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Seismic S-wave receiver functions (SRF) are a uniquely powerful tool for imaging velocity discontinuities 
within the upper mantle. SRF data frequently contain negative phases at depths between ∼80 and 
100 km within the continental lithosphere, indicative of large and sharp velocity drops at these 
depths. In young, actively tectonic areas with thin lithosphere, this feature is generally interpreted 
as the lithosphere–asthenosphere boundary. However, in tectonically stable areas it occurs within 
the continental lithospheric mantle and has been termed the mid-lithosphere discontinuity (MLD). 
A significant velocity drop at such depths is unexpected and its cause is unknown. In this manuscript, 
we summarise the current observations and assess the main mechanisms that could produce such 
a feature. We find that changes in mantle iron content (Mg#) and elastically-accommodated grain-
boundary sliding are unlikely to result in sufficiently large velocity decreases to produce an observable 
SRF response, while partial melt will generally only exist at greater depths within stable lithosphere. 
Radial and azimuthal seismic anisotropy are both capable of producing negative SRF phases. However, 
azimuthal anisotropy will not produce consistently negative phases independent of back-azimuth. Some 
geometries of radial anisotropy can produce consistent negative phases but such geometries are not 
observed universally and are hard to explain tectonically. Low-velocity minerals can cause sharp and large 
decreases in seismic velocity. Amphibole-rich layers are likely to form at MLD depths in metasomatised 
regions, making amphibole a possible cause for the MLD. However, some xenolith sections contain no 
amphibole, suggesting this may not be a universal explanation. A careful assessment of SRFs shows 
that the continental lithospheric mantle generally contains numerous positive and negative velocity 
discontinuities and is spatially heterogeneous. Long-period band-pass filtering can combine smaller 
features and may lead to the appearance of a larger and more coherent velocity decrease at the MLD 
than actually exists. We propose that many of the assessed mechanisms may be acting at different depths 
in different locations to produce numerous velocity discontinuities. The large MLD phase is likely to be 
commonly associated with amphibole but on current evidence there is no universal cause for the MLD.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Where seismic shear-wave receiver function (SRF) studies (Farra 
and Vinnik, 2000; Zhou et al., 2000) have been carried out in the 
continents, they have consistently observed a decrease in seismic 
velocity at depths between ∼60 and ∼160 km and generally be-
tween ∼80 and 100 km (Fig. 1) (e.g. Abt et al., 2010; Chen, 2009;
Ford et al., 2010; Foster et al., 2014; Heit et al., 2007; Kumar et al., 
2013; Savage and Silver, 2008; Sodoudi et al., 2013; Wittlinger 
and Farra, 2007; Wölbern et al., 2012). In some areas this seismic 
velocity decrease appears to be continuous between tectonically 
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active areas and tectonically stable areas, such as across west-
ern USA (Foster et al., 2014) and across Australia (Ford et al., 
2010). In tectonically active areas with thin lithosphere (∼100 km
thick), the velocity drop is generally interpreted as the lithosphere–
asthenosphere boundary (LAB) (e.g. Ford et al., 2010; Foster et al., 
2014; Heit et al., 2007). However, in stable continental and cra-
tonic areas the lithosphere is ∼150 to 300 km thick (Artemieva 
and Mooney, 2001; Carlson et al., 2005; Griffin et al., 2009; Jordan, 
1978, 1988; Li et al., 2008; Schaeffer and Lebedev, 2013) and the 
cause for the velocity drop at ∼80–100 km is not so clear. Indeed, 
it has been interpreted as a possible lithosphere–asthenosphere 
boundary (LAB) even in cratons (Rychert and Shearer, 2009), which 
is at odds with xenolith thermobarometry, heat flow and other 
geophysical data. It is therefore now widely agreed that this ve-
locity reduction occurs at mid-lithospheric depths and it has been 
termed the mid-lithospheric discontinuity (MLD) (Abt et al., 2010).
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Fig. 1. Map of global observations of SRF data showing the depth to the largest negative phase beneath the Moho. Data are from North America (Abt et al., 2010; Rychert 
et al., 2007), Australia (Ford et al., 2010), South America (Heit et al., 2007), Africa (Hansen et al., 2009; Wölbern et al., 2012) and India (Kumar et al., 2013). Full coordinates 
are in the Supplementary Information. The mapped phases include those interpreted as the LAB (generally in actively deforming continental settings) or the MLD (generally 
in tectonically stable continental settings). Boxes A, B, C and D show the locations of dense station networks in Scandinavia (Kind et al., 2013), China (Chen, 2009, 2010), 
South Africa (Sodoudi et al., 2013) and western USA (Foster et al., 2014) for which SRF data have been published only as profiles. Although these cannot be displayed on this 
map, they show similar features to the single-station data, with large negative phases generally in the range of ∼80 to 100 km.
The presence of a sharp drop in velocity at mid-lithospheric 
depths in stable continents is unexpected and intriguing. Mantle 
xenoliths suggest that the compositions and geotherms of stable 
continents generally vary smoothly at mid-lithospheric depths (e.g. 
Carlson et al., 2005; Griffin et al., 2009) and provide no obvious 
cause for such a significant velocity drop. The apparent univer-
sality of the MLD in continental lithosphere (within the limits of 
current observations) makes a universal explanation for its cause 
desirable but mantle xenoliths and geophysical data show that 
the varied tectonic histories of cratons have resulted in hetero-
geneous lithospheric mantle (Rudnick et al., 1998; Selway, 2014;
Silver, 1996). Moreover, the apparent contiguity of the velocity 
drop between tectonically active and stable regions raises the 
question of whether a single mechanism also applies to active 
areas although they have very different geotherms, compositions 
and tectonic histories than cratons. Therefore, while the cause for 
the MLD is not immediately clear from our current understanding 
of continental evolution, this very fact makes it an exciting new 
observation that has the potential to significantly develop our un-
derstanding. In this contribution, we will summarise and describe 
the SRF observations and assess their possible causative mecha-
nisms in terms of seismic implications and geological feasibility.

2. Summary of seismic observations

Seismic body waves are either compressional ‘P’ waves, where 
particle motion occurs in the direction of energy propagation or 
shear ‘S’ waves where particle motion occurs perpendicular to the 
direction of propagation. When a P or SV (vertically polarised S) 
wave encounters a sharp, isotropic velocity contrast, some of the 
transmitted energy is converted into the opposite wave type, i.e.
P to SV (Ps wave) and SV to P (Sp wave) (Fig. 2). P waves travel 
faster than S waves so distinct primary (S or P) and converted (Sp 
Fig. 2. When incident on a velocity discontinuity, some P wave energy will be con-
verted to S wave energy (Ps wave) while some S-wave energy will be converted to 
P-wave (Sp wave) energy. Analysis of these converted waves at a seismic station (re-
ceiver) is referred to as the P-wave receiver function method (PRF) and the S-wave 
receiver function method (SRF) respectively.

or Ps) waves will be recorded at the Earth’s surface. In the receiver 
function (RF) method, the depth to the velocity contrast is deter-
mined by measuring the difference in arrival times and estimating 
the subsurface velocity structure (Julià, 2007; Kind et al., 2012;
Langston, 1979; Rychert et al., 2007; Yuan et al., 2006). Primary 
P waves with converted Ps waves are P-receiver functions (PRFs) 
while primary S waves with converted Sp waves are S-receiver 
functions (SRFs). RF data have significantly better depth resolution 
of velocity contrasts (±10 to 15 km) than surface wave tomogra-
phy (±∼30 to 50 km) and body wave tomography (>50 km).

PRFs are of limited use for determining lithospheric mantle 
structure since crustal P-wave reverberations (multiples) arrive at 
similar times to the slower Ps waves from mantle velocity con-
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Fig. 3. (a) Calculated SRFs from stations WRAB (North Australia Craton) (Ford et al., 
2010), ULM (Superior Craton) (Abt et al., 2010), YKW3 (Slave Craton) and BOSA 
(Kaapvaal Craton) (Wittlinger and Farra, 2007). Thick black line corresponds to the 
mean of the bootstrapped SRF and thin grey lines are the confidence intervals. Pos-
itive amplitudes are shown in pale grey while negative amplitudes are shown in 
dark grey. All four SRFs are scaled identically with an amplitude scale shown on the 
right. Black box with white outline in each SRF corresponds to the MLD phase be-
ing modelled in part (b). (b) Range of gradient thicknesses (within the confidence 
intervals) needed to match the amplitudes of the phases marked in (a) for assumed 
velocity reductions of 4%, 7% and 10%.

trasts (e.g. Rychert et al., 2007). In contrast, SRFs are ideal for 
determining mantle structure since the faster converted Sp waves 
arrive before the primary S waves and are therefore distinct from 
any crustal multiples. The SRF technique has only been used in 
any significant way since the year 2000 (Farra and Vinnik, 2000;
Zhou et al., 2000) so the coverage of seismic stations with SRF 
data, while rapidly growing, does not yet extend to all geological 
regions. The negative phases observed in continental data at mid-
lithospheric depths (Fig. 1) will be produced when seismic waves 
travel from a slower underlying layer to a faster overlying layer in 
a seismically isotropic setting.

The amplitude of an SRF phase is controlled by the magnitude 
and thickness of the velocity change, with higher amplitudes being 
produced by larger velocity contrasts and/or sharper velocity gradi-
ents. Where reported, velocity reductions associated with the MLD 
range from ∼3% in the western USA (Lekić and Fischer, 2014) and 
Kalahari Craton (Sodoudi et al., 2013) to over 10% in the Tanzanian 
Craton (Wölbern et al., 2012) (see Supplementary Information). 
Such magnitudes are comparable to or larger than velocity reduc-
tions observed at the continental LAB (Ford et al., 2010; Rychert 
et al., 2007; Sodoudi et al., 2013). Thicknesses of the velocity con-
trast are generally no more than 30 km to 40 km (Ford et al., 2010;
Lekić and Fischer, 2014; Wölbern et al., 2012). We show four 
representative RF traces from cratonic regions in Fig. 3: station 
WRAB (North Australia Craton, MLD 81 ± 14 km) (Ford et al., 
2010), station ULM (Superior Craton, MLD 105 ±12 km) (Abt et al., 
2010), station YKW3 (Slave Craton, MLD 79 ± 18 km) and station 
BOSA (Kaapvaal Craton, MLD 78 ± 36 km) (Wittlinger and Farra, 
2007), together with their calculated velocity contrasts and gra-
dients, which fall within the published ranges. There is a limited 
range of phenomena that can physically account for such veloc-
ity reductions, all of which have been invoked by various au-
thors to explain observed MLDs. They fall into three categories: 
(1) thermal phenomena, including the presence of partial melt and 
sub-solidus seismic relaxations in rocks, (2) compositional phe-
nomena, including a reduction in mantle iron content and the 
presence of low-velocity minerals and (3) anisotropic phenomena, 
including changes in the geometry of radial and azimuthal seis-
mic anisotropy. For the remainder of this paper, we will examine 
these proposed causes and assess them in terms of their physical 
plausibility and relationship to known geological processes.

3. Thermal cause

Temperature is the primary control on S-wave velocity in litho-
spheric mantle peridotites (Hughes and Cross, 1951) and the ap-
proximately consistent depth of the MLD across different cratons 
with similar geotherms suggests a thermal cause is possible. How-
ever, there are challenges to any purely thermal mechanism. Sig-
nificant MLD topography is observed within cratons in some lo-
cations (e.g. eastern USA; Miller and Eaton, 2010) which suggests 
some non-thermal influence since cratonic geotherms are unlikely 
to have sharp lateral variations (Jaupart and Mareschal, 2011). 
Additionally, since temperature varies gradually and smoothly in 
cratonic lithospheric mantle, resulting variations in seismic wave 
velocities should also be gradual and smooth. Thermal causes are 
also unable to explain the contiguity between the on-craton and 
off-craton SRF phases. The two proposed mechanisms assessed be-
low involve thermally-controlled phenomena that have a sharp 
onset, namely partial melting and elastically-accommodated grain-
boundary sliding (GBS).

3.1. Option 1: partial melt

Seismic velocities are reduced in the presence of partial melt 
and several authors have suggested that a partial melt layer may 
be responsible for the MLD (Kumar et al., 2012; Thybo, 2006;
Thybo and Perchuć, 1997). A comparison between experimen-
tal solidus temperatures (Dasgupta and Hirschmann, 2010; Green 
et al., 2010; Hirschmann, 2006; Till et al., 2012) and standard con-
tinental geotherms (e.g. Artemieva, 2009) shows that it is only 
possible for partial melt to exist at MLD depths if the litho-
spheric composition is rich in volatiles and/or if the MLD is deeper 
than average (>150 km) (Fig. 4). The only experimental solidus 
that crosses cratonic geotherms at the depth of most MLD ob-
servations is for an undepleted, chlorite-rich, water over-saturated 
composition (Till et al., 2012) that is unrepresentative of de-
pleted and volatile-poor cratons (e.g. Griffin et al., 2009). One of 
the deepest interpreted MLDs, at ∼150 km depth, is at station 
BOSA in the Kaapvaal Craton, South Africa (Hansen et al., 2009;
Wittlinger and Farra, 2007) (Fig. 2) and is therefore one of the 
most likely MLDs to be caused by partial melt. Since partial melt is 
electrically conductive compared to crystalline rock, we tested the 
feasibility of a melt layer by comparing magnetotelluric (MT) data 
from nearby station KAP025 (Moorkamp et al., 2010) with forward 
models of Kaapvaal lithosphere containing a partial melt layer at 
150 km depth. Electrical conductivity of the melt was calculated 
assuming a basaltic composition with water contents 3 to 6 wt% 
at 1150 ◦C (Ni et al., 2011), while crystalline rock conductivity was 
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Fig. 4. Experimental solidus temperatures (Dasgupta, 2013; Dasgupta and 
Hirschmann, 2010; Green et al., 2010; Hirschmann, 2006) and standard continen-
tal geotherms (e.g. Artemieva, 2009). Grey shaded area represents the depth range 
of most MLD observations, which are at least 150 ◦C below any solidus tempera-
tures. MLDs at depths >150 km could be explained by partial melt in a volatile-rich 
setting.

taken from 1D MT inversions (Supplemental Information). This cal-
culation is conservative since carbonatite melt is more likely to 
be present and has higher conductivity than basaltic melt (Sifré 
et al., 2014). The melt proportion necessary to produce the MLD 
is likely to be at least 2% (e.g. Hammond and Humphreys, 2000). 
All models produce a characteristic peak in the MT phase that is 
not observed in station data (Fig. 5), suggesting that a partial melt 
layer is not responsible for the deep MLD at BOSA. Such a peak is a 
general feature of MT data responding to a conductive layer within 
a more resistive background and is not commonly observed in cra-
tonic MT data (Selway, 2014). Additionally, our calculations (Fig. 3) 
and those of Sodoudi et al. (2013) do not image an MLD at such 
depths at BOSA. More generally, even assuming that the Till et al.
(2012) solidus applies to cratonic upper mantle worldwide, there 
is no obvious reason why melt, migrating by porous flow in peri-
dotite, should accumulate to significant porosities at 80–100 km 
depth. While new observations could discover deep MLDs caused 
by partial melt, current evidence suggests that shallower MLDs and 
the deep MLD at BOSA are not caused by partial melt.

3.2. Option 2: elastically accommodated grain-boundary sliding

The seismic velocity of mineral aggregates decreases with in-
creasing temperature as their behaviour transitions from elas-
tic to anelastic. Raj and Ashby (1971) showed that there is a 
point in this transition where applied stresses produce elastically-
accommodated movement on grain boundaries due to their low ef-
fective viscosities, termed elastically-accommodated grain-bound-
ary sliding (GBS). This theory predicts a frequency and tempera-
ture-dependent peak in seismic attenuation (and an associated 
potentially sharp decrease in seismic velocity) that is superim-
posed on the more gradual, background velocity decrease (Fig. 6). 
Recent experimental data have begun to observe this attenua-
tion peak (e.g. Faul and Jackson, 2005; Jackson and Faul, 2010;
Jackson et al., 2014; Morris and Jackson, 2009; Sundberg and 
Cooper, 2010) and suggest that at seismic frequencies it should 
occur at a temperature of ∼1000 ◦C in olivine. This led Karato
(2012) to suggest that GBS could cause the MLD although most 
MLD occurrences occur between ∼700 and 900 ◦C (Fig. 4). This is 
an appealing suggestion since GBS appears to be a ubiquitous phe-
nomenon and therefore does not require different cratons to have 
similar geological histories.

To test whether GBS could produce the MLD, lithospheric 
mantle velocity profiles based on a Kaapvaal Craton geotherm 
(Artemieva, 2009) with average ‘Archon’ composition (Griffin et al., 
2009) incorporating a GBS velocity drop were constructed and re-
Fig. 5. Comparison between station data (Moorkamp et al., 2010) and the forward 
modelled response of a layer of between 2% and 5% basaltic partial melt containing 
between 3 wt% and 6 wt% water at 150 km depth at station KAP025 in the Kaapvaal 
Craton. The presence of melt produces a characteristic peak in MT phase that is not 
observed in the station data.

Fig. 6. Elastically accommodated grain-boundary sliding causes a frequency-
dependent peak in seismic attenuation. Shaded area represents the frequency band 
over which current experimental data extend, showing that the peak width is cur-
rently poorly constrained.

hford
Highlight
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Fig. 7. S-wave velocity–depth sections and resulting forward modelled SRFs for typ-
ical 200 km thick lithosphere incorporating the effects of elastically accommodated 
grain-boundary sliding, using formulations in Jackson and Faul (2010). (a) Shows
the variations resulting from changing the grain-size exponent between 0, 0.9 and 
1.3 while (b) shows the variations resulting from changing the peak width between 
0.25 and 8. GBS calculations were made at 0.5 Hz and the SRFs were band-width 
filtered at 0.05–0.5 Hz. No combination of parameters produces a negative phase 
large enough to be interpreted as the MLD.

sulting receiver functions were forward modelled. The GBS velocity 
profiles were based on Jackson and Faul (2010) (Supplementary In-
formation). Some key parameters in the GBS formulation remain 
poorly constrained. For instance, only the high-frequency edge of 
the peak has been observed so the peak width is poorly deter-
mined (Fig. 6). Experiments have all been carried out on aggregates 
with homogeneous grain-sizes but peak magnitude is likely to de-
crease by 50% if even two different grain sizes are present (Lee and 
Morris, 2010). Experimentally, larger grain-sizes exhibit a smaller 
attenuation peak, but some theoretical analyses assert that GBS 
should be independent of grain-size (e.g. Olugboji et al., 2013;
Sundberg and Cooper, 2010). Therefore, in producing the velocity–
depth sections, grain-size exponents ma = 0 (no grain-size sen-
sitivity), ma = 0.9 (preferred model in Jackson and Faul, 2010) 
and ma = 1.3 (preferred model in Jackson et al., 2014) and peak 
widths 0.25 ≤ σ ≤ 8 (preferred model in Jackson and Faul, 2010
has σ = 4) were tested. A typical cratonic lithospheric mantle grain 
size of 5 mm (e.g. Ave Lallemant et al., 1980) was assumed.

Velocity–depth sections show that the magnitude of velocity re-
duction is much larger if there is no grain-size dependence but the 
gradient of the velocity drop is only sharp if a peak width of 0.25 is 
assumed, which is significantly below current fits to experimental 
data (Fig. 7). The shear-wave velocity profiles were used to com-
pute SRFs using a propagator matrix method (Ford et al., 2010;
Keith and Crampin, 1977) and a simultaneous frequency domain 
deconvolution (e.g. Bostock, 1999) following the methodology out-
lined in Abt et al. (2010) using a bandpass filter of 0.05 to 0.5 Hz. 
Resulting SRF traces have either no or negligible negative phases 
(Fig. 7). The largest negative phase is produced by a peak width 
of 0.25 but its magnitude is significantly smaller than MLD ob-
servations (Fig. 3). Therefore, on the basis of current experimental 
results, it does not seem plausible that GBS is responsible for the 
MLD. This is especially true since current experimental results are 
for pure, homogeneous samples and the GBS peak magnitude will 
decrease and its width will increase for substances with hetero-
geneous grain-sizes and compositions. For this analysis to change, 
further experimental results would have to meet the following cri-
teria: (1) the peak width must be ∼0.25, (2) grain-size sensitivity 
must be ∼0, (3) the existence of heterogeneous grain-sizes (or 
grain-boundary viscosities) must not reduce the magnitude of the 
peak significantly.

4. Compositional cause

After temperature, major element chemistry (i.e. the ratio be-
tween Fe and Mg, Mg# = 100 Mg/(Mg + Fe)) is the main cause 
of velocity anomalies in lithospheric mantle peridotite (e.g. Schutt 
and Lesher, 2006). A younger, juvenile underplate with an in-
creased Mg# has been interpreted to be associated with the MLD 
in North America (Yuan and Romanowicz, 2010). Alternatively, 
large velocity decreases can be produced by low-velocity minerals, 
especially hydrous minerals produced through metasomatism (e.g. 
Connolly and Kerrick, 2002; Hacker et al., 2003). A layer of hydrous 
minerals has been interpreted as the cause for the MLD in sev-
eral places including the Kalahari Craton (Savage and Silver, 2008;
Sodoudi et al., 2013) and the Tanzanian Craton and East Africa 
Rift (Wölbern et al., 2012). A challenge for such compositional 
models is to reconcile them with models of craton formation 
and evolution. Models of craton formation, either through stack-
ing of subducted slabs or plume accretion, are unlikely to produce 
substantial changes in S-wave velocity at mid-lithospheric depths 
(Aulbach et al., 2007; Lee, 2006). Even if such features were pro-
duced during craton formation, different cratons have subsequently 
had very different tectonic evolutions (e.g. Carlson et al., 2005;
Griffin et al., 2009). Any compositional model for MLD as a global 
feature must address how that particular composition can exist in 
all stable continental lithosphere despite different patterns of tec-
tonism, melting, depletion and re-fertilisation.

4.1. Option 1: change in Mg#

Experimental data show that a change in Mg# of more than 5 
is needed to produce a velocity reduction of ∼2% (Priestley and 
McKenzie, 2006; Schutt and Lesher, 2006), which is smaller than 
the velocity reduction for most reported MLD observations. Mg# 
measurements from mantle xenoliths do not show evidence for 
such extreme variations in Mg# (Griffin et al., 2009), even in the 
Slave Craton which is distinctive and unrepresentative among cra-
tons for having strongly layered lithosphere (Griffin et al., 2004;
Kopylova and Russell, 2000). For instance, an MLD at ∼72 km
depth at station YKW3 in the northern Slave Craton (Ford, 2013) is 
close to a step decrease in Mg# (Kopylova and Russell, 2000) but 
this decrease is only from Mg# ∼93 to Mg# ∼92, corresponding 
to a velocity reduction of <1% at 3 GPa (Schutt and Lesher, 2006). 
In North America a juvenile underplate associated with a decrease 
in Mg# and a change in anisotropy has been interpreted to be the 
cause of the MLD (Yuan and Romanowicz, 2010) but there is no ev-
idence of a correlation between Mg# or anisotropy and MLD depth 
(Fig. 8). As in most continental lithosphere sections, the steep gra-
dient in Mg# occurs at depths greater than the MLD, near the base 
of the lithosphere. For example, Kaapvaal Craton Group 1 xeno-
lith Mg# are ∼92 to 93 from ∼90 to 160 km depth, followed by 
a sharp decrease to ∼89 at ∼180 km depth (Griffin et al., 2009;
Carlson et al., 2005). More broadly, Re–Os mantle xenolith ages 
from North America, the Pilbara Craton and the Kaapvaal Craton 
show that ancient lithospheric mantle exists both below and above 
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Fig. 8. Comparison between anisotropy direction (grey shading) (Yuan and Ro-
manowicz, 2010), Mg# (dashed contours) (Griffin et al., 2004) and MLD depth at 
station ULM (Abt et al., 2010) in North America. Yuan and Romanowicz (2010) pro-
posed that the North American MLD is caused by a juvenile lithospheric underplate 
that is associated with both a change in anisotropy (grey shading) and a sharp de-
crease in Mg#. However, there are no sharp decreases in Mg# at MLD depths and 
no clear relationship between anisotropy and Mg#.

MLD depths with no evidence for significantly juvenile underplates 
or voluminous metasomatism that could cause a large change in 
Mg# (Graham et al., 1999; Griffin et al., 2004; Richardson et al., 
2001). Mantle xenoliths therefore do not support a change in Mg# 
as the MLD cause.

4.2. Option 2: hydrous minerals

Hydrous mantle minerals have substantially slower seismic ve-
locities than the nominally anhydrous mantle minerals such as 
olivine, pyroxene and garnet (e.g. Hacker et al., 2003) and could 
therefore produce the velocity drops necessary to explain MLD 
observations. Although not compositionally dominant within the 
lithospheric mantle, hydrous minerals are commonly observed 
within mantle xenolith sections (e.g. Best, 1974b; Griffin et al., 
1984; Konzett et al., 2013) and are generally interpreted to have 
been produced through metasomatism.

For any hydrous mineral to cause the MLD, it must exist in a 
significant volume only at depths below the MLD; if it were to 
extend throughout the lithosphere it would not cause a discrete 
velocity decrease at the MLD. Amphibole is the only mineral likely 
to fulfil this criterion. Amphibole is stable in peridotite bulk com-
positions at a pressure of ≤ 3 GPa over a broad temperature and 
compositional range (Fig. 9) (Wyllie, 1987). Thus, the maximum 
pressure of amphibole stability corresponds to the depth of most 
MLD observations (Fig. 1). Ascending hydrous melt and/or aqueous 
fluids, in equilibrium with mantle peridotite, might first crystallise
amphibole at ∼3 GPa, forming a “crystallisation front” which is 
likely to extend over only a small depth interval due to the fast 
reaction kinetics in the mantle. In contrast, phlogopite, the other 
common hydrous mantle mineral, has much higher maximum 
pressure and temperature of stability (Fig. 9) (e.g. Frost, 2006;
Sweeney et al., 1993). The temperature independence of the am-
phibole stability field at 3 GPa suggests that amphibole could 
explain not only the MLD within cratons but also the velocity 
decrease at similar depths interpreted as the LAB in some active 
continental settings (Fig. 1).

To test whether amphibole could produce the MLD observa-
tions, we calculated the volume of amphibole that could be pro-
duced through the interaction between a bulk rock composition of 
either pyrolite (Ringwood, 1966) or abyssal peridotite (Dick, 1989)
and various compositions of aqueous fluid (pure water and the is-
land arc basalt fluid source of Ayers et al., 1997) or melt (Grand 
Canyon basanite lavas ‘1’ and ‘6’ from Best, 1970) to produce four 
Fig. 9. Stability fields of water-saturated and water-under saturated amphibole and 
of phlogopite (Frost, 2006) with a typical geotherm for 200 km thick, cratonic litho-
sphere (Artemieva, 2009) and the tectonically active eastern Australian geotherm
(O’Reilly and Griffin, 1985). Amphibole will crystallise at ∼3 GPa for most settings 
except those with very high geotherms and/or very hydrous compositions. Phlogo-
pite is representative of other hydrous minerals that will be stable over a broader 
depth range.

different compositions of amphibole (pure amphibole composi-
tions (Na, K)Ca2((Mg, Fe)4.5(Cr, Al)0.5)(Si6.5(Cr, Al)1.5)O22(OH)2 (horn-
blende) and (Na, K)Ca2((Mg, Fe)4(Cr, Al)(Si6(Cr, Al)2)O22(OH)2 (parg-
asite) and Grand Canyon amphiboles ‘2’ and ‘10’ from Best, 1970) 
(Fig. 10). We assumed that the entire mixture solidified to produce 
olivine + pyroxenes + spinel + amphibole, with the exception of 
any excess water. In the case where pure water interacted with an 
abyssal peridotite rock to produce pure pargasite, only 1.5% parga-
site is produced. However, the interaction between pure water and 
pyrolite produces 18% amphibole. All interactions involving either 
Ayers fluid or Grand Canyon melts produce amphibole contents 
>22%. Testing showed that small changes to the specific composi-
tion of the fluid, reactant and amphibole do not significantly affect 
these results. The highest amphibole contents (>50%) were pro-
duced when Grand Canyon basanite melt compositions were used 
to produce Grand Canyon amphiboles. From this analysis, velocity–
depth profiles incorporating amphibole were constructed. Kaapvaal 
Craton lithospheric mantle mineralogy, Mg# (Griffin et al., 2009, 
HP database) and geotherm (Artemieva, 2009) were used as base 
models. From the analysis described above, we took an average of 
25% amphibole from 75 km to 95 km depth and added 1% phlogo-
pite through the whole depth range. An additional model was pro-
duced that drew upon the volume of hydrous minerals measured 
in the Kaapvaal Craton by Waters and Erlank (1988), which reach 
a maximum of ∼11% at ∼80 km depth. Seismic velocities were 
calculated using the macro of Hacker and Abers (2004) and SRFs 
were forward modelled. Both models result in velocity decreases 
of >5% and produce negative SRF phases that fall within the boot-
strap confidence intervals of typical real SRF data (Supplementary 
Information) and could be interpreted as the MLD (Fig. 11).

Since it is possible to produce volumes of amphibole suffi-
cient to produce the MLD, the remaining challenge for this hy-
pothesis is whether amphibole exists throughout all parts of cra-
tonic lithosphere where an MLD is observed. Xenolith sections 
commonly show zones of metasomatism (Griffin et al., 2009), 
which could result from fluids or melts ascending from upwelling 
mantle into the overlying lithosphere (e.g. Chesley et al., 1999;
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Fig. 10. Models of the likely proportion of amphibole produced through various 
fluid/melt and rock interactions. Each column represents the percentage of am-
phibole produced when a fluid or melt (named at the top of each column: pure 
water, Ayers fluid, Ayers et al., 1997, or the melt compositions represented by Grand 
Canyon basanite lavas ‘1’ and ‘6’ of Best, 1970) interacts with either abyssal peri-
dotite or pyrolite to produce amphiboles of four different compositions (named 
at the base of each column: pure amphibole 1 (pargasite), pure amphibole 2 
(NaCa2(Mg4.5Al0.5)(Si6.5Al1.5)O22(OH)2) and Grand Canyon amphibole compositions 
‘2’ and ‘10’ of Best, 1970). Most interactions produce amphibole proportions of at 
least 20%.

Kelemen et al., 1998). If these fluids/melts ascend to 3 GPa, they 
are likely to crystallise amphibole. However, xenolith data suggest 
that this may not occur ubiquitously (Table 1). Some regions con-
tain significant volumes of amphibole, including the Gawler Craton 
(southern Australia), eastern Australia, western USA and the Kaap-
vaal Craton. In the western USA and some eastern Australian local-
ities there is excellent agreement between amphibole observations 
and MLD depth but in the Kaapvaal Craton and south-eastern Aus-
tralia (Victoria) there is a significant difference between the depth 
at which amphiboles are observed in xenoliths and the depth of 
the MLD (Table 1). Very large velocity decreases of 12% and 24% 
beneath the Tanzanian Craton and East Africa Rift respectively may 
not be related to amphibole but could be caused by abundant, 
metasomatic phlogopite and pyroxenite (Wölbern et al., 2012). On 
the other hand, abundant amphibole and phlogopite have not been 
reported from the Udachnaya pipes in the Siberian Craton or the 
bulk of the Slave Craton, both of which are well sampled by xeno-
liths that cover depths at which amphibole would be stable. Seis-
mic data from the Slave Craton show an MLD at ∼70 to 80 km
depth. There are currently no SRF data for the Siberian Craton but 
such data would comprise an excellent further test of this model.

Rudnick et al. (1998) argued that the bulk cratonic mantle was 
unlikely to be as metasomatised as many xenolith suites since 
cratonic geotherms and low surface heat flows were only possi-
ble if the average cratonic K2O content (which they estimated to 
be 0.03 wt%) is much lower than that of average cratonic xeno-
liths (0.148 wt%). The hydrous mineral model for the MLD implies 
substantial precipitation of K-bearing amphibole has only occurred 
in a narrow zone at ∼3 GPa whereas Rudnick et al. (1998) as-
sumed a constant concentration of K2O throughout the cratonic 
lithospheric mantle. To assess the heat flow implications of the 
Fig. 11. Modal compositions, S-wave velocity–depth sections and resulting forward 
modelled SRFs for (a) a mantle based on Kaapvaal Craton geotherm and average cra-
ton composition with 25% amphibole from 75 km to 95 km depth and 1% phlogopite 
throughout and (b) as above, but with volumes of hydrous minerals taken from the 
Kaapvaal Craton (Waters and Erlank, 1988). Both models produce observable phases 
that could be interpreted as the MLD and contain realistic SRF complexity.
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Table 1
Table stating whether xenolith studies in various locations have reported amphibole presence (Y = yes, N = no) and at what depth, along with the depth of any proximal 
negative phases from SRF data. Text in italics refers to the depth ranges of analysed xenoliths where no amphibole is reported. Amphibole percentage refers to the amount of 
amphibole within the xenoliths except where noted. Numbers in parentheses refer to references as follows: (1) Ford et al. (2010); (2) Abt et al. (2010); (3) Ford et al. (2010); 
(4) Sodoudi et al. (2013); (5) Hansen et al. (2009); (6) Ferguson and Sheraton (1979); (7) Wass and Rogers (1980); (8) Griffin et al. (1984); (9) Griffin and O’Reilly (1986); 
(10) Powell et al. (2004); (11) Handler et al. (2005); (12) Edwards et al. (1992); (13) Downes et al. (2007); (14) Luguet et al. (2009); (15) Tappe et al. (2008); (16) Meyer 
et al. (1994); (17) Vicker (1997); (18) Best (1974a); (19) Wilshire et al. (1980); (20) Griffin et al. (1999); (21) Kopylova and Russell (2000); (22) Kopylova et al. (1999); 
(23) Kopylova and Caro (2004); (24) Carbno and Canil (2002); (25) Pearson et al. (1995); (26) Boyd et al. (1997); (27) Ionov et al. (2006); (28) Hawkesworth et al. (1990); 
(29) Konzett et al. (2000); (30) Waters and Erlank (1988); (31) van Achterbergh et al. (2001).

Continent Location Amphibole 
present?

Depth/xenolith depths Amphibole percentage Proximal negative 
SRF phase depth

Seismic station 
and reference

Australia Gawler Craton, Pt Augusta Y (6) – Up to 10% 131 km BBOO (1)
Eastern Australia, Jugiong Y (6) 60–75 km – 70 km YNG (1)
Eastern Australia, Kiama Y (7) – Up to 90% 70 km YNG (1)
South-eastern Australia, SW Vic Y (8, 9, 10) 40.5 km Up to 32.5% 61 km TOO (1)
North-eastern Australia, NE Qld N (11) 73 km CTAO (1)
Western Australia, Kimberley Na (12, 13) 81 kmb FITZ (1)
Western Australia, Argyle N (14) >90 km 81 kmb FITZ (1)

North America Labrador Y (15) – – –
Superior Craton Na (16, 17) >105 km 101 kmb ULM (2)
Western USA, Grand Canyon Y (18) 65 km 61 km GSC (2)
Western USA, Deadman Lake, CA Y (19) – 30% of xenoliths 

contain amphibole
70 km WDC (2)

Slave Craton, Lac de Gras N (20) >90 km – –
Slave Craton, Jericho N/rare grains 

(21, 22)
>60 km – 79 kmb YKW3 (3)

SE Slave Craton Na (23) – – –
SW Slave Craton Y (24) – – 71 kmb JERN (3)

Eurasia Siberian Craton, Udachnaya Na (25) >93 km – –
Siberian Craton, Udachnaya Na (26) >75 km – –
Siberian Craton, Tok Y (27) – – –

Africa Kaapvaal Craton, Kimberley Y (28, 29, 30) <120 km, 111 km <10% of xenoliths 
contain amphibolec. 
11% hydrous 
minerals at <825 ◦C

80 kmb

and 
157 kmb

(4) and (5)

Botswana, Letlhakane N (31) >135 km 160 km (5)

a No amphibole present but other hydrous minerals are present.
b Interpreted as an MLD.
c From an assessment of >600 thin sections (Hawkesworth et al., 1990).
proposed amphibole layer, we compiled xenolith data from the 
Kaapvaal Craton, eastern Australia and western USA, giving aver-
age amphibole K2O contents of 4.82 wt% (Konzett et al., 2013;
Sweeney et al., 1993), 0.995 wt% (Griffin et al., 1984) and 1.16 wt% 
(Best, 1974a, 1974b; Wilshire et al., 1980) respectively. Using heat 
flow equations and average MORB K:U:Th ratios given in Jaupart 
and Mareschal (2011), a 20 km thick section containing 15% am-
phibole with a Kaapvaal composition would indeed produce a large 
contribution to surface heat flow of 7.06 mW/m2. However, am-
phiboles with eastern Australian and western USA compositions 
would produce surface heat flow contributions of only 1.47 and 
1.7 mW/m2 respectively, which are insignificant in comparison to 
average heat flows in Archean cratons (41 mW/m2, s.d. = 11) and 
Early Proterozoic cratons (46 mW/m2, s.d. = 15) (Nyblade and Pol-
lack, 1993). Therefore, while the high K amphibole in Kaapvaal 
Craton xenoliths are potentially unrepresentative of material that is 
abundant in the bulk cratonic mantle, the lower K concentration in 
mantle amphibole from other regions indicates that a 20 km thick 
section of amphibole with such compositions could be present in 
many or most cratons, and cannot be ruled out on the basis of 
surface heat flow.

5. Anisotropic cause

Variations in the geometry of seismic anisotropy can produce 
conversions in both SRFs and PRFs (e.g. Crampin, 1984; Levin 
and Park, 1997). Azimuthally anisotropic layers related to litho-
spheric stacking during craton formation have been interpreted to 
cause observed PRF conversions in the Slave Craton (Bostock, 1998;
Mercier et al., 2008; Snyder, 2008) while Rychert and Shearer
(2009) suggested that a negative PRF phase at mid-lithospheric 
depths within the cratons could be caused by a change from 
stronger to weaker radial anisotropy with depth. Variations in az-
imuthal anisotropy have been observed at MLD depths in central 
USA (Wirth and Long, 2014). If such features are globally exten-
sive, it is possible that the MLD could be caused by changes in the 
geometry of seismic anisotropy within the mantle. However, the 
dependence of converted phases on anisotropy geometry and the 
variation of anisotropy with tectonic history pose significant chal-
lenges to this hypothesis.

An olivine-dominated rock with a stress-induced fabric and 
lattice-preferred orientation (LPO) of olivine grains will have a seis-
mic fast direction aligned with the rock fabric (Karato et al., 2008). 
Lithospheric mantle anisotropy is therefore ‘frozen in’ by previ-
ous tectonothermal events. In general, incident S and P waves can 
produce converted Sp and Ps phases when incident on a radially 
anisotropic (vertical axis of symmetry) or azimuthally anisotropic 
(horizontal axis of symmetry) layer (Fig. 12). For azimuthally 
anisotropic layers, the polarity of the conversion is controlled by 
the orientation of the fast direction of anisotropy compared to 
the direction of wave propagation and the back-azimuth (Fig. 12) 
(Frederiksen and Bostock, 2000), resulting in a 180◦ back-azimuth 
periodicity in the polarity of the converted phase (Frederiksen and 
Bostock, 2000; Levin and Park, 1997; Savage, 1998; Sodoudi et al., 
2013) and the unlikelihood of azimuthal anisotropy producing con-
sistently negative phases.

In an isotropic Earth, coupling occurs between P and SV waves 
while the P–SV remains decoupled from SH. In an anisotropic 
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Fig. 12. Schematic of RF responses at anisotropic layers. (a) Wave conversions at 
azimuthally and radially anisotropic layers. (b) SRF conversions produced when an 
azimuthally anisotropic layer (S-wave velocities v2 = v1 and v3 > v1) overlies an 
isotropic layer (S-wave velocity v1) have a 180◦ back-azimuth dependence. Triangle 
denotes a seismic receiver and stars denote earthquake locations at different back-
azimuths. Schematic SRFs for back-azimuth directions varying between points A, B, 
C and D vary between positive, negative and no conversions.

Earth, coupling can occur between P, SV, and SH, which has been 
utilised in P–SH RF analysis to investigate azimuthal anisotropy 
(e.g. Levin and Park, 1997). Theoretically, SRFs should also be ca-
pable of utilising coupling between P–SV–SH to image azimuthally 
anisotropic structure. An important caveat is that the form of the 
Sp conversion depends on the polarity (SV or SH) of the pri-
mary wave (Bourguinon, 2009; Frederiksen and Bostock, 2000). 
Preliminary modelling shows that the ratio of incident SV and 
SH energy and the choice of deconvolution component (radial-SV
or transverse-SH) affects (1) the polarity of the more prominent 
converted phase (positive or negative) and (2) the back-azimuth 
at which polarity changes from positive to negative. Importantly, 
the ratio of incident SV and SH energy is dependent on the focal 
mechanism of the earthquake, as well as the location of the earth-
quake relative to the station. The complexities of Sp conversions 
at azimuthally anisotropic layers warrant further investigation and 
may be a powerful tool for determining mantle anisotropy. How-
ever, these complexities mean that even if a simple, azimuthally 
anisotropic layer exists in the mantle, the SRF response to that 
layer would include an array of both positive and negative con-
versions and therefore such a feature cannot be the global cause 
for the MLD.

Radial anisotropy, as suggested by Rychert and Shearer (2009), 
appears to be a simpler explanation for a consistently negative Sp 
phase since a vertical axis of symmetry will yield Sp conversions 
that are independent of back-azimuth. SH waves do not produce Sp 
conversions at boundaries of radially anisotropic layers, so there is 
no additional complexity related to the ratio of primary SV and 
SH energy. Ford (2013) modelled synthetic mantle structures con-
sisting of an underlying isotropic layer with an overlying radially 
anisotropic layer with a vertical axis of symmetry and showed that 
it is possible to produce consistent negative SRF phases for certain 
anisotropy geometries.

Tectonically, the case for a consistent geometry of anisotropy 
throughout all stable continental lithosphere is difficult to make. 
Since strain during major tectonic events can re-orient LPO (e.g.
Jung et al., 2006) it is not enough to invoke a mechanism for form-
ing a uniform anisotropy in cratonic mantle during its formation; 
one must also argue that this anisotropy survives all later tectonic 
events or that the disparate tectonic events experienced by dif-
ferent cratons all produce the same anisotropy. Most continental 
studies show significant spatial variations in azimuthal anisotropy 
which can often be related directly to tectonic events (Fouch 
and Rondenay, 2006). Mantle azimuthal anisotropy from surface 
wave phase velocities in the Kaapvaal Craton varies consistently 
with tectonic region (Adam and Lebedev, 2012), as does seismic 
anisotropy in the uppermost 150 to 200 km of cratonic central 
and western Australia (Debayle and Kennett, 2000; Simons and van 
der Hilst, 2002, 2003). In cratonic North America, Yuan and Ro-
manowicz (2010) presented evidence for a two-layer anisotropic 
structure but updated results in Yuan et al. (2011) show that, 
while a mid-lithospheric change in anisotropy is often observed, 
anisotropy is complex and related to tectonic environment. Wirth 
and Long (2014) show that SRF data in central USA require a 
complex, two-layer anisotropic structure with specific directions 
of azimuthal anisotropy in each layer. The interpreted remnants 
of fossil subducted slabs in the Slave Craton (Bostock, 1998) have 
been invoked by many authors as an analogue for converted 
phases elsewhere (e.g. Kind et al., 2013; Levin and Park, 2000;
Saul et al., 2000) but, as described in the previous section, xeno-
liths from the Slave Craton show a unique, compositionally layered 
structure that is unrepresentative of global cratonic xenolith suites 
(Kopylova and Caro, 2004), making it unlikely that the Slave Craton 
exhibits globally representative seismic structure. Although there 
are fewer studies of radial anisotropy than azimuthal anisotropy, 
their implications for the MLD are similar. Radial anisotropy with 
a fast horizontal axis is likely to be caused by sub-horizontal flow 
and may be associated with azimuthal anisotropy (e.g. Lebedev 
et al., 2009). Radial anisotropy in lithospheric mantle across North 
America (Marone et al., 2007; Nettles and Dziewoński, 2008;
Yuan et al., 2011), Australia (Debayle and Kennett, 2000; Fichtner 
et al., 2010), Africa (Saltzer, 2002; Sebai et al., 2006) and glob-
ally (Lebedev et al., 2009; Nettles and Dziewoński, 2008) generally 
shows faster horizontal wavespeeds than vertical wavespeeds (VSV
< VSH) with a magnitude that decreases with depth from the 
Moho. However, the magnitude of the anisotropy is generally <4%
(Lebedev et al., 2009; Nettles and Dziewoński, 2008), which is too 
small to account for the MLD phase. Additionally, detailed stud-
ies in North America show significant lateral variations not only in 
the strength but also in the polarity of radial anisotropy (Nettles 
and Dziewoński, 2008; Yuan et al., 2011). The contrasting radial 
anisotropy patterns in the oceanic mantle, which do show a homo-
geneous, sharp and large change at ∼100 km depth (Nettles and 
Dziewoński, 2008), could produce consistent negative SRF phases.
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Globally, azimuthal and radial anisotropy data show complex 
and spatially variable behaviour, including from regions with ob-
served MLDs. Since the SRF response to azimuthal anisotropy is 
also complex and spatially variable, it is not reasonable for az-
imuthal anisotropy to be a global cause for the MLD, although it 
may produce negative phases in SRFs in some locations. Since the 
SRF response to radial anisotropy is less complex, radial anisotropy 
anomalies may produce more negative SRF phases. However, ob-
served variations in the polarities of radial anisotropy anomalies 
and the absence of anomalies in many areas show that this also 
cannot be a global explanation for the MLD. Amphibole has a mod-
erately large single crystal anisotropy (Babuska and Cara, 1991)
and is thought to be an important contributor to lower crustal 
seismic anisotropy (Kitamura, 2006; Tatham et al., 2008). If amphi-
bole LPO behaves similarly at lithospheric mantle depths, in places 
where the emplacement or subsequent deformation of amphibole 
has produced an LPO, it is possible that a resulting anisotropic 
layer modifies the velocity decrease.

6. Discussion and conclusions

Two broad conclusions can be drawn from the above analy-
sis. The first is that partial melt, GBS and changes in Mg# are 
unlikely to produce large velocity decreases at mid-lithospheric 
depths within stable continental lithosphere. Unless the aqueous-
fluid saturated solidus of Till et al. (2012) proves to be globally 
applicable, MLD observations are too shallow and therefore cold 
to feasibly be caused by partial melt, even with unusually fertile 
or carbon-rich compositions. In any case, there is no obvious rea-
son why migrating melt should consistently accumulate to reach 
significant porosities in a zone from 80 to 100 km depth in cra-
tonic upper mantle. The velocity decrease associated with GBS is 
too small and gradual to produce the large MLD phase based on 
current experimental results. Similarly, velocity reductions asso-
ciated with Mg# observed in xenolith sections are too small to 
produce the MLD and generally occur at greater depths within the 
lithosphere.

The second conclusion is that layers of low-velocity minerals 
(primarily amphibole) and changes in the geometry of seismic 
anisotropy are both mechanisms that could feasibly cause veloc-
ity reductions of sufficient magnitude to cause the MLD. Of all 
the mechanisms that have been investigated, a layer of amphi-
bole appears the most likely to be a universal MLD explanation. 
Most reactions between mantle rocks and ascending fluid or melt 
will crystallise amphibole at a pressure of ∼3 GPa over a broad 
temperature and compositional range. This could explain the rel-
atively consistent depth of the MLD and provide an explanation 
for the consistent depth of this feature in both tectonically active 
and stable continental regions. The challenge for this mechanism 
is the requirement that all continental lithosphere has undergone 
sufficient metasomatism to produce a ubiquitous layer rich in am-
phibole. Mantle xenoliths are an inherently incomplete sample set 
but the lack of amphibole-rich mantle xenoliths from the Siberian 
Craton and most of the Slave Craton does raise doubts about the 
universal presence of an amphibole-rich layer in the continents.

Azimuthal anisotropy will only produce negative SRF conver-
sions in specific geometries and cannot be a universal explanation 
for the MLD. Radial anisotropy has a more realistic theoretical ba-
sis to produce consistent SRF conversions and further research into 
the specific conversions produced by different geometries would 
be valuable. However, radial and azimuthal anisotropy in the con-
tinents are spatially heterogeneous and varies with tectonic region. 
Since tectonic histories vary regionally, it is difficult to conceive of 
a geological process that would induce the same pattern of radial 
anisotropy in every craton.
It appears likely that there is not one universal cause of the 
MLD. This assertion is backed up by the SRF data themselves, par-
ticularly as data quality and spatial density improve. Since phase 
conversions are frequency-dependent, different signal frequencies 
and filtering produce different SRF responses. Longer periods of 
signal and/or filter band-width can result in interference between 
phases from adjacent conversions, producing an apparently larger 
and more continuous phase than actually exists. Chen (2009)
shows that a synthetic feature that appears laterally continuous 
when bandpass filtered at 4–33 s has a smaller amplitude, is later-
ally discontinuous and sometimes separates vertically into several 
discrete features when filtered at 2.5–33 s. The laterally discontin-
uous nature of some MLD phases is demonstrated in a spatially 
dense SRF network in South Africa (Sodoudi et al., 2013) where an 
interpreted shallow (∼80 km) MLD passes through regions of pos-
itive as well as negative SRF phases and a deeper interpreted MLD 
moves between ∼140 km and ∼190 km depth to track dominantly 
negative SRF phases. Foster et al. (2014) analyse similarly spatially 
dense data from the north-western USA and even with very long-
period (8–33 s) filtering some lateral discontinuities and multiple 
positive and negative phases with depth are apparent.

Individual SRF traces also show that there is significantly more 
complexity in the lithospheric mantle than one simple velocity 
drop (Fig. 3). Most authors interpret the largest negative SRF phase 
beneath the Moho as the MLD and it is this feature that has at-
tracted such attention over the past few years. However, this has 
perhaps masked a broader outcome of SRF observations, which 
is that lithospheric mantle sections are seismically complex and 
generally contain numerous positive and negative velocity discon-
tinuities.

The complexity of SRF data beyond a simple, universal nega-
tive phase at a homogeneous depth is consistent with our anal-
ysis of the potential mechanisms for causing the MLD. We have 
shown that hydrous minerals and changes in anisotropy are capa-
ble of producing significant velocity reductions in the lithospheric 
mantle but are unlikely to occur ubiquitously. In addition, partial 
melt may exist in some locations within the lithosphere. Therefore, 
it seems unlikely that any of these mechanisms act universally 
and homogeneously throughout the lithospheric mantle. Instead, 
we suggest that these features occur heterogeneously in continen-
tal lithospheric mantle and produce numerous velocity discontinu-
ities. The apparent existence of a larger magnitude velocity drop 
between ∼80 and 100 km is likely partly due to amphibole and 
partly due to the effects of long-period seismic signals and band-
width filtering.
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Thybo, H., Perchuć, E., 1997. The seismic 8 discontinuity and partial melting in con-
tinental mantle. Science 275, 1626–1629.

http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B656C6574616C31393938s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B656C6574616C31393938s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B696E6574616C32303132s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B696E6574616C32303132s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B696E6574616C32303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B696E6574616C32303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B696E6574616C32303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B697432303036s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B697432303036s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B6F6E6574616C32303030s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B6F6E6574616C32303030s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B6F6E6574616C32303030s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B6F6E6574616C32303030s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B6F6E6574616C32303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B6F6E6574616C32303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B6F6E6574616C32303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B6F6E6574616C32303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B6F7043617232303034s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B6F7043617232303034s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B6F7043617232303034s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B6F7052757332303030s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B6F7052757332303030s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B6F7052757332303030s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B6F706574616C31393939s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B6F706574616C31393939s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B6F706574616C31393939s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B756D6574616C32303132s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B756D6574616C32303132s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B756D6574616C32303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B756D6574616C32303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4B756D6574616C32303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C616E31393739s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C616E31393739s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C65626574616C32303039s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C65626574616C32303039s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C65626574616C32303039s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C656532303036s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C656532303036s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C65654D6F7232303130s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C65654D6F7232303130s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C656B46697332303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C656B46697332303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C656B46697332303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C657650617231393937s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C657650617231393937s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C657650617232303030s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C657650617232303030s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C696574616C32303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C696574616C32303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C75676574616C32303039s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C75676574616C32303039s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C75676574616C32303039s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4C75676574616C32303039s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4D61726574616C32303037s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4D61726574616C32303037s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4D61726574616C32303037s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4D65726574616C32303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4D65726574616C32303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4D65726574616C32303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4D65796574616C31393934s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4D65796574616C31393934s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4D696C45617432303130s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4D696C45617432303130s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4D6F6F6574616C32303130s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4D6F6F6574616C32303130s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4D6F6F6574616C32303130s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4D6F724A616332303039s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4D6F724A616332303039s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4E6574447A6932303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4E6574447A6932303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4E6574447A6932303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4E696574616C32303131s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4E696574616C32303131s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4E696574616C32303131s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4E7962506F6C31393933s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4E7962506F6C31393933s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4E7962506F6C31393933s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4F275247726931393835s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4F275247726931393835s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4F6C756574616C32303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4F6C756574616C32303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4F6C756574616C32303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5065616574616C31393935s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5065616574616C31393935s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5065616574616C31393935s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5065616574616C31393935s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib506F776574616C32303034s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib506F776574616C32303034s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib506F776574616C32303034s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5072694D634B32303036s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5072694D634B32303036s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib52616A41736831393731s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib52616A41736831393731s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5269636574616C32303031s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5269636574616C32303031s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5269636574616C32303031s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib52696E31393636s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib52696E31393636s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5275646574616C31393938s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5275646574616C31393938s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib52796353686532303039s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib52796353686532303039s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5279636574616C32303037s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5279636574616C32303037s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5279636574616C32303037s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53616C32303032s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53616C32303032s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5361756574616C32303030s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5361756574616C32303030s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5361756574616C32303030s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53617653696C32303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53617653696C32303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53617653696C32303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53617631393938s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53617631393938s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53617631393938s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5363684C656232303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5363684C656232303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5363684C657332303036s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5363684C657332303036s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5363684C657332303036s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5365626574616C32303036s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5365626574616C32303036s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5365626574616C32303036s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53656C32303134s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53656C32303134s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5369666574616C32303134s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5369666574616C32303134s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5369666574616C32303134s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53696C31393936s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53696C31393936s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53696D48696C32303032s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53696D48696C32303032s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53696D48696C32303033s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53696D48696C32303033s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53696D48696C32303033s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib536E7932303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib536E7932303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib536F646574616C32303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib536F646574616C32303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib536F646574616C32303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib536F646574616C32303133s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53756E436F6F32303130s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53756E436F6F32303130s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53756E436F6F32303130s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib53756E436F6F32303130s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5377656574616C31393933s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5377656574616C31393933s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5377656574616C31393933s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5461706574616C32303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5461706574616C32303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5461706574616C32303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5461706574616C32303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5461746574616C32303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5461746574616C32303038s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib54687932303036s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib54687932303036s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib54687950657231393937s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib54687950657231393937s1


K. Selway et al. / Earth and Planetary Science Letters 414 (2015) 45–57 57
Till, C.B., Grove, T.L., Withers, A.C., 2012. The beginnings of hydrous mantle wedge 
melting. Contrib. Mineral. Petrol. 163, 669–688.

van Achterbergh, E., Griffin, W.L., Stiefenhofer, J., 2001. Metasomatism in mantle 
xenoliths from the Letlhakane kimberlites: estimation of element fluxes. Con-
trib. Mineral. Petrol. 141, 397–414.

Vicker, P.A., 1997. Garnet peridotite xenoliths from kimberlite near Kirkland Lake, 
Canada. University of Toronto.

Wass, S.Y., Rogers, N., 1980. Mantle metasomatism—precursor to continental alkaline 
volcanism. Geochim. Cosmochim. Acta 44, 1811–1823.

Waters, F., Erlank, A., 1988. Assessment of the vertical extent and distribution of 
mantle metasomatism below Kimberley, South Africa. J. Petrol., 185–204.

Wilshire, H., Pike, J.N., Meyer, C., Schwarzman, E., 1980. Amphibole-rich veins in 
lherzolite xenoliths, Dish Hill and Deadman Lake, California. Am. J. Sci. A 280, 
576–593.

Wirth, E.A., Long, M.D., 2014. A contrast in anisotropy across mid-lithospheric dis-
continuities beneath the central United States – a relic of craton formation. 
Geology 42, 851–854.

Wittlinger, G., Farra, V., 2007. Converted waves reveal a thick and layered tecto-
sphere beneath the Kalahari super-craton. Earth Planet. Sci. Lett. 254, 404–415.

Wölbern, I., Rümpker, G., Link, K., Sodoudi, F., 2012. Melt infiltration of the lower 
lithosphere beneath the Tanzania craton and the Albertine rift inferred from S 
receiver functions. Geochem. Geophys. Geosyst. 13.

Wyllie, P.J., 1987. Discussion of recent papers on carbonated peridotite, bearing on 
mantle metasomatism and magmatism. Earth Planet. Sci. Lett. 82, 391–397.

Yuan, H., Romanowicz, B., 2010. Lithospheric layering in the North American craton. 
Nature 466, 1063–1068.

Yuan, H., Romanowicz, B., Fischer, K.M., Abt, D., 2011. 3-D shear wave radially and 
azimuthally anisotropic velocity model of the North American upper mantle. 
Geophys. J. Int. 184, 1237–1260.

Yuan, X., Kind, R., Li, X., Wang, R., 2006. The S receiver functions: synthetics and 
data example. Geophys. J. Int. 165, 555–564.

Zhou, L., Chen, W.-P., Özalaybey, S., 2000. Seismic properties of the central Indian 
shield. Bull. Seismol. Soc. Am. 90, 1295–1304.
Kate Selway is currently working as a research sci-
entist at Lamont–Doherty Earth Observatory, where 
she has been since 2013. Kate received her Ph.D. from 
the University of Adelaide, South Australia, in 2007. 
Her main interest is in combining geophysical data, 
particularly MT, with geological, geochemical and 
mineral physics data to improve our understanding 
of continental composition and evolution.

Heather A. Ford is currently a postdoctoral as-
sociate in the Geology and Geophysics Department 
at Yale University, where she has been since 2013. 
Heather received her Ph.D. from Brown University, 
in 2013 and her M.Sc., in 2009. Heather completed 
her undergraduate education at the University of 
Michigan, in 2005, receiving a B.S. in Geological Sci-
ences.

Peter Kelemen is the Arthur D. Storke Memorial 
Professor of geochemistry at Lamont–Doherty Earth 
Observatory and chair of Earth and Environmental 
Sciences at Columbia University. Peter’s research in-
terests include CO2 capture and storage via in situ 
mineral carbonation in peridotite and basalt, melt-
ing and reactive melt transport in the Earth’s man-
tle and lower crust, igneous processes in forming the 
Earth’s crust, density instabilities, ductile deformation 

and evolution of the lower crust, subduction zone geotherms and the 
mechanisms for intermediate depth earthquakes

http://refhub.elsevier.com/S0012-821X(14)00790-0/bib54696C6574616C32303132s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib54696C6574616C32303132s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4163686574616C32303031s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4163686574616C32303031s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib4163686574616C32303031s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib56696331393937s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib56696331393937s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib576173526F6731393830s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib576173526F6731393830s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib57617445726C31393838s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib57617445726C31393838s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib57696C6574616C31393830s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib57696C6574616C31393830s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib57696C6574616C31393830s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5769724C6F6E32303134s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5769724C6F6E32303134s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5769724C6F6E32303134s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib57697446617232303037s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib57697446617232303037s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib576F6C6574616C32303132s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib576F6C6574616C32303132s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib576F6C6574616C32303132s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib57796C31393837s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib57796C31393837s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib597561526F6D32303130s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib597561526F6D32303130s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5975616574616C32303131s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5975616574616C32303131s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5975616574616C32303131s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5975616574616C32303036s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5975616574616C32303036s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5A686F6574616C32303030s1
http://refhub.elsevier.com/S0012-821X(14)00790-0/bib5A686F6574616C32303030s1

	The seismic mid-lithosphere discontinuity
	1 Introduction
	2 Summary of seismic observations
	3 Thermal cause
	3.1 Option 1: partial melt
	3.2 Option 2: elastically accommodated grain-boundary sliding

	4 Compositional cause
	4.1 Option 1: change in Mg#
	4.2 Option 2: hydrous minerals

	5 Anisotropic cause
	6 Discussion and conclusions
	Acknowledgements
	Appendix A Supplementary material
	References




