP, P*'°P and Pgsr. Underside reflections
occur at the midpoint of the seismic ray path. The ray paths of SS and its
precursors are similar.

Mantle

150°

=)
?

beneath the Indian—Eurasian collision zone is influenced by a long-
term subduction history starting 150 Ma which includes collisions
of volcanic arcs of the Tethys Ocean, and finally of the Indian Plate,
with the Eurasian Plate (Molnar & Tapponnier 1975; Yin & Harrison
2000; Haines et al. 2003; Tapponnier et al. 2001). During this time
oceanic crust and lithospheric mantle were subducted into the man-
tle. The seismic structure of the mantle beneath the Indian—Eurasian
collision zone has been investigated previously with surface waves
(Brandon & Romanowicz 1986; Curtis & Woodhouse 1997; Lebe-
dev & van der Hilst 2008), seismic tomography (van der Voo ef al.
1999; Tilmann et al. 2003; Li et al. 2008) and receiver functions
(e.g. Kosarev et al. 1999; Kind et al. 2002).

For our investigation of upper-mantle and mantle transition zone
structure we use PP and SS precursors which represent underside
reflections off seismic discontinuities (Fig. 1) halfway between the
source and receiver (King et al. 1975; Shearer 1991). Underside
reflections of PP or SS off a reflector are denoted as PP or $“S,
with d indicating the depth of the reflecting discontinuity. Due to
the reflection coefficients at the discontinuities the underside re-
flections are rarely visible on individual seismograms. Previously,
large numbers of globally recorded long-period or broad-band seis-
mograms which sample a certain region have been stacked to en-
hance the signal-to-noise ratio (SNR) of the precursor signals (e.g.
Shearer 1991; Gu et al. 1998; Schmerr & Garnero 2006; Deuss
2009). These stacks have robustly detected P*'°P, §*°S and S°°S
arrivals (e.g. Flanagan & Shearer 1998, 1999). However, arrivals
of PSP are not detected in most studies (Shearer 1991; Estabrook
& Kind 1996; Rost & Weber 2002; Deuss 2009). A few studies
have detected intermittent reflectors off 660km depth using PP
underside reflections (Deuss ef al. 2006; Thomas & Billen 2009;
Schmerr & Thomas 2011), leading to the conclusion that the P-
wave velocity contrast may be about 50 per cent smaller (Estabrook
& Kind 1996; Flanagan & Shearer 1998) than given by the 1-D
seismic reference models PREM (Dziewonski & Anderson 1981)
or IASP91 (Kennett & Engdahl 1991) or that the 660 km discontinu-
ity might be a gradient rather than a first-order discontinuity (Rost &
Weber 2002). Deuss et al. (2006) and Thomas & Billen (2009) also
observe multiple discontinuities near 660 km depth and frequency-
dependent behaviour of the seismic signals, which may be related
to short-scale lateral variations of the aluminum content. Due to
the stacking of PP waveforms, signals from variable depths might
interfere destructively and might not be observable in the stacked
waveforms.

Non-observations of the P*°P reflections are difficult to recon-
cile with the results of mineral physical experiments. High pressure-
high temperature experiments indicate that the dissociation reaction
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Figure 2. Maps of the seismic sources and receivers used in this study. Triangles show locations of central stations for each array used. Stars indicate event
locations and circles denote reflection points of PP and SS at the surface. Japan and Kuriles subduction zone source region with events used in this study (stars).
Sumatran subduction zone source region with events used in this study (stars). Location of PP and SS surface reflection points. Plate boundaries are from Bird

(2003).

of ringwoodite to magnesiowuestite and perovskite occurs within
a narrow pressure interval of 0.1-0.5 GPa (i.e. ~2-10km) for a
range of temperatures (e.g. Litasov et al. 2005a), and thermody-
namic modelling gives P-wave impedance increases (i.e. the prod-
uct of density and P-wave velocity) of 6-8 percent for pyrolite
mantle compositions (e.g. Vacher et al. 1998). We would therefore
expect that short-period P-wave energy is effectively reflected by
such a sharp transition (e.g. Deuss 2009; Thomas & Billen 2009).
Interestingly, receiver function analysis frequently shows the dis-
continuity (e.g. Vinnik 1977; Dueker & Sheehan 1997; Kosarev
et al. 1999; Simmons & Gurrola 2000; Kind ef al. 2002; Andrews
& Deuss 2008) and there is evidence for a sharp 660 km discontinu-
ity from observations of PKIKPPKIKP (or denoted as PKPPKP¢
or P'P’y¢) underside reflections in several regions (Nakanishi 1986,
1988; Benz & Vidale 1993; Xu et al. 1998; Day & Deuss
2013).

In our study, we take advantage of the dense seismic networks
of permanent and temporary broad-band stations across Europe,
as well as several temporary seismic networks in Morocco, Spain,
Greece, Turkey, Israel and East Africa. We use array seismic pro-
cessing methods (Rost & Thomas 2002; Rost & Thomas 2009), for
example, vespagrams and a migration technique, to detect PP and
SSunderside reflections off upper-mantle and mantle transition zone
discontinuities. We aim to interpret our observations of underside
reflections semi-quantitatively in terms of thermal and chemical
heterogeneities in the upper-mantle and mantle transition zone, on
the basis of experimental mineral physical data and thermodynamic
modelling.

2 DATA SELECTION

The data set consists of broad-band velocity seismograms for sev-
eral source—receiver combinations whose PP and SS surface reflec-
tion points sample the upper-mantle and mantle transition zone in
our study area (Fig. 2 and Tables S1). Earthquake sources are lo-
cated in the subduction zones south of Sumatra and Java, in the
Banda arc and Molucca Sea in Indonesia, as well as in the subduc-
tion zones of the Philippines and Japan. For our source-receiver
combinations, PP and SS waves propagate mainly in SE-NW direc-
tion. Nonetheless, using paths from Japan to Ethiopia (i.e. NE-SW
across the study area) allows us to study the region with crossing
paths.

We investigate PP arrivals on the vertical component whereas
SS arrivals are analysed on the transverse component after rota-
tion of the horizontal components to the great circle arc. We use
earthquakes with magnitudes 5.8 < My, < 7.5 to ensure sufficient
precursor energy before the PP and SS arrivals and simple source
time functions. We measure the SNR of unfiltered traces as the
ratio of the peak-to-peak amplitude in a 50 s time window around
the PP/SS arrival predicted by ak135 (Kennett ef al. 1995) and the
peak-to-peak amplitude of a 50 s time window before the predicted
P/Pgig or S/Sgir arrival. Only unfiltered data with SNR > 2, with at
least 12 traces per event and visible and impulsive PP/SS wavelets
are kept for further analysis. The traces are aligned on the PP or
SS arrival times predicted by ak135 (Kennett et al. 1995), and the
alignment is further optimised using adaptive stacking (Rawlinson
& Kennett 2004). Adaptive stacking corrects for mislocation effects
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due to varying station elevations and the seismic structure beneath
the stations (Kriiger & Weber 1992; Jacobeit et al. 2013).

3 DATA PROCESSING

We analyse the data set using four array processing methods: vespa-
grams, sliding-window frequency—wavenumber analysis, slowness—
backazimuth analysis and a migration technique (Rost & Thomas
2002). For the source—receiver distribution of each event, we cal-
culate synthetic seismograms using the reflectivity method (Fuchs
& Miiller 1971; Miiller 1985) using the 1-D velocity model ak135
(Kennett et al. 1995), density by Montagner & Kennett (1995) and
attenuation of PREM (Dziewonski & Anderson 1981), and process
synthetic data in the same way as the broad-band data, to ensure the
accuracy of our data processing.

We calculate 4th root vespagrams (Davies et al. 1971; Muirhead
& Datt 1976) for the theoretical backazimuth of the station closest
to the geometrical centre of the used array (Fig. 3b). This allows us
to detect PP and SS underside reflections by matching the observed
traveltimes and slowness values of seismic arrivals with traveltimes
and slowness values for this distance as predicted by ak135 (Ken-
nett et al. 1995). Each broad-band seismogram section is filtered
with second-order butterworth bandpass filters and corner periods
between 2 and 20s, 3 and 10s, 5 and 25s, 6 and 50s, 8 and 75,
15 and 75s and 10 and 100s. We use a range of filters in order to
investigate frequency-dependent behaviour of the observed signals.
Arrivals with slowness values similar to PP and SS are only consid-
ered for further analysis if they are clearly separated from arrivals
of depth phases (i.e. pPP, pP*'°P, pPy, etc.), top-side reflections
(i.e. PyiopPaisr or PesopPaisr on the source side, Ppsiop or Ppesop
on the receiver side), converted phases (e.g. Sa10pPuir Or SesopPaitr
on the source side, Sp4iop or Spesop on the receiver side) and PKP
arrivals.

We also study the data using the sliding-window frequency—
wavenumber analysis (Capon 1973; Rost & Weber 2002) for ar-
rays with apertures less than 2° and slowness—backazimuth analysis
(King et al. 1976) for arrays with apertures larger than 2° (Fig. 3c).
Both methods simultaneously measure the slowness and backaz-
imuth of an incoming wave front within a specified time window,
and help to distinguish seismic wave energy propagating along the
great circle path from seismic wave energy scattered or reflected
off the great circle path. We only consider arrivals (i) with slowness
values within 0.5 s deg™! of the predicted PP and SS precursor
slowness values and (ii) with maximum backazimuth deviations
of +£5° from the theoretical backazimuth of the great circle arc to
avoid the analysis of off-azimuth scattered energy also arriving as
PP precursors (Rost et al. 2008).

We determine the depth of the discontinuities using a migration
technique (Thomas & Billen 2009; Schmerr & Thomas 2011). The
migration backprojects PP and SS precursory energy to its reflection
point and reduces the size of the Fresnel zone, thus improving the
horizontal resolution of the observations (Rost & Thomas 2009).
A three dimensional grid is placed around the theoretical PP or
SS reflection point covering an area of 40° x 40° with 1° grid-
point spacing. The depth of the grid ranges from 0 to 900 km with
5km depth increments. For each event, ray tracing through ak135
(Kennett e al. 1995) is used to calculate traveltimes from the source
location to each gridpoint and from each gridpoint to each receiver.
The traveltimes to each depth layer are corrected for variations in
crustal thickness and lateral mantle heterogeneity. We use 1-D ray
tracing through the global crustal model CRUST2.0 (Bassin ef al.
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2000), the P-wave tomography model MITPOS (Li et al. 2008) for
PP, and the S-wave tomography model S40RTS (Ritsema et al.
2011) for SS waves and compute traveltime corrections for the en-
tire path of PP and SS and their precursory arrivals (Schmerr &
Garnero 2006). Using the traveltimes and traveltime corrections for
each gridpoint, the individual seismograms are shifted and stacked.
We apply linear and 4th root stacking methods (Davies et al. 1971;
Muirhead & Datt 1976), and measure the amplitude of the stacked
traces from each gridpoint within a 3 s time window around the
theoretical arrival time of the precursor. Subsequently the stacked
amplitude is assigned to the gridpoint. Regions of enlarged ampli-
tude indicate possible origins of underside reflections. The resulting
migrated energy recreates the saddle-shaped form of the PP and SS
Fresnel zone due to the minimum—maximum traveltime of under-
side reflected waves (Fig. 4) (Choy & Richards 1975; Thomas &
Billen 2009; Rost & Thomas 2009).

We try to estimate the statistical robustness of our observations,
for example, with bootstrap resampling (Efron & Tibshirani 1986),
a technique routinely applied in global studies of PP and SS precur-
sors (e.g. Deuss et al. 2006; Schmerr & Garnero 2006). The major
part of our array recordings in this particular study, however, come
from small arrays and usually contain less than 20 seismograms
per event. Proper bootstrapping requires 50—200 random samples
for estimating the confidence intervals (Efron & Tibshirani 1986).
We calculate a simplified bootstrapping in the vespagrams for our
events in which we randomly replace two seismic traces by copies
of two remaining seismograms. We detect the arrivals of the un-
derside reflections in all ‘bootstraps’, and we are confident that our
observations are robust.

The migration technique illuminates potential places of reflec-
tions of PP or SS and their precursors (Thomas & Billen 2009).
However, reverberations of the non-PP or non-SS and related phases
may also map into the 3-D grid with significant energy away from
the theoretical reflection point, especially if the seismograms have
been filtered with long-period bandpass filters before migration.
Comparisons of migration results with vespagrams and slowness—
backazimuth measurements help to discriminate PP and SS pre-
cursor energy from other seismic arrivals. We discard arrivals
which are not clearly separated from the non-precursory energy.
We determine the depth of the discontinuities from amplitude—
depth profiles (Thomas & Billen 2009) which show the ampli-
tude in each depth layer of the grid at the theoretical reflection
point between the source location and the reference station of the
array.

We estimate the systematic error in discontinuity depth by our
summing traveltime corrections for crustal thickness and mantle
heterogeneity at 410 and 660 km depth and by converting the resid-
ual times into depth perturbations using ak135 (Kennett ef al. 1995).
The traveltime corrections for crustal and mantle heterogeneity re-
sult in depth variations of =8 km. For the vertical resolution of the
migration scheme we calculate synthetic reflectivity seismograms
for a range of dominant periods for velocity models based on ak135
(Kennett et al. 1995), including two separate reflectors at 410 km
depth which have the half of the density, P and S wave contrast and
a given spacing between each other. We find that two neighbouring
reflectors with a vertical spacing of 30 km or larger are well re-
solved. For the lateral uncertainties of our observations, we use an
ellipse at the centre of the first 1-D Fresnel zone, following Rost &
Weber (2002) and Thomas & Billen (2009). With this criterion, the
Fresnel zone is approximately 4° x 8° (£400 x 800 km at 410 km
depth) around the ray theoretical point of reflection for a 5s PP
wave.

QUIBAON U0 SPas 10 A1sieAlun e /Bio'sfeuinolpaogxo’1iB;/:dny woly pepeojumoq


http://gji.oxfordjournals.org/

400  S. Lessing et al.

(a) Data example
A A N
| H : : : \ H
s e Nmwaasessvaianyi ey ] (1P
' NSO ANSRRH4 GA) Y I | 'r | r"\
. 14 | : P o B\
2 ! : F : \ N A
A=A 113 E ‘ T :A“"
8 Pestisraniastetsorseay R enssinioestatteitot sor=ew VAN \ i "( i " LAV ks
2 (ARSI ARSIV ) o1 || v
G 112k S {1t
3 '. i mmin e W
1M i |
o BTN |
a = g 2 2 = {'po
-400 -350 -300 -250 -200 -150 -100 -50 0 50
Time to PP arrival (s)
(b) 4th root vespagram
9 1 1 | 1 1 | 1
8
poopP e
7 =S —xt
) —
S 6 ——
2 51 = =
o S s
% 4 ==
»n
3 Y
2 ~
1 T AL L AL EL L L L R A L L AL R B L R B |
-400 -350 -300 -250 -200 -150 -100 -50 0 50
Time to PP arrival (s)
(c) Slowness backazimuth analysis
p410p PP
Anax=11.56 t=-93 s Arax=6.92 t=0's Aax=94.56
T T U' T T
s 1 1 Aras
KA
= L i
: . G
E 1L N
N
g
§ 1r @ Noise level
" LA 1 N\ 4 E [\ 4
4 10 2 4 6 8 10 2 4
Slowness (s/deg) Slowness (s/deg) Slowness (s/deg)

Figure 3. Waveforms, vespagram and slowness—backazimuth analysis of the earthquake occurring on 1994 July 13 for a detection of P*1°P and a non-detection
of P0P_(a) Seismograms were recorded at stations of the German Regional Seismic Network (GRSN), aligned on the maximum amplitude of PP and filtered
with a second order butterworth bandpass and corner frequencies of 10 and 100 s. The maximum of the PP waveform is normalized. The dashed lines show
arrival of major seismic phases, the dotted lines show arrival of minor phases which are reflections or conversions of major phases at seismic discontinuities
(e.g. Ppajop and Ppeeop). (b) Fourth root vespagram of the event shown in (a). The crosses mark the theoretical traveltimes and slowness values of the labelled
phases assuming the ak135 velocity model. The traveltimes and slowness values of both figures are calculated with the TauP toolkit (Crotwell ez al. 1999). (c)
Slowness—backazimuth analysis for the Pgigr, P*'°P and PP arrivals. Times are given relative to the PP arrival. The time windows are 10s wide, the time step
between slowness—backazimuth measurements is 1 s. The theoretical slowness and backazimuth of each seismic phase is marked with a white cross; slowness
values are calculated for the reference station assuming ak135 seismic structure (Kennett ez al. 1995).
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by the points X and X’ on the globe above. Positive amplitudes are in red, negative amplitudes are in blue. (b) Cross-section through the migrated data
perpendicular to the great circle path indicated by the points Y and Y’ on the globe above. Due to saddle shaped Fresnel zone for PP, PP underside reflections
along the great circle path are curved downwards, while being curved upwards perpendicular to the great circle path. The details are the same as in part (a).

(c) Amplitude—depth profile at the theoretical reflection point.

4 RESULTS

‘We compare the results of vespagrams, slowness—backazimuth anal-
yses, sliding window fk-analyses and migration images to measure
the depth at which PP and SS precursory arrivals reflect off upper-
mantle and mantle transition zone discontinuities (Figs 3 and 4).
The PP precursors arrive in a slowness range of 6.5-7.8 s deg™
at the arrays depending on the epicentral distance. The arrivals of
the observed SS precursors have slowness values ranging from 12.4
to 14.0 s deg™'. Nonetheless, due to the limited aperture of the ar-
rays and their therefore limited resolution in wavenumber space, the
slowness resolution of the arrivals depends on the aperture of the
array and the data frequency band (Fig. 3b).

We analyse the events with a range of bandpass filters to investi-
gate the frequency dependent behaviour of the underside reflections.
The majority of the events for PP precursors show clear arrivals of
the PP surface reflection in unfiltered data. We observe robust PP
underside reflections in the longer period range from 6 to 50 s and
for longer periods in our vespagrams and migrations. Most reflec-
tions at ~660 km depth are discernible in vespagrams and migration
results when the seismograms are filtered between 10 and 100s. In
our data set, we rarely observe clear SS waveforms in unfiltered
data. Most events with impulsive SS waveforms which match our
SNR criterion are filtered with bandpasses between 15 and 75 s. Our
analysis indicates that the variations of depth estimates due to the
frequency dependence are small and within the uncertainties of our
measurements.

We want to include the reflector thickness as an additional con-
straint for our interpretation. We test whether we could infer the
thickness of a reflector from the frequency dependent behaviour of
amplitudes directly from our observed PP precursor waveforms. We

use ak135-f (Kennett ef al. 1995; Montagner & Kennett 1995) and
attenuation of PREM (Dziewonski & Anderson 1981) as a reference
model and change the discontinuous contrasts of seismic properties
into a set of gradients around 410 km depth, including linear gradi-
ents, sigmoidal gradients as proposed by Helffrich & Bina (1994)
and Stixrude (1997) for divariant phase transitions (i.e. for phase
transitions like Fe-bearing olivine to Fe-bearing wadsleyite), and
parabolic gradients similar to Weidner & Wang (2000). The gra-
dients are 10—50 km wide. We calculate 1-D reflectivity synthetics
(Fuchs & Miiller 1971; Miiller 1985) for P-wave periods of 1-10s,
thus covering the range from short period to intermediate period
PP waves. We aim to use the dominant frequencies and the quarter
wavelength criterion to infer the thickness of the reflector using
systematic filtering with highpass filters and bandpass filters with
narrow passbands. We also try FFT for estimating spectra. However,
time windows are too short to give reasonable frequency resolution,
and we want to avoid biases from other phases like top-side reflec-
tions (e.g. Pp4iop)-

Our tests show that amplitude—frequency curves using highpass
filtering do not give constraints (e.g. —3 or —6 dB point of maxi-
mum amplitude) which might be converted to reflector thickness.
Using our approach with bandpass filtering, we observe that the
amplitude—frequency curves do not differ enough for gradients
thinner than 20 km in order to discriminate between the different
gradient types and to discriminate between a first-order disconti-
nuity and 10-20 km wide gradients. Amplitude—frequency curves
for gradients wider than 20 km get more unique shapes. However,
mineral physics experiments indicate that the olivine—wadsleyite
phase transition and the dissociation of ringwoodite give seismic
discontinuities with thicknesses of 6-13km (e.g. Katsura et al.
2004) and 2—-6km (e.g. Litasov et al. 2005a), respectively. These
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thicknesses cannot be recovered by our approach. We consider for-
ward modelling of each event to constrain the reflector thickness
which we have not carried out in this study.

Our analysis results in 68 events with PP precursor arrivals and
36 events with SS precursor arrivals off upper-mantle and mantle
transition discontinuities, with some events showing one PP or SS
precursor arrival and some events with showing several PP or SS
precursor arrival (Fig. 5 and Table S2). The majority of the reflection
points are located in Western China between the Tien Shan mountain
chain and Eastern Tibet, mirroring the large number of events from
the subduction zones ranging from of Sumatra to the Banda Sea
which were recorded at seismic stations in Central Europe (Fig. 2).
The number of observed PP and SS underside reflections is sparse
along the plate boundary between India and Eurasia.

We observe clear P*'°P in 53 and $*'°S in 20 events. The 410 km
discontinuity occurs at an average depth o416 £+ 18 km (Fig. 5b) but
the detailed topography of the resolved discontinuity is complex and
locally shows short-scale topography. The majority of reflections
in Tibet and Western China show deep reflections off the 410 km
discontinuity, with the deepest reflection at 440 km. The shallowest
reflection can be found at a depth of 380 km beneath the Tien Shan
and the Himalayas north of Bangladesh.

We observe 31 reflections at depths ranging from 640 to 760 km.
Nine of these are observed with PP underside reflections, while
22 reflections are observed as SS underside reflections. Since the
reflections have a wide range of depths, we divide the reflections into
two categories: (i) reflections above 700 km depth (Fig. 5d) and (ii)
reflections below 700 km depth (Fig. Se). We separate the reflections
into these two categories because the dissociation of ringwoodite is
expected to occur at depths shallower than 680 km (e.g. Fei et al.
2004). Reflectors deeper than 700 km should be attributed more
likely to the garnet to perovskite phase transition which should
occur at ~720 km depth (e.g. Stixrude 1997). The majority of the
reflections off the 660 km discontinuity are located under Northern
Tibet and the eastern part of the Tarim basin, showing a patch of deep
reflections neighboured by shallower reflections. Three reflections
off the 660 km discontinuity are located close to the boundary of
the Eurasian and Indian plates. We observe isolated reflections off
a reflector at an average depth of 720 km depth beneath Northern
Tibet and Western China, with individual values ranging from 700
to 740 km.

Apart from observations attributed to major mantle transition
zone discontinuities, we detect 10 underside reflections at ~300 km
depth (Fig. 5a) and eight reflections at ~520 km depth (Fig. 5c).
They are observed for shallow events with depths of 10-25 km and
are not attributed to depth phases of underside reflections off the
410 or 660 km discontinuity. Seven events sample a region around
40°N, 90°E in northern Tibet. Their reflection depths increase from
300 to 320 km from the northeast to the southwest. We find three
additional reflections at 300 km depth beneath central Tibet and
close to the plate boundary of Eurasia and India beneath Pakistan.
The reflections at ~520km (Fig. 5¢) have an average depth of
510 £ 21 km.

The vertical cross-sections in Fig. 6 show the lateral variations of
the discontinuity depths beneath India and Western China for four
different profiles together with recent P and S tomographic mod-
els for the region. Reflection points which are within 1.5° distance
of the profiles are included in the cross-sections. Cross-sections
A-A’" and B-B’ cut through our investigation region in S-N di-
rection (Figs 6a and b), cross-sections C—C’ and D-D’ in W-E di-
rection (Figs 6¢c and d). We densely map underside reflections near
410 km depth along the profiles and observe short-scale lateral depth

variations. Beneath Eastern India, we observe slightly deeper P*'°P
reflection depths, elevated north of the boundary between the Indian
and Eurasian Plate. The deeper P*'°P reflections are located in re-
gions with positive P-wave velocity anomalies (Figs 6a and b). The
overlay of discontinuity depths with the cross-sections through the
S-wave tomography does not indicate correlations of $*!°S reflector
depth with the sign of shear velocity perturbations. Further north,
reflection depths for P*'°P and $*°S arrivals appear to deepen and
we observe PP and SS underside reflections off a reflector near
660 km depth. The reflections range between 680 and 740 km depth
in northern Tibet and are elevated towards the north end of the
profiles A—A’ and B-B’. We observe intermittent reflectors at 300
and 520 km depth beneath the Tibet plateau and North China. The
cross-section C—C’ (Fig. 6¢) also shows the intermittent reflectors
near 300 and 520 km depth. The reflections off the 660 km dis-
continuity in Western China are observed in a region with positive
P-wave velocity perturbations.

We do not use amplitudes from vespagrams or amplitude depth
profiles from migrations because the major part of PP and SS precur-
sor arrivals are clearly separated from direct and secondary phases
of P/Pygr, S/Sair or core phases only when stacked with the 4th
root stacking scheme (Davies ef al. 1971; Muirhead & Datt 1976).
The nonlinear 4th root stacking scheme does not preserve ampli-
tudes and therefore makes amplitudes a problematic measurement
in those stacks. However, waveform polarities are preserved during
non-linear stacking schemes and can be used for further analyses
(Rost & Thomas 2002).

5 THERMODYNAMIC MODELLING

We compare the observed discontinuity structure with predicted
depths of phase transitions and mineral reactions calculated with
Perple_X (Connolly 2005) (see Fig. Sla) which utilizes the free-
energy minimization algorithm by Ita & Stixrude (1992) and
Stixrude & Lithgow-Bertelloni (2005). We calculate phase equi-
libria on a grid of pressures and temperatures for the CFMAS (cal-
cium oxide, iron(Il) oxide, magnesium oxide, aluminum oxide and
silica) system for pyrolite, piclogite, harzburgite and mid ocean
ridge basalt (MORB) compositions (Table S3). Pyrolite is the bulk
mantle composition which upon partial melting will create MORB
oceanic crust and harzburgitic lithosphere (Ringwood 1969), and is
frequently assumed to represent the average chemical composition
of at least the upper mantle (Weidner 1985; Ita & Stixrude 1992;
Jackson & Rigden 1998). We include the piclogite composition by
Ita & Stixrude (1992), since Bass & Anderson (1984) and Dufty
& Anderson (1989) claim better fits to the seismic constraints of
the 410 km discontinuity for a piclogitic mantle composition than
for a pyrolitic mantle composition. For the mineral elastic param-
eters and phase equilibria, we utilise the self-consistent database
of Stixrude & Lithgow-Bertelloni (2011). We calculate profiles
of P-wave velocity, S-wave velocity and density for a range of
adiabatic mantle geotherms (Fig. S1b) for our chosen chemical
mantle compositions. The adiabatic mantle geotherms are calcu-
lated as described by Cobden ef al. (2008). The values of P-wave
velocity, S-wave velocity and density of the phase assemblage at a
specific point of pressure and temperature are calculated as the Hill
average of the Voigt and Reuss bounds of elastic properties for the
constituent minerals (Voigt 1928; Reuss 1929; Hill 1965).

We test the sensitivity of density and wave velocities to bulk
composition of our models by calculating phase equilibria for al-
ternative bulk compositions of harzburgite, MORB, piclogite and

¥T0¢ *L JBAWBAON U0 Spea-T Jo AsieAlun e /B10'sunofpioxo’i1B/:dny woy papeojumod


http://gji.oxfordjournals.org/

TZ structure beneath India and Western China 403

(@) Reflections off 300 km depth (b) Reflections off 410 km depth
. 7 T r T T v 5 T r T T <
0 ., Eurasian plate . 1 0 . Eurasian plate . 1
# " } . Depth (km) - . 3 . Depth (km)
KAZAKHSTAN T 320 KazAKHSTAR® @ MONGOLIA 440
© o 430
0"t o - 40"y : 420
T dge o 310 SRS e o 410
>
9 . b 00% 400
30 ° Olbe( plateau 300 30 ° Til lateau . 390
) ' ) 380

i
P agaye®

20° 20°
0 < PP precursor 0 < PP precursor

O SS precursor O SS precursor

, Indian Flale . X Indian Plale ,
3 Q 8 8 3 S 8 8
W)
(c) Reflections off 520 km depth (d) Reflections off 660 km depth %
T T T T v 7 T T T T v )
So- 5 S0°|. ) g
) Eurasian plate . . Eurasian plate . &
. g Depth (km) - . ; ; Depth (;m& 3
KAZAKHSTAN TEERLR 530 KAZAKHSTAN TR 0 3
40 ° 520 40 ¢ o 690 ]
i ’ oS <><> ci:IINA 510 i ' o wee OB Go ° 680 g
Tarim Blslro Tarim Baslv @ CHINA 670 =:
'S 500 o o 560 g
30 o Tibet plateau § 490 30 N ibet plateau § 650 é-
U i Q
Taiaye 480 640 s
D
20 . | Arabian 20 . | Arabian g
I - <& PP precursor i : <& PP precursor @
plate O SSprecursor plate O SS precursor o
[
3.
’ . Indian plate ’ . Indian plate é
3 R g 3 S 8 8 Z
=}
-
(e) Reflections off 720 km depth g
s ; : . . : §
0" 1 . Eurasian plate ) 4 g
* " 5 . Depth (km S
KAZAKHSTAN MONGOLIA (763 g_
40°| N 750
e © ca 740
730
30 o ® Tibet plateau y 720
{7 afay>$ 710
20° < PP precursor
O  SS precursor
Indian plate
3 S 8

Figure 5. Detections of PP and SS underside reflections and their measured reflection depths. The depth is colour-coded. Shallower reflection depths are
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around 300 km depth. (b) as (a) but for depths around 410 km. (c) As (a) but for depths around 520 km. (d) As (a) but for depths around 660 km. (e) As (a) but
for depths around 720 km. The error in observed discontinuity depth is £8 km, which we have derived from resolution tests of the migration scheme and from
migrations with and without traveltime corrections.


http://gji.oxfordjournals.org/

404  S. Lessing et al.

(@) A A
0 — 0 T TS
1 100 | B
00 00 i
200 200 b
E 300 E 300 . - g
< 400 < 400F P AL B
B 500 3 500 - . <. 2.
[ 93
O 600 O 600 |- . e
700 700 | ! O
800 | : 800 |- ]
900 L JA!;L L L L * PP precursor 900 L L - v L v
0 5 10 15 20 25 30 ©SS precursor 0 5 10 15 20 25 30
Distance along profile (deg) Distance along profile (deg)
B Avp/vp(%) [ — P\NIAC)
-1 0 1 -6-4-20 2 4 6
(b) B B’ B B’
0 0 T T T T T
100 | 100 |
200 - . 200
= 300 * F3 B 300 * E3
< 00 1 v Jn Sy | < a0t e i
S 500 F = = e NS B 500 F = x 5
@ & ! j)
O 600 | J: 1 g O 600 | -
700 [ ' 1 700 | s 3
* = * =
800 |- e . 800 |- e 1
1 1 L 1 L 1 1 * PP rec rsor 1 1 L 1 L L 1
005 70 15 20 25 30 35 ©SS grecﬂrsor 005 10 15 20 25 30 35
Distance along profile (deg) Distance along profile (deg)
AVIVE(%) B (%)
-1 0 1 -6-4-20 2 4 6
(c) c c
0 0 : ‘ , —
200 200 | R
£ 300 £ 300 e
< 400 < 400 _ B xR ]
a 500 o 500 * ]
[ 93 &3
0 600 0 600} 3 9
700 F 700 F = o © T
800 |- B 800 - 8
Ee3 -3
1 L 1 L 1 * PP rec rsor 1 L 1 L 1
900, 5 10 15 20 25 ¢SS grecﬂrsor 900, 5 10 15 20 25
Distance along profile (deg) Distance along profile (deg)
BT Ave/vp(%) BT Avg/vs(%)
-1 0 1 -6-4-20 2 4 6
(d) D D’ D D’
0 0 T T T T —
100 - 100 | el
200 1 ] , 200 - '#
T 4 ¥ ¥R ‘ T 4 ¥ s ¥ ]
B 500 b E . B Sy g 500} = = -
O 600 . NS O 600 [ . |
700 S . 700F o, TN, -
800 - 1 800 [ ]
1 1 L L 1 1 * PP recursor 1 1 L L 1 1
900, 5 10 15 20 25 30 ©SS grecursor %005 5 10 15 20 25 30
Distance along profile (deg) Distance along profile (deg)
BT Ave/ve(%) BT Ave/vg(%)
-1 0 1 -6-4-20 2 4 6

Figure 6. Observations of PP and SS underside reflections (diamonds) beneath India and Western China, superimposed on the P-wave tomographic model
MITPO8 (Li et al. 2008) (left) and on the S-wave tomographic model S40RTS (Ritsema ef al. 2011) (right) along selected profiles through the investigation
region (centre). Reflection points which lie within 1.5° distance of a profile are included in the cross-sections. The discontinuity depths measured from the
migration of each event are indicated by diamonds, where open diamonds depict P-wave measurements and black diamonds S-wave measurements. Horizontal
lines indicate depths of 300, 410, 520 and 660 km. The location of each profile is marked on the globe adjacent to each vertical cross-section; circles on the
profile are also indicated at the top of the cross-sections. (a) Cross-section from A to A’. (b) Cross-section from B to B’. (c¢) Cross-section from C to C’. (d)
Cross-section from D to D',
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pyrolite published in the literature (Green ef al. 1979; Ringwood
1979; Sun 1982; Bass & Anderson 1984; Michael & Bonatti 1985;
Irifune & Ringwood 1987; Irifune & Ringwood 1993; McDonough
& Sun 1995; Hofmann 1988; Baker & Beckett 1999; Ono et al.
2001, 2005; Litasov et al. 2004; Hirose et al. 2005; Workman &
Hart 2005; Perrillat et al. 2006; Ricolleau ez al. 2010). We find negli-
gible differences in densities and wave velocities among alternative
pyrolite compositions for a fixed adiabatic geotherm. The depths
of the transformation could be shifted within ~4 km. The absolute
increases in density and wave velocities as well as the shape of these
increases and the transformation depth interval are not significantly
affected.

There are no large variations in the wave velocity and density
profiles among harzburgite compositions. Differences in profiles of
density and wave velocities among alternative harzburgite compo-
sitions arise from different iron(Il) oxide contents which affect the
transformation depth interval of the seismic discontinuity caused by
the olivine to wadsleyite phase transition. The olivine—wadsleyite
phase transition is shifted to deeper depths (~5km), whereas the
dissociation of ringwoodite is elevated towards shallower depths
(~2km), compared with the pyrolite composition. In addition, the
transformation intervals are smaller than for pyrolite composition,
leading to sharper seismic discontinuities.

In MORB compositions, there are no mineral transformations
for the depth range of the mantle transition zone. However, there
are two seismic discontinuities at approximately 300 and 750 km
depth, corresponding to the phase transition of coesite to stishovite
(Williams & Revenaugh 2005) and garnet to perovskite (Hirose
2002). Among MORB compositions, there are broader variations
in the oxides (e.g. Deschamps et al. 2012). The profiles of density
and wave velocities have similar slopes between transformations
for a fixed geotherm. The garnet to perovskite phase transition
occurs at similar depths with variations of ~4 km. Differences in
the proportions of the oxides, however, change the seismic structure
of the garnet to perovskite phase transition for a given geotherm
(Fig. S4).

We measure the depth and the depth interval of the mineral trans-
formations from the calculated seismic profiles as well as the change

PP underside reflection coefficients c
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in density, P- and S-wave velocity across the mineral transforma-
tions. In order to interpret our seismic observations using the cal-
culated mineral physical models, we compare the depths of the
observed underside reflections with the depths of mineral transfor-
mations, assuming an uncertainty of 0.6 GPa for the transforma-
tion pressure (Smyth & Frost 2002), that is, a depth uncertainty
of +14km, for a fixed composition and temperature. We interpret
lateral variations in discontinuity depths in terms of deviations with
respect to a reference model corresponding to a pyrolitic composi-
tion and 1300 °C adiabatic temperature profile whose zero-pressure
temperature of 1300 °C is sufficient to explain the 1-D seismic
reference models PREM or ak135 (Weidner 1985; Ita & Stixrude
1992; Jackson & Rigden 1998).

6 INTERPRETATION AND DISCUSSION

6.1 The 300 km discontinuity

Observations of seismic reflections from 300 to 320km depths
(Fig. 5a) may be due to the X-discontinuity that has been attributed
to the exothermal phase transition of coesite to stishovite (Williams
& Revenaugh 2005). In our Perple_X calculations, this sharp phase
transition is expected to occur for pressures between 8 and 11 GPa,
that is, 250 and 320 km, in MORB mantle chemistry (Fig. 7a). The
X discontinuity has been used to constrain the presence and amount
of subducted or delaminated, formerly basaltic material in the up-
per mantle and to map regions of ancient subduction (Williams &
Revenaugh 2005).

Another possible explanation for a seismic discontinuity be-
tween 300 and 320km depth could be the exothermic mineral
transformation in calcium-poor pyroxene from ortho-enstatite (cpx)
to high-clinoenstatite (c2/c) occurring at depths of 250-330 km
(Mendelssohn & Price 1997; Woodland & Angel 1997). Based
on the calculated seismic velocities we find that plane wave PP
and SS underside reflection coefficients (Aki & Richards 1980)
off the seismic discontinuity caused by the ortho-enstatite to high-
clinoenstatite are an order of magnitude smaller than the reflection
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Figure 7. Transition pressure and depth and PP and SS underside reflection coefficients for mineral transformations around 300 km depth from thermodynamic
calculations with Perple_X. (a) Transition pressure and depth of the coesite (coe) to stishovite (st) phase transition for MORB composition and of the
clinopyroxene (cpx) to high-pressure pyroxene (c2/c) mineral transformation of pyrolite and piclogite composition. The error bars indicate a pressure
uncertainty of 0.6 GPa (Smyth & Frost 2002). The Clapeyron slopes of the mineral transformations are fit as the linear regression of the transition pressures.
For temperatures warmer than given by the 1300 °C adiabat around ~300 km depth, our thermodynamic calculations do not show a discontinuous increase of
wave velocities and density for the clinopyroxene (cpx) to high-pressure pyroxene (c2/c) mineral transformation of pyrolite and piclogite composition. (b) PP
underside reflection coefficients as a function of temperature difference with respect to the average mantle geotherm for a distance of 100°. (c¢) SS underside
reflection coefficients as a function of temperature difference with respect to the average mantle geotherm for a distance of 100°.
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coefficients off the seismic discontinuity caused by the coesite to
stishovite phase transition for our distance range (Figs 7b and c).
We therefore consider it unlikely that the mineral transformation
from ortho-enstatite to high-clinoenstatite would be a cause of un-
derside reflections at 300 km depth.

The X-discontinuity has been observed in several seismic studies
(e.g. Revenaugh & Jordan 1991; Deuss & Woodhouse 2002). The
six reflections which we observe at ~300 km depth in northern Tibet
can perhaps be attributed to subducted remnants of the collision of
Eurasia with Tibet during the late Triassic, early Jurassic (~200 Ma)
when Eurasian lithosphere was subducted in a southward direction
(Willet & Beaumont 1994; Tapponnier et al. 2001; Haines et al.
2003). Kind et al. (2002) and Zhao et al. (2011) observe a south-
ward dipping interface in P- and S-wave receiver functions for the
northern part of the Tibetan plateau. The reflector appears to deepen
from 300 to 320 km depth from north to south. The deepening of
the reflector could be related to increasing temperature from north
to south of —250 to 4100 K with respect to the 1300 °C potential
temperature mantle geotherm (Fig. 7a). Given the uncertainties of
the depth measurements, our observations could also be reconciled
with a flat reflector.

6.2 The 410 km discontinuity

Reflections off the 410 km discontinuity appear deepest in Western
China (Fig. 5) close to decreased P-wave velocity anomalies in the
tomography sections (Fig. 6). This correlation could be due to in-
creased mantle temperatures (Fig. S3a). Since the Clapeyron slope
of the olivine to wadsleyite phase transition is positive, increased
mantle temperatures shift the phase transition to higher pressures,
that is, to deeper depths. The deepest reflections would correspond
to temperature differences of 100200 K with respect to the average
mantle geotherm, values appropriate to estimates for excess temper-
atures in mantle upwellings (e.g. Sleep 1990). Our observations are
supported by the study of Kosarev et al. (1999) who observe a com-
plex pattern of locally elevated and discontinuous P to S conversions
at the 410 km discontinuity beneath the Tibet plateau. Kosarev et al.
(1999) suggest that upwelling mantle material is a response to the
subducting Indian lithosphere. However, the S-wave tomographic
models do not show short-scale S-wave velocity anomalies at the
same locations (Fig. 6).

For the reflections beneath the Tien Shan and the Himalayas north
of Bangladesh, we observe elevated reflections of the 410 km dis-
continuity. The reflection points are close to plate boundaries and
regions of ongoing subduction (Yin & Harrison 2000). Possibly,
these elevated reflections of the 410 km discontinuity could be re-
lated to cold, subducting lithosphere reaching the top of the mantle
transition zone. The P-wave tomographic model MITPO8 shows re-
gions of increased P-wave velocity anomalies that Li ez al. (2008)
interpret as Indian lithosphere subducting northward beneath Tibet
and bending down into the mantle transition zone. Due to the posi-
tive sign of the Clapeyron slope, colder temperatures shift the olivine
to wadsleyite phase transition to lower pressures, that is, shallower
depths. The elevated reflections off the 410 km discontinuity cor-
respond to maximum temperature differences of 200-400 K colder
relative to the average mantle geotherm (Fig. S3a).

Our thermodynamic modelling does not account for the influence
of water on phase equilibria. The presence of water could affect the
physical properties of the mantle rocks (e.g. Hirschmann 2006).
Water can occur in mantle rocks and minerals as a constituent part
of minerals (e.g. Poli & Schmidt 2002) or incorporated in minerals
with low water solubility such as olivine (e.g. Kohlstedt ez al. 1996).

One potential source of water for mantle minerals is the subduction
of oceanic lithosphere that has been hydrated through normal faults
before subduction (Ranero et al. 2003). Mineral physical experi-
ments suggest that wadsleyite and ringwoodite have larger water
storage capacities than olivine (e.g. Kohlstedt et al. 1996; Ohtani
et al. 2000) as well as magnesium perovskite and magnesiowuesite
(Litasov et al. 2003; Litasov 2010). Based on these results, Bercovici
& Karato (2003) hypothesize that wadsleyite and ringwoodite may
store significant amounts of water and that the local water content
may affect the structure and dynamics of the mantle.

The presence of hydrous minerals could reduce P- and S-wave
velocities in the mantle transition zone (e.g. Chen et al. 2002; Wang
et al. 2003; Jacobsen et al. 2004; Sanchez-Valle et al. 2006, 2008;
Mao et al. 2008, 2010; Li et al. 2009). When upwelling mantle
crosses the olivine to wadsleyite phase transition depth, water has
to be released due to the different storage capacities. At 1500 °C, the
release of water could lead to a hydrous partial melt which would
trap incompatible trace elements. The presence of partial melt could
lead to a drop of seismic wave velocities in the melt while seismic
wave velocities remain larger outside the molten rock. The partial
melt on top of the 410 km discontinuity could enhance the ampli-
tude of the P*'°P or §*'°S precursor and be followed by a secondary
reflection from the top of the melt lens with a negative polarity.
Depending upon the thickness of the melt lens, these two reflectors
might interfere constructively and enhance the sidelobe of the P*1°P
or S$*19S precursor, giving it the appearance of a negative polarity.
Nonetheless, these are two separate arrivals, one with a positive
and a second later one with a negative arrival (Revenaugh & Sipkin
1994; Song et al. 2004; Schmerr & Garnero 2007; Thomas & Billen
2009). In our data set, however, we do not observe PP or SS under-
side reflections with apparently reversed polarities, likely indicating
the absence of partial melt on top the 410 km discontinuity.

6.3 The 520 km discontinuity

We observe an intermittent seismic discontinuity near 520 km depth
(Fig. 5¢). A discontinuity at 520 km depth coincides with the wad-
sleyite to ringwoodite phase transition (Suzuki et al. 2000). It has
been detected in some regions of the mantle and is assumed to
be a regional feature (e.g. Shearer 1990; Ryberg et al. 1998; Gu
et al. 1998; Deuss & Woodhouse 2001). Underside reflections off
520 km depth are apparently absent beneath continental shield re-
gions, but have been observed under oceans (Deuss & Woodhouse
2001; Thomas & Billen 2009). Deuss & Woodhouse (2001) and
Thomas & Billen (2009) observe split arrivals of PP and SS under-
side reflections with depths of 450-500 and 540-560 km.

Saikia et al. (2008) suggest that the exsolution of calcium—silicate
perovskite from garnet can produce a sharp seismic reflector in the
mid-transition zone. This transition occurs at 19—20 GPa corre-
sponding to a deeper reflector around 560 km over a depth interval
of 40-60 km. The major part of the transition occurs within the top
10-20 km, leading to an impedance contrast of 0.5—1.0 per cent over
20 km (Saikia et al. 2008).

In our Perple_X calculations, we do not observe discontinu-
ous increases or strong gradients in seismic properties caused by
the mineral transformation of clinopyroxene/garnet to calcium per-
ovskite and garnet for the phase equilibria calculation for pyrolite,
harzburgite or MORB compositions (Figs S2 and S3). Only for
the piclogite composition and geotherms with potential tempera-
tures between 800 and 1000 °C, we find discontinuous increases
in seismic properties caused by the exsolution of calcium per-
ovskite, occurring at temperatures of 400—600 K colder relative to
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average mantle geotherms (Fig. S3b). For the remaining geotherms,
we observe smooth wave velocity and density variations instead
of discontinuities. However, available data on element partitioning
have significant influence on the detailed seismic structure across
phase boundaries. Based on the database of elastic properties and
the solid-solution model by Stixrude & Lithgow-Bertelloni (2011),
our observations of single reflectors at 490-530 km depth are more
consistent with the wadsleyite to ringwoodite phase transition as
discussed by Saikia et al. (2008), with temperatures between av-
erage mantle temperature and up to 400 K colder than the average
mantle temperature (Fig. S3b).

6.4 The 660 km discontinuity

We observe single PP and SS underside reflections off depths around
660 km spread over the entire investigation area and an accumula-
tion of PP and SS underside reflections off 640-740 km depth be-
neath Tibet and Northern China (Figs 5d,e and 6). We have more
non-detections than detections of P°° P and $%6°S. In previous stud-
ies undertaken in various regions of the Earth, stacks of underside
reflected PP and SS waveforms generally show robust detections of
PP §41085 and S90S, while P*OP is frequently absent (Estabrook
& Kind 1996; Rost & Weber 2002; Deuss 2009). Deuss et al.
(2006), Thomas & Billen (2009) and Schmerr & Thomas (2011)
show complex patterns of P%°P detections and non-detections.
Non-detections of P°°P can be generated by lower density and ve-
locity jumps at 660 km depth than in PREM or IASP91 (Estabrook
& Kind 1996; Shearer & Flanagan 1999). The changes of density
and velocity jumps of these models at 660 km depth have a similar
order of magnitude indicated by recent thermodynamic modelling
(e.g. Vacher et al. 1998; Cobden et al. 2008).

Four factors can contribute to non-observations of PP and SS
underside reflections: (i) interference with other seismic phases, (ii)
destructive interference of reflections off two closely spaced reflec-
tors, (iii) wavefield focusing or defocusing due to non-planar or in-
clined reflectors (Neele & Snieder 1992; Neele et al. 1997; Chaljub
& Tarantola 1997) and (iv) the sharpness of the discontinuities. In-
terfering seismic phases, for example, source-side or receiver-side
reflections and conversions arriving after the P/Pgiy, S/Sqir arrivals
and with similar horizontal slowness values, may hinder observa-
tions for a distance range of 90—115° (e.g. Shearer 1991; Schmerr &
Garnero 2006; Deuss 2009). Side lobes of the slant stacked arrivals
of source-side or receiver-side reflections and conversions could
destructively interfere and obscure PP and SS underside reflections
off the 410 or the 660 km discontinuity. Destructive interference
could also produce a null observation at the 660 km discontinuity,
if the depth spacing of the reflectors causes the sidelobes of the
precursory reflections to overlap deconstructively in time.

The topography of a reflector can lead to focusing or defocus-
ing of the PP and SS wavefield and complicate measurements of
reflection depth, amplitude and waveform (Neele & Snieder 1992;
Chaljub & Tarantola 1997; Neele et al. 1997). Deflections of the
660 km discontinuity to deeper depths could focus seismic energy
and increase the amplitude of the underside reflection by 50 per cent.
Deflections of the 660 km discontinuity to shallower depths could
defocus seismic energy and decrease the amplitude of the underside
reflection by 50 per cent (Chaljub & Tarantola 1997). Underside re-
flections of the 660 km discontinuity have been observed in regions
of positive wave velocity anomalies in seismic tomography models,
and have been interpreted as subducting slabs impinging on the
bottom of the mantle transition zone (e.g. Deuss 2009; Thomas &

TZ structure beneath India and Western China 407

Billen 2009; Schmerr & Thomas 2011). However, observations of
P5%°P are scarce away from subducting slabs (Deuss 2009; Thomas
& Billen 2009; Schmerr & Thomas 2011). The 2.5-D or 3-D mod-
elling of P!P and SS waveforms and their detection with array
seismic methods is beyond the scope of this paper. Recent wave-
form modelling studies demonstrate the significance of considering
topography on seismic reflectors in the mantle (e.g. Bai et al. 2012;
Zheng & Romanowicz 2012; Hempel et al. 2013).

The P- or S-wave impedance contrast or the reflector thickness
could affect the detectability of PP and SS underside reflections.
Estabrook & Kind (1996) suggest a modified version of IASP91
(Kennett & Engdahl 1991) with 50 per cent reduced P-wave velocity
contrast at 660 km depth. This leads to low PP underside reflection
coefficients over the distance range used in their global PP precursor
stacks. Shearer & Flanagan (1999) give an additional model with
a comparable P-wave impedance contrast at 660 km depth. Rost
& Weber (2002) investigate a range of 1-D earth models for non-
observations of P°P for short-period (1 s) PP waves, and find that
if the P-wave impedance jump is less than 9 per cent for a sharp
discontinuity, or that the discontinuity is thicker than 12 km, then
PP cannot be detected.

Based on the synthetic seismic profiles computed in this study,
we find that, for a variety of compositions and geotherms, plane
wave PP and SS underside reflection coefficients at ~660 km depth
are sensitive to the incidence angle and hence epicentral distance
between source(s) and receivers. We compare these results with PP
and SS underside reflections of the 660 km discontinuity of PREM
(Dziewonski & Anderson 1981) and ak135 (Kennett ef al. 1995;
Fig. 8) since these models can represent over 90 percent of the
global seismic data (e.g. Cobden et al. 2008). PREM and ak135
are globally averaged models which can be reasonably explained
by the seismic properties of pyrolitic mantle composition following
the adiabatic 1300 °C potential temperature geotherm (Weidner
1985; Ita & Stixrude 1992; Jackson & Rigden 1998). However,
there is evidence for bias of these models due to 3-D structural
heterogeneity, for example, subducting slabs (e.g. Cammarano e al.
2005; Cobden et al. 2008).

Using a pyrolite composition and the temperature profile of a
1300 °C adiabat, we observe that PP underside reflection coeffi-
cients have a minimum within our distance range of 85-115°. The
reflection coefficients are significantly smaller than those of the
660 km discontinuity in PREM and ak135 for all incidence angles
(Fig. 8a). Reflection coefficients of SS precursors show a higher
sensitivity to incidence angle, and hence epicentral distance, than
PP precursors, with a strong increase in amplitude for epicentral
distances larger than 100° (Fig. 8b). We observe similar patterns
for the distance-dependence of P*°P and S°°S underside reflection
coefficients for other combinations of compositions and mantle
temperatures.

The distance-dependent behaviour of reflection coefficients at
seismic discontinuities at ~660km differs from the distance-
dependent behaviour at the 410 km discontinuity. We find that the
410km PP and SS underside reflection coefficients are less sensi-
tive to incidence angle (i.e. distance) than at 660 km depth, for both
our set of thermochemical models and the seismic reference models
PREM and ak135 (Figs 8c and d). Reflection coefficients for the
olivine to wadsleyite phase transition range from 2 to 2.5 per cent for
PP waves, and 2.5 to 4 per cent for SS waves, with similar values for
ak135. For PREM the reflection coefficients are around 1.5 per cent
for PP waves, and range between 1 and 1.8 per cent for SS waves.
The dependence of the PP and SS underside reflection coefficients
on the incidence angle for the 660 km discontinuity could be an

QUIBAON U0 SPas 10 A1sieAlun e /Bio'sfeuinolpaogxo’1iB;/:dny woly pepeojumoq


http://gji.oxfordjournals.org/

408  S. Lessing et al.

(@) PP reflectivity of rg — mw + pv (pyrolite)

0.10 T T T T T T T T
0.09 |- 3888 5 1
T T T
= 008] DO 1
3 0.07 ]
=
8 0.06 ]
o
S 005} .
5
o 0.04F 8
T N
o 003} N .
o
& 0.02| ~—" .
. N
0.0 S
000 ....... IFFETEETIT IFTETETT Loataaaailigg 1 aliay Lo Lo
0 10 20 30 40 50 60 70 80 90
Incidence angle (°)
= rg — mw + pv (pyrolite), 1300°C mantle adiabat
= AK135
= PREM
(c) PIP reflectivity of ol — wd (pyrolite)
0.10 prrerrrrer rerrrr rrrrre
0.091 8988
I
2 008f HuNES
'S 0.07 |
8 0.06
o
& 005
8 0.04 \
2 0.03 N
n YV NN
N
2 002 0| | T
0.01
0.00 1 1 1 L 1 1 1 1
0 10 20 30 40 50 60 70 80 90

Incidence angle (°)

= ol — wd (pyrolite), 1300°C mantle adiabat
= AK135
= PREM

(b) SIS reflectivity of rg — mw + pv (pyrolite)

0.10 T T T T T T T T
0.09 |- 8% &8 g 1
XS e e
2 008k Na e S ]
S 007 \ 1
g 008 -_\ .
o
§ 0.05F N .
B
3 0.04 _\ ]
*q:, N
¢ 003f AN :
@ 0021 .
0.01
000 ......... | FETTET Loy Lot 1 \)n ||||||||| Lo Loy
0 10 20 30 40 50 60 70 80 90
Incidence angle (°)
= rg — mw + pv (pyrolite), 1300°C mantle adiabat
= AK135
= PREM
(d) SIS reflectivity of ol — wd (pyrolite)
0.10 e rrrTrrTTT
0.09 | 88883
T
2 oosf 5 3 2R
‘S 0.07
8 006
o
& 005 —————_
© \\
o 004 ™~
e 0.03 \\\\
8. h
]
0.02 g
0.01
000 1 1 L |

0 10 20 30 40
Incidence angle (°)
= ol - wd (pyrolite), 1300°C mantle adiabat

= AK135
= PREM

Figure 8. Comparison of PP and SS underside reflection coefficients for the seismic discontinuity caused by the dissociation of ringwoodite (rg) to magne-
siowuestite (mw) and perovskite (pv) and for the seismic discontinuity caused by the olivine (ol) to wadsleyite (wd) phase transition. The reflection coefficients
are calculated for increases of density, P- and S-wave velocity for pyrolite mantle composition, following the 1300 °C potential temperature adiabat. PP and
SS underside reflection coefficients for PREM (Dziewonski & Anderson 1981) and ak135 values for jumps of the density, P- and S-wave velocity at the
660 km discontinuity are plotted for comparison. Vertical dashed lines indicate incidence angles at a plane reflector for the given epicentral distances. The
available distance range of this study is indicated by the grey-shaded area. (a) PP underside reflection coefficient as the function of the incidence angle for the
seismic discontinuity caused by the dissociation of ringwoodite (rg) to magnesiowuestite (mw) and perovskite (pv). (b) SS underside reflection coefficient as
the function of the incidence angle for the same seismic discontinuity in (a). (¢) PP underside reflection coefficient as the function of the incidence angle for
the seismic discontinuity caused by the olivine (ol) to wadsleyite (wd) phase transition. (d) SS underside reflection coefficient as the function of the incidence

angle for the same seismic discontinuity in (c).

additional contribution to the mechanisms causing non-
observations of P?°P and $°°S. However, since we do not observe
a systematic change in the visibility of the reflections as a function
of epicentral distance this cannot be the dominant factor involved.

Beneath Tibet and Western China, we observe PP and SS un-
derside reflections at ~700—740 km depth, which apparently bend
downward in the cross-sections A—A’ and C—C’ (Figs 6a and c).
Given a maximum uncertainty of £8km on the inferred reflector
depths, these reflectors clearly lie deeper than 660 km. One expla-
nation of these observations could be the presence of a seismic
discontinuity associated with the garnet to perovskite phase tran-
sition. This interpretation for deep reflectors has previously been

suggested by Deuss et al. (2006) beneath Canada and Greenland, by
Cao et al. (2010, 2011) beneath the Northern Pacific and by Day &
Deuss (2013) beneath East Africa. If these reflectors would be due
to thermal effects of the garnet to perovskite phase transition only,
the reflector depths would correspond to a temperature difference of
—600 to —150 K with respect to the average mantle geotherm using
our Perple_X calculations (Fig. S3¢). However, note that the garnet
to perovskite transition has one of the least constrained Clapeyron
slopes among the mineral transformations of the mantle transi-
tion zone. Slopes between +2 to +6 MPa K~! have been reported
(Cao et al. 2011 and references therein). The garnet to perovskite
phase transition may occur over a broad depth range of ~100 km.
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However the finalisation of the garnet to perovskite phase transition
for MORB, pyrolitic and piclogitic compositions occurs within a
narrow depth range of ~ 2km, thus giving rise to discontinuous
jumps of wave velocities and density in our calculations (Figs S3c,d
and f; Fig. S4). Note that harzburgite does not have a garnet to
perovskite phase transition, due to its aluminum depletion.

A possible mechanism for garnet enrichment at these depths
is subducted garnet-rich crust, which can be segregated from the
underlying oceanic lithospheric mantle during subduction, and is
neutrally buoyant beneath the mantle transition zone (Ringwood
1967; Anderson 1979; Ringwood & Irifune 1988; Karato 1997; Lee
& Chen 2007): Major parts of the basaltic oceanic crust transform
into eclogite at ~40 km depth (e.g. Stern 2000) and a thin layer of
serpentinite may act as a weak zone between lithospheric mantle and
eclogitized oceanic crust (e.g. Stern 2000; Poli & Schmidt 2002).
Due to higher density of the eclogitized oceanic crust compared
to the underlying lithospheric mantle, shear stresses may segregate
oceanic crust from the lithospheric mantle along the serpentinite
layer. The eclogitized mineral assembly undergoes phase transitions
into a garnet-rich assembly (garnetite) between 400 and 800 km
depth and becomes buoyant between 660 and 800 km depth. We
find relative density differences of —1 to —4 per cent between MORB
and pyrolite between 660 and 800 km depth in our thermodynamic
calculations. Lee & Chen (2007) suggest that patches of garnetite
material may then accumulate beneath the 660 km discontinuity,
leading to a garnet rich zone and reflectors at ~660—800 km depth.
In our study region, the source for oceanic crust residing below the
mantle transition zone north of Tibet could be remnants of crust
of the Tethys Ocean between India and the Tibet-forming terranes
(Yin & Harrison 2000; Haines et al. 2003).

As for the 410 km discontinuity, our thermodynamic modelling
does not account for effects of water content on phase equilibria
near ~660 km depth. Water can affect the depth and the thickness
of the dissociation of ringwoodite (e.g. Litasov et al. 2005b) since
it can incorporate a large amount of hydrogen in its structure (e.g.
Kohlstedt et al. 1996). The incorporation of hydrogen into ring-
woodite can expand its stability field to higher pressures compared
to the anhydrous system (e.g. Litasov et al. 2005b). Experiments
by Ghosh ef al. (2013) in anhydrous and hydrous Mg,SiO, of Fe-
free harzburgitic composition show that 2 wt% H,O results in a
shift of the phase boundary from 22.1 GPa to 23.4-23.6 GPa at
1500 K compared with anhydrous Mg, SiO4 and hydrous pyrolite.
The Clapeyron slope of the dissociation of ringwoodite for hydrous
Mg, SiO, decreases to —3.2 to —3.1 MPa K1, compared to —0.4 to
—0.7 MPa K~! for anhydrous Mg, SiO,4. Hence, increased water con-
tent at ~660 km depth could possibly lead to observations of P*°P
and S°°Sunderside reflections off deeper depths than for anhydrous
systems. Since we observe single reflectors at 660—700 km depth
beneath Western China, water bearing ringwoodite could possibly
be present at the bottom of the mantle transition zone in this area.

Observations of complicated seismic structure at ~660 km depth
beneath Tibet have also been seen in stacks of broad-band SS wave-
forms (Heit et al. 2011) for which a similar combination of sources
and receivers was used. The SS stacks show complex patterns of
S%0S reflections on a corridor from Tibet to the Kurile subduction
zone near 90°E and 100°E (see figs 8 and 10 in Heit ef al. 2011).
The reflecting surface appears to be discontinuous, with patches of
increased reflectivity and showing deflections down to 700 km near
95°E. Additionally, receiver function profiles by Kind ef al. (2002)
also show lateral variations of conversion depths and amplitudes
of the P660s signals in the mantle transition zone (see fig. 3b in
Kind et al. 2002). Between 33°N and 37°N the P660s conversion is
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underlain by P-to-S converted energy at 700—750 km depth which
coincides with the location of our observations of PP and SS un-
derside reflections off 700—740 km depth. Hence our observations
are compatible with previous studies of the 660 km discontinuity in
this region based on independent data sets.

7 CONCLUSIONS

The topography of upper-mantle and mantle transition zone discon-
tinuities beneath India and Western China was imaged using array
seismic methods applied to PP and SS underside reflections. The
results show deep reflectors of P*'°P and $*'°S from the olivine to
wadsleyite phase transition beneath Tibet, Western China and India
at depths of 410440 km depth, elevated to 370-390 km beneath the
Tien Shan region and Eastern Himalayas, probably as a response to
cold, subducting lithosphere.

The data set contains several non-detections of P°°P and S
underside reflections. From our computed phase equilibria and pro-
files of seismic velocities and density, we find that the reflectivity
off seismic discontinuities at ~660 km depth is sensitive to inci-
dence angle and has minima within the distance range of our data
sets. This indicates that the combination of sources and receivers
of this study could be unfavourable for illuminating the detailed
structure of the existing discontinuity structure. Nonetheless, we
observe deep reflections at 660—700 km depth beneath Northern
China where we also observe intermittent PP and SS underside re-
flections off ~520 km depth. We find a deeper reflector between 700
and 740 km depth, that is, below the mantle transition zone, beneath
Tibet. These seismic reflectors could be explained by the garnet to
perovskite phase transition which could possibly be caused by the
presence of MORB material due to segregated oceanic crust beneath
Tibet, forming a neutrally buoyant garnet-rich layer at the top of the
lower mantle. Our observations of reflectors at ~700—740 km depth
in this region are consistent with previous studies of SS waveforms
and receiver functions.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Figure S1. Thermodynamic modelling with Perple_X. (a) Scheme
of thermodynamic modelling and forward modelling of seismic
properties with Perple_X (Connolly 2005) using the database of
elastic properties and the solid solution model of Stixrude &
Lithgow-Bertelloni (2011). (b) 7-z profiles for adiabats with po-
tential temperatures between 800 and 1500 °C (calculated after
Cobden et al. 2008). The red adiabat indicates the 1300 °C po-
tential temperature adiabat and is denoted as the average mantle
geotherm.
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Figure S2. Profiles of seismic properties for harzburgite, pyro-
lite, piclogite and MORB mantle compositions along the adia-
bats of figure S1b around 520 km depth, calculated with Perple_X.
(a) P-wave velocity. (b) S-wave velocity. (c) Density.

Figure S3. Transition pressure and depth of mineral transforma-
tions for possible bulk mantle compositions around 410, 520 and
660 km depth. The error bars indicate a pressure uncertainty of
0.6 GPa (Smyth & Frost 2002). The Clapeyron slopes of the min-
eral transformations are fit as the linear regression of the transi-
tion pressures. (a) Mineral transformations around 410 km depth.
ol: olivine, wad: wadsleyite. (b) Mineral transformations around
520 km depth. wad: wadsleyite, rg: ringwoodite, cpx: clinopyrox-
ene, capv: calcium perovskite. (c) Mineral transformations around
660 km depth for pyrolite mantle composition. rg: ringwoodite, gt:
garnet, il: ilmenite, mw: magnesiowuestite, pv: perovskite. (d) Same
as (c), but for piclogite mantle composition. (¢) Same as (c), but
for harzburgite mantle composition. (f) Same as (c), but for MORB
mantle composition.

Figure S4. Profiles of seismic properties for harzburgite, pyro-
lite, piclogite and MORB mantle compositions along the adia-
bats of figure S1b around 660 km depth, calculated with Perple_X.
(a) P-wave velocity. (b) S-wave velocity. (c) Density.

Table S1. Data Sources, total number of array data sets used for
investigating PP and SS underside reflections, number of data sets
with visible PP or SS waveforms and number of array data sets with
underside reflections. No events are used when the last column is
marked with a —.

Table S2. Event locations of earthquakes showing PP and SS un-
derside reflections off mantle transition zone discontinuities. Earth-
quake parameters are from the Preliminary Determination of Earth-
quakes (PDE) catalogue of the NEIC. Events with a — for all re-
flectors show no underside reflections despite good data quality.
Reflectors in the columns denoted with ‘dX’ refer to reflectors
apart from the reflections off the 410 or the 660 km discontinuity.
For network abbreviations use Table S1.

Table S3. Bulk chemical compositions used for the computation of
phase equilibria with Perple_X.

Table S4. Overview on the range of bulk chemical compositions of
pyrolite, piclogite, harzburgite and MORB. Compositions marked
with * denote bulk chemical compositions given in weight percent-
ages.

Table S5. Clapeyron slopes of mineral transformations as de-
rived for the used compositions in Table S3 by the Perple_X cal-
culations of this study (http://gji.oxfordjournals.org/lookup/suppl/
doi:10.1093/gji/ggt511/-/DC1).

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the article.
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