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ABSTRACT

Until recently, most of the lower mantle was generally considered to be well-mixed with strong
heterogeneity restricted to the lowermost several hundred kilometres above the core-mantle boundary,
known as the D” layer. However several recent studies have started to hint at a potential change in
Earth’s structure at mid-mantle depths beneath the transition zone.
Here we present a continental-wide search of Europe and the North Atlantic for mid-mantle P-to-s wave
converted phases. Our data set consists of close to 50,000 high quality receiver functions. These are
combined in slowness and depth stacks to identify seismic discontinuities in the range of 800-1400 km
depth to determine at which depths and in which tectonic settings these features exist. Receiver functions
are computed in different frequency bands to resolve the sharpness of the observed discontinuities. We
find most seismic velocity jumps are observed between 975-1050 km depth, localised beneath western
Europe and Iceland. The shear wave velocity jumps are roughly 1-2.5% velocity increase with depth
occurring over less than 8 km in width. The most robust observations are coincident with areas of active
upwelling (under Iceland) and an elongate lateral low velocity anomaly imaged in recent tomographic
models which has been interpreted as diverted plume material at depth.
The lack of any suggested phase change in a normal pyrolitic mantle composition at around 1000 km
depth indicates the presence of regional chemical heterogeneity within the mid-mantle, potentially
caused by diverted plume material. We hypothesise that our observations represent either a phase change
within chemically distinct plume material itself, or are caused by small scale chemical heterogeneities
entrained within the upwelling plume, either in the form of recycled basaltic material or deep sourced
chemically distinct material from LLSVPs.
Our observations, which cannot be directly linked to an area of either active or ancient subduction, along
with observations in other hotspot regions, suggest that such mid-mantle seismic features are not unique
to subduction zones despite the large number of observations that have previously been made in such
settings.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

model of French and Romanowicz (2015) shows evidence of broad,
slow velocity anomalies in the lower mantle up to approximately

Recent observations from both seismic tomography (Fukao and
Obayashi, 2013; French and Romanowicz, 2015) and global vis-
cosity structure (Rudolph et al, 2015) have begun to hint at a
potential change in Earth structure at a depth of 1000 km. To-
mographic models show that in some regions subducting slabs
pond in the mid-mantle above 1000 km after going through the
660 km discontinuity (e.g. Fukao and Obayashi, 2013). Upwellings
also appear to be affected at this depth. The recent tomographic
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1000 km depth, which they interpret as upwelling plumes which
divert, pond and change character around 1000 km depth. Results
of viscosity inversions have also indicated that there may be an
increase in viscosity at approximately 1000 km depth (Rudolph et
al., 2015), which has been hypothesised to be due to a viscosity
change in periclase (Marquardt and Miyagi, 2015). Alternatively, it
has been suggested that there are dynamical consequences of a
density cross-over around this depth in a basalt enriched lower
mantle (Ballmer et al., 2015).

Seismic observations of velocity jumps in the mid-mantle have
been noted for some time (see overview in Kaneshima, 2016).
In particular since the 1990s a wealth of seismic observations,

0012-821X/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.epsl.2016.11.031
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
http://creativecommons.org/licenses/by/4.0/
mailto:jj405@cam.ac.uk
http://dx.doi.org/10.1016/j.epsl.2016.11.031
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2016.11.031&domain=pdf

J. Jenkins et al. / Earth and Planetary Science Letters 459 (2017) 196-207 197

800

1000

1200

Depth (km)

1400

1600

1800

! 1 ! 1
0 10 20
Count

Fig. 1. The global distribution of previous mid-mantle seismic observations shown both in terms of depth distribution (histogram left) and spatial distribution (map right),
with plate boundaries outlined in black. Observations are coloured as a function of depth, and non-subduction related observations (as interpreted in the respective studies),
are highlighted in red. Circles represent point observations whereas lines show paths of ScS reverberations where observations are seen along path length. See Supplementary
Material section 1 for full dataset and references. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. a) Distribution of 740 seismic stations (green triangles) and 1050 km depth pierce points (red points) for the 49,572 RFs used in this study. b) Regional extent of the
evenly spaced 2 degree caps used to set up RF stacks, circles represent viable stack regions containing greater than 100 RFs coloured by the number of RFs contained within
the stack. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

largely focused on subduction zone regions, have identified sig-
nals of potential mid-mantle local seismic discontinuities ranging
from 800-2000 km depth. The majority of these observations lie in
the range of 850-1200 km depth as shown in Fig. 1. Seismic dis-
continuities in the deep Earth usually represent phase transitions
or compositional layering, either of which could play an important
role in whole mantle dynamics.

A range of methods have been used to search for deep seis-
mic observations including: Pds conversions (Shen et al., 2003;
Van der Meijde et al., 2005; Deuss et al., 2013), SKSds conversions
(Vinnik et al., 2010), PP’ precursors (Le Stunff et al., 1995), SS pre-
cursors (Deuss and Woodhouse, 2002; An et al., 2007; Deuss, 2009;
Gu et al., 2009), PP precursors (Deuss, 2009), off great-circle-path
scattered precursory PP energy (Rost et al., 2008) and ScS rever-
berations (Courtier and Revenaugh, 2008). The majority of stud-
ies use near source SAP conversions (e.g. Kawakatsu et al., 1994;
Kaneshima and Helffrich, 1999; Vinnik et al., 2001; Castle and Van
Der Hilst, 2003; Vanacore et al., 2006; Yang and He, 2015). SdP
conversions require large magnitude, deep sourced earthquakes,
which may explain why most lower mantle reflectors have previ-
ously been found in subduction zone regions, see Fig. 1. However
a small number of studies have found evidence of such signals in
non-subduction regions. These include several observations related
to areas of active upwelling: Iceland and Hawaii (Shen et al., 2003),
southern Africa (Le Stunff et al., 1995), and other hotspot regions

(Gu et al., 2009). A few observations are associated with tecton-
ically stable regions: NW Europe and the southern tip of Africa
(Vinnik et al., 2010), Asia (Deuss, 2009) and Canada (Deuss et al.,
2013).

In this study we focus on Europe and the North-Atlantic re-
gion, searching for mid-mantle seismic observations on a continen-
tal scale using P-to-s converted phases or receiver functions. This
area provides an excellent natural laboratory, with its dense instru-
mentation and range of tectonic settings: active upwelling under
Iceland, stable cratonic regions in Greenland and Central Europe,
as well as ancient and currently active subduction zones in the
Mediterranean.

2. Data and method
2.1. Receiver function dataset

This study combines the dataset across Greenland and Iceland
from Jenkins et al. (2016) and the dataset across the rest of Europe
from Cottaar and Deuss (2016), see Fig. 2 for data coverage. Most
of these data are sourced from the IRIS and ORPHEUS data centres
by selecting all events of Mw >5.5 within an epicentral distance
range of 30-90 degrees from stations, see Supplementary Mate-
rial section 2 for full list of networks. The coverage in Iceland is
supplemented by two additional networks: the University of Cam-
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Fig. 3. Ray paths of P-to-s converted phases this study focuses on (labelled in bold italic) and major interfering surface multiples (labelled in italics), where v denotes a
topside reflection. P waves are plotted as red solid lines and S waves as dotted blue lines.

bridge Icelandic Seismic Network and the Iceland Meteorological
Office network.

P-to-s receiver functions (RFs) are created via a deconvolution
of the vertical from the radial components of motion, which high-
lights P-to-s converted phases generated by seismic discontinuities
beneath the recording station. These converted waves, which are
referred to as Pds phases (where d denotes depth of conversion),
appear as delayed arrivals after the direct P wave. We pre-filter the
data between 0.01 and 0.2 Hz and build RFs using a Gaussian pulse
of 0.4 using the iterative time domain method of Ligorria and Am-
mon (1999). The original dataset comprises of over 500,000 RFs.
After both automated and manual quality controls (see Cottaar and
Deuss, 2016 and Jenkins et al., 2016 for details), we are left with a
dataset containing over 49,500 high quality RFs, the distribution of
which is shown in Fig. 2a. While Cottaar and Deuss (2016) man-
ually remove stations where multiples interfere with the P410s
arrival, here we include these data as we focus on observations
from greater depths. Synthetic RFs are obtained by computing
synthetic seismograms with the reflectivity method of Fuchs and
Miiller (1971) and following the same RF procedure used for real
data.

2.2. Method overview

Pds phases (shown in Fig. 3), have a small amplitude and are
difficult to observe above noise in individual RF traces. Thus RFs
are generally combined in stacks to enhance coherent signals and
reduce incoherent noise. In Jenkins et al. (2016) and Cottaar and
Deuss (2016), a common conversion point (CCP) stack is used to
combine the RFs and analyse the mantle transition zone topogra-
phy. One downside of CCP stacks is that it is difficult to interpret
observed arrivals at other depths than the main seismic disconti-
nuities around 410 and 660 km depth, as one cannot distinguish
from the CCP stack if they are converted phases from the observed
depth, or multiples from shallower depths. Here we turn to slow-
ness stacks to confirm true observations of mid-mantle seismic
conversions using the following approach:

1. We use 8457 points, spaced equally every 2 degrees (Rakh-
manov et al,, 1994), across Europe to build stacks including
RFs for which the 1050 km depth pierce points fall within a
circular cap of 2 degree radius. The caps allow overlap of RFs
between adjacent stacks. Caps containing a minimum of 100
RFs are used to make stacks, giving us a total of almost 1000
stacks across the area of study (Fig. 2b).

2. For each cap RFs are stacked in both the slowness-time and
depth domain. We use the slowness-time stacks to confirm
if an arrival is indeed a converted phase coming from depth.
The time-to-depth converted stacks are used to determine the
depth from which the converted phases originate. See details
in Section 2.3.

3. We use an automated procedure to identify conversions from
the mid-mantle and suggest a quality of the observations.
Quality categorisations are manually checked and potentially
downgraded depending on the overall quality of the stack. See
details in Section 2.3.

4, For regions where we find consistent high-quality conversions
from mid-mantle depths, we combine multiple caps to pro-
duce higher quality stacks of these observations. We use the
regional dataset to reproduce RFs in different frequency bands
to test the frequency sensitivity of the converted phases and
thus the width of the seismic discontinuity. See details in Sec-
tion 2.4.

2.3. Depth and slowness-time stacks

Slowness stacks (also known as vespagrams), identify coherent
signals in the time-slowness domain. We stack RFs by groups of
nearby pierce points at 1050 km depth. We shift RF traces to a
reference epicentral distance for a range of linear move-outs (as-
suming a constant slowness with epicentral distance). For each
potential move-out we create a vespagram trace (VT) by summing
all shifted traces together, as shown in equation 1.

N

1
NZRFi(t"‘Sj(ARF,- — AREF)) (1)
i—1

VT(sj) =

Where s; refers to a specific differential slowness with respect
to the direct P wave, t is time referenced to the P wave arrival,
Aggr denotes the chosen reference epicentral distance, Agp; is the
station event epicentral distance for RF; and N is the number of
stacked traces. We generally use a reference epicentral distance of
65 degrees, but use 75 degrees for several regional stacks with data
mostly from more distal epicentral distances. Individual vespagram
traces for a range of move-outs or slownesses are combined to
form slowness stacks.

Slowness stacks provide a useful tool for discriminating be-
tween true Pds arrivals and multiples, which may arrive at times
similar to converted phases, but with a different slowness (see
Supplementary Material section 3, major interfering phase ray
paths are shown in Fig. 3). Pds conversions have a steeper in-
coming angle than the direct P phase, and thus always stack most
coherently at negative slowness’ relative to P. Conversely multiples
have a shallower incoming angle and a corresponding positive rel-
ative slowness, as shown for synthetics in Fig. 4a and b.

Depth stacks are created by transforming each individual trace
from time to depth before being summed together. It is important
to account for 3D velocity variations, especially beneath Iceland,
where velocities at 150 km can be up to 11% slower than ref-
erence 1D models (Rickers et al., 2013). Without accounting for
velocity corrections across the mantle beneath Iceland a conver-
sion from 1000 km depth would appear to come from ~1050 km
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Fig. 4. a) Example of a synthetic slowness stack computed PREM without the 220 km discontinuity (Dziewonski and Anderson, 1981). Cross marks show arrivals associated
with the major discontinuities at 410 km and 660 km depth as labelled. The black line shows the time-slowness relationship for P-to-s converted phases, while blue and
red lines show predicted positive slowness’ for S and P surface bounce multiples. b) Epicentral distance stack of same synthetic data highlighting major phases as labelled.
Right hand panels c) and d) show the same but with a 1.5% jump added to the velocity model at 1000 km depth, showing the phases associated with that discontinuity. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

depth (see supplementary Fig. S5). The RFs across Iceland and
Greenland, are converted to depth using a tomographic shear
wave velocity model, down to 1400 km, of the North-Atlantic re-
gion (Rickers et al., 2013). We use a depth dependent scaling factor
to calculate P-wave velocity variations based on that proposed for
S40RTS (Ritsema et al., 2011). The RFs across the rest of Europe are
converted to depth using the recent model EU60 (Zhu et al., 2015),
which includes both S and P velocities down to 1100 km depth.
PREM (Dziewonski and Anderson, 1981) is used for depths be-
low 1100 km. The standard error is calculated for both depth and
slowness stacks, allowing identification of robust signals, which
we consider as peaks showing >2 standard error (SE). Accordingly
only signals above 2 SE are shown in slowness stacks (in 2D time-
slowness space), while 1D depth stacks show true amplitude with
errors.

Each pair of slowness/depth stacks is given a quality categori-
sation, as to whether or not it contains a clear mid-mantle signal.
This is initially carried out using an automated algorithm in an
attempt to quantitatively define quality categories. Quality crite-
ria are based on: 1) if the P660s peak is clearly observable and at
the correct predicted slowness, 2) whether or not there is a peak
observed above 2 SE in the depth stack between 800-1400 km
depth, and 3) a determination of how close the slowness of that
peak is to the predicted Pds slowness. The five quality categories
are defined as: “good”, “maybe”, “anomalous slowness”, “null” or
“poor”. Examples of stacks classified as each of these categories as
well as further information about the quality classification system
is shown in the Supplementary Material section 4.

Finally stack classifications are manually inspected and poten-
tially downgraded. This step is used to check for issues such as
streaks in the stacks caused by a concentration in data from a
restricted epicentral distance range. This can lead to uncertainty
in the true slowness, as arrivals are smeared across a range of

slowness’. Such issues can be even more problematic for bimodal
data distributions where streaks in two directions can interfere to
produce artifacts which appear to have “good” arrival character-
istics. Stacks are visually inspected for these features and man-
ually downgraded where necessary, see Supplementary Material
Figure S3e for an example of streaking in a stack.

2.4. Exploring frequency sensitivity

Converted phases are sensitive to discontinuities equal to or
less than half the wavelength of the incoming P wave (Bostock,
1999). For a sharp discontinuity conversions are visible over a
range of different frequencies, while for a broad discontinuity con-
versions become reduced in amplitude at higher frequencies. Thus
by investigating data in a range of frequency bands it is possible to
put some constraints on the sharpness of causative discontinuities.

For each high quality regional stack we recompute our data in a
range of different frequency bands. Data are bandpass filtered with
a constant minimum of 0.01 Hz and a maxima varying from 0.2 to
0.7 Hz, with RFs then created using Gaussian pulses with a width
(a) of half the minimum wavelength or approximately twice the
maximum data frequency (see Supplementarszaterial, section 5).

The Gaussian filter is defined as: G(w) = eﬁ where o is radial
frequency and a is filter width.

Using the stacks in the depth domain, corrected for 3D veloc-
ity variations, we analyse the resulting amplitudes of mid-mantle
converted arrivals across the different frequency bands and com-
pare these to the behaviour of P410s and P660s (van der Meijde et
al., 2003; Schmandt, 2012). For comparison, we compute synthetic
seismograms for velocity jumps in the mid-mantle using reflectiv-
ity synthetics (Fuchs and Miiller, 1971) and process and stack them
in different frequency bands similar to the observations.
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3. Results
3.1. Observations of mid-mantle seismic discontinuities

The mid-mantle observations classified as “good” are marked in
green in Fig. 5a. The distribution of results is non-continuous and
patchy, though there are several stacks showing “good” or “may-
be” observations grouped together in robust regions, e.g.: north
of Iceland, NE of Scotland, Ireland and Eifel (Germany/N. France).
A handful of stacks are clear examples of “null” observations
(shown in red), where there is no energy observed within mid-
mantle depth ranges. Most observations have been classified as
“anomalous slowness” (shown in pink in Fig. 5a), and energy in
these stacks is likely due to surface multiples as shown in the ex-
ample slowness stack in Fig. 4. These stacks can be thought of as
less confident “null” observations.

The depth distribution of observations is shown in Fig. 5b. Po-
tential observations (“maybes”) are found throughout the investi-
gated range from 800-1400 km depth, but there is a clear peak at

~1000 km depth. This is supported by the depth distribution of
“good” observations (also shown in Fig. 5c), the majority of which
show consistent depths around 1000 km.

The amplitude of observations varies from 0.8-4.5% of the di-
rect P wave peak (Fig. 5b and d). Most arrivals show significantly
smaller amplitudes than the 410 km depth and 660 km depth
transition zone discontinuities which are generally 4% and 7% re-
spectively. We also note that there does not appear to be any
correlation between depth and amplitude of observations (Fig. 5b),
and no clear lateral variation in amplitude (Fig. 5d). The observed
amplitude of a conversion in a stack is affected by multiple factors,
including noise level of RFs and how many of the stacked RFs ob-
serve the signal. Thus we only take the amplitude range observed
as a minimum estimate of the true amplitude of deep converted
phases.

Arrivals from depths beneath 1000 km can be seen in the his-
togram of Fig. 5b. However these signals are often barely above
error, inconsistent between adjacent stacks and are less reliable in
terms of slowness, which is why they are not further discussed.
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3.2. Regional stacks

Based on our regional grid of stacks, we identify areas where
there are multiple “good” observations and group these together in
robust regions (see Fig. 5). These regional stacks all lie in Western
Europe following a NW-SE trend from Iceland towards Eifel, with
consistent near 1000 km positive arrivals and realistic Pds con-
version slowness’ (Fig. 6). Epicentral distance stacks, Fig. 7, clearly
show this deep arrival appearing at close to 100 s, in events from
distal epicentral distances (60-90 degrees). However a lack of data
coverage from closer events means it is hard to clearly distinguish
the small amplitude arrival at smaller distances, where there is
also likely to be interference from PP and PP precursory phases.

3.3. Negative peaks

The results shown in Fig. 5 and discussed thus far are for an
analysis conducted on positive amplitude arrivals. A similar anal-
ysis was conducted for negative amplitude arrivals. A systematic
search of 2 degree cap stacks shows a slight suggestion of arrivals
from ~800 km, however the observation of interfering multiples
arriving at the same time as these peaks mean observations are
often unclear and accordingly there is a lack of clear consistent
“good” observations, unlike the 1000 km peak shown in Fig. 5b.

We also note a negative arrival between ~80-85 s is seen in re-
gional stacks, see Fig. 6. This negative energy clearly has a positive
slowness and is thus identified as a multiple in the Ireland stack in
Fig. 6. However in several stacks, Scotland and Eifel in particular,
there also appears to be a negative arrival at realistic Pds slowness
at ~80-85 s. The Iceland stack shows some sign of this arrival, but
this could simply be due to smearing from the multiple above. The
observation of a shallower negative arrival is not directly related
to the positive 1000 km arrival as it is not observed consistently in
all stacks where the later positive peak is observed.

The presence of a negative multiple with little differential slow-
ness make this negative ~80-85 s arrival far less convincing than
the positive peak at ~100 s. Because of the lateral extent and con-
sistency in reliable positive amplitude 1000 km depth observations,
we focus on defining their character and interpreting their under-
lying cause in the remainder of this paper.

3.4. Frequency dependence

We apply frequency dependence analysis to our regional sub-
sets of RFs, the results of which are shown in Fig. 8 (for slow-
ness stacks across all investigated frequencies see Supplementary
Material section 7). The amplitudes of the Pds phases show a re-
duction at higher frequencies for P660s, while P410s and P1000s
amplitudes remain stable across the frequency range. The average
amplitude reduction for P660s between the highest and lowest fre-
quency stack is 41% indicating a broader transition than the other
two discontinuities.

The P1000s peak appears to show little or no amplitude vari-
ation in the frequency spectrum investigated. Pds phases are sen-
sitive to velocity jumps with a width of half the wavelength (Ap)
of the incident P wave: %” (Bostock, 1999), thus the observability
of P1000s at frequencies up to at least 0.7 Hz (Gaussian width of
1.4), indicates a relatively sharp causative feature. Taking a P wave
velocity at 1000 km of ~11.5 kms~!, suggests waves are being
converted at a discontinuity which is at most ~8 km wide.

3.5. Frequency dependence - synthetic modelling

Fig. 9 shows the results for the synthetic stacks for shear wave
velocity jumps of 2 and 3.2% with discontinuity widths of 0, 20,
and 40 km. Jumps in P wave velocity and density in the synthetic
models are scaled, but P-to-s conversions are mainly sensitive to
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is referred to the web version of this article.)

the shear wave velocity jump. We exclude models with a nega-
tive velocity jump, or with a thin layer of anomalous velocities,
as both these cases cause a polarity reversal in the P1000s arrival
which we do not see in our observed stacks. Synthetic results are
then compared to the amplitude variations with frequency in the
regional stacks.

The models for a velocity jump of 3.2% (black lines in Fig. 9)
show a strong decrease in amplitude for broader transitions (dot-
ted black lines in Fig. 9), which is particularly noticeable at high
frequencies. For the models with a 2% velocity jump (red lines in
Fig. 9), this trend breaks down for the 40 km wide case (dotted red
lines in Fig. 9). In this last case, at the higher frequency end two
separate arrivals are observed related to the second-order discon-
tinuity at the top and the bottom of the transition, while the main
arrival disappears (see full synthetic stacks in Supplementary Ma-
terial section 8). We find that observations in the regional stacks
with a single positive arrival beneath Scotland, Ireland and Eifel, fit
best with a discontinuity of zero-width or a discontinuity of less
than 20 km wide. The observations beneath Iceland could relate to
multiple smaller closely spaced first and second-order discontinu-
ities.

When comparing amplitudes, we see the regional stacks sug-
gest relative amplitudes between 0.8-2.0% velocity jump, related
to shear wave velocity jumps of ~1.0-2.5%. We should emphasise
that these are minimum estimates, as our stacks are over a wide
region. Broad stacks can include some data which do not sense
a small scale localised velocity jump, additionally any topography
on the discontinuity or mis-corrections for lateral velocity varia-
tions will lead to incoherent stacking and thus smaller amplitudes.
Indeed, the two-degree cap stacks in Fig. 5d, observe relative am-
plitudes of up to 4.5%. Any physical explanation for these scatterers
around 1000 km should be able to account for a sharp positive
transition of at least several percent.

4. Discussion

We observe regional, sharp, positive velocity jumps of several
percent around 1000 km beneath Western Europe. Here we will
discuss these observations in terms of previous observations (4.1),
their relationship to tomographic models (4.2), and potential ex-
planations (4.3).

4.1. Comparison to previous observations

The depth distribution of our observations in Fig. 5b is domi-
nated by a peak at ~1000 km depth which is roughly consistent
with the peak at ~1025-1050 km depth observed in the depth
distribution of previously published observations shown in the his-
togram of Fig. 1. We do not observe the shallower global peak
present at 850-900 km depth in Fig. 1, but note that this occurs
at a depth we have identified as likely to contain interfering sur-
face multiplies in our dataset, as shown in Fig. 4. We also note
that while both histograms agree on an increased number of ar-
rivals occurring around 1000 km, direct comparison is difficult. The
histogram of previously published results is biased by studies in
subduction zone regions, multiple studies in the same area and
contains different body wave data with different sensitivities to
deeper discontinuities. In contrast, the histogram from our study is
more statistically significant as it represents equal-area spaced ro-
bust observations across one continent using one data type, with
bias only resulting from data coverage.

Previous observations of mid-mantle seismic signals have
been reported in locations where we also see arrivals: near Ice-
land (Shen et al., 2003) and in southern Britain (Vinnik et al.,
2010). The depths of their observations are not consistent with
ours. Shen et al. (2003) observe converted Pds arrivals to the south
of Iceland, at a depth of 1120 4 20 km. With thirteen years more
data, we observe Pds arrivals from 1030 km depth both north and
west of the island. Vinnik et al. (2010) observe mid-mantle con-
verted SKSp arrivals in similar locations to our study but at greater
depths - 1240-1270 + 10 km across a large region of southern
Britain and NW Germany/France. We see some suggestions of this
arrivals in the Eifel regional stack at ~1204 km depth, but it is
smeared across a range of slownesses making it difficult to deter-
mine whether it is a true arrival or a multiple. However the study
of Vinnik et al. (2010) shows little suggestion of a P1000s arrival
in this region which is the much clearer arrival in our study. We
hypothesise that the wider sampling regions, lack of 3D velocity
corrections and lower frequency content of seismic arrivals used
in previous studies compared to the current study, means that the
1000 km depth arrivals we observe may have previously been av-
eraged out.
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4.2. Comparison to tomography — potential association with upwelling
plume material

The recent shear wave velocity model of French and Romanow-
icz (2015) shows a continuous low-velocity anomaly extending
from the core mantle boundary to the Earth’s surface beneath Ice-
land, which appears to be laterally diverted across Europe in the
mid-mantle. This low-velocity feature correlates laterally and ra-
dially with our observations of mid-mantle discontinuities. Fig. 10
shows that the NW-SE trend of our clearest observations from the
regional stacks are in fact coincident with the top of the laterally
elongate low-velocity anomaly of French and Romanowicz (2015).
A similar mid-mantle low-velocity anomaly is imaged by the re-
gional North-Atlantic full waveform model of Rickers et al. (2013),
although it is located roughly 200 km shallower. The difference in
the depth of this feature between the two models, means that we
are unable to conclude the exact location of our observations in re-
lation to it. In the case of the French and Romanowicz (2015), the
mapped discontinuities align with the top of the low-velocity fea-
ture, while in the case of Rickers et al. (2013), most of our mapped
discontinuities lie within the low-velocity feature.

To create positive polarity arrivals, as we observe, conversions
would have to be generated by a positive velocity jump with
depth. This is the reverse of the negative velocity jump found at
the top of the imaged low-velocity anomaly, with which our obser-
vations appear to correlate in the model of French and Romanow-
icz (2015) model. Additionally, the anomaly imaged in both models
is weak (~0.5%) with diffuse edges, in contrast with our observa-
tions which are best explained by a sharp boundary of at least
1-2.5% increase in velocity. However, it should be noted that in
tomographic models sharp boundaries will appear smoothed and

amplitudes of anomalies are generally underestimated. Our obser-
vations do not appear to correlate with a smoothed increase in
velocity jump in tomographic models. This suggests that the ve-
locity jumps causing converted phases are either so localised that
they are beneath the horizontal resolution of tomographic models,
or the velocity jump is followed by a gradual decrease in velocity,
which is beneath the vertical resolution of tomographic models.
While we cannot correlate the observed velocity jumps directly
with the top or bottom of the low-velocity zones in the tomo-
graphic models, we can conclude that the observed discontinuities
generally correlate with anomalously slow background material,
potentially related to a diverted upwelling plume. This is differ-
ent from most previous observations, which have been argued to
correlate with high velocity anomalies related to active subduc-
tion zones nearby (see Fig. 1), but is consistent with a number of
observations of mid-mantle seismic discontinuities seen in other
areas of active upwelling (Shen et al., 2003; Le Stunff et al., 1995;
Gu et al, 2009). In the next section, we will discuss interpreta-
tions in light of this potential correlation with upwelling plume
material.

4.3. European mid-mantle discontinuities — potential interpretations

4.3.1. Temperature anomalies

One potential interpretation as to the underlying cause of the
seismic velocity jump forming mid-mantle converted phases, is a
thermal gradient. However explaining the observed conversions by
a purely thermal gradient is unlikely based on the amplitude and
sharpness of the related velocity jump.

Amplitudes of the observed P1000s conversions range from
0.8-2% of direct P arrival in the best regional stacks. This re-
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quires a shear wave velocity increase of 1-2.5%, while frequency
analysis indicates the increase occurs over a sharp transition of
<8 km. The sensitivity of shear wave velocity (Vs) to temper-
ature for a pyrolitic mantle around 1000 km depth is roughly
—3.5x 107 kms~ 1K~ (Cottaar et al., 2014). Given our minimum
required shear wave velocity increase of 2.5% or 0.16 kms~!, this
requires a minimum temperature jump of —450 K, or thermal gra-
dient of at least —57 Kkm™! over 8 km, which is unrealistically
high.

In addition to this, given the wide areas and number of RFs
included in our regional stacks, observed amplitudes are likely to
represent very conservative minimum estimates of the true arrival
amplitude, as discussed in section 3.5. Indeed stacks within the
smaller 2 degree caps show good arrivals with amplitudes of up
to 4%, which would require an even higher temperature gradient
if conversions were to be explained thermally. Thus we conclude
that a thermal boundary layer cannot be considered as a viable
cause of our observations. Sharp seismic velocity jumps are more
generally explained by phase transitions or compositional layering,
two cases we will explore below.

4.3.2. Phase transitions

The large peak seen by previous observations at ~1000 km
depth and the consistent ~1000 km depth of conversions observed
in the best multicap stacks in this study, suggest that a mineral
phase change might occur at around this depth. Additionally, our
synthetics show our observations can be explained by a single pos-
itive velocity jump. However, the non-continuous nature of obser-
vations and clear null regions indicate that this cannot be a global
seismic discontinuity. Indeed there is no known phase change in a
normal pyrolitic mantle composition that would explain the pres-
ence of mid-mantle seismic discontinuities (Murakami et al., 2005;
Ono et al., 2005). So if we are to accept the hypothesis of a phase
transition as the cause of our mid-mantle seismic discontinuities
we must also suggest a chemically distinct composition that the
phase change occurs within. The obvious candidate for this com-
positional change is the diverted plume material that observations
appear to be coincident with. If a phase transition were to occur
within plume material itself we might expect to see continuous
observations within the low-velocity zone. Fig. 5 shows that this is
not observed, but since the major gaps between observations are
in oceans (North-Atlantic south-east of Iceland and across the En-
glish Channel), it is difficult to say whether observations are truly
non-continuous or the lack of data in these regions means we are
unable to image arrivals clearly.

Previous studies have suggested the following phase transitions
in compositionally distinct material:

e Phase transitions in dense hydrous magnesium silicates such
as serpentine (Shieh et al, 1998). Or the resulting metaso-
matic processes related to water released during dense hy-
drous magnesium silicate dehydration reactions that could
produce chemical layering (Ohtani et al., 2001).

e Structural phase changes in silicate calcium perovskite from
tetragonal to cubic structure, at temperatures lower than the
normal mantle geotherm, as found in recently subducted ma-
terial (Stixrude et al., 2007).

e A post-stishovite phase transition from rutile to CaCl struc-
ture which is hypothesised to take place in subducted oceanic
crustal material (e.g. Kingma et al., 1995; Nomura et al., 2010).

Most previous studies have focused on subduction zone settings
and the majority of phase change explanations for mid-mantle re-
flectors relate to mineralogies found in mid ocean ridge basaltic
(MORB) material. Accordingly, many of these interpretations are
no longer viable outside areas of active subduction. However, the

post-stishovite phase could occur in transported basaltic mate-
rial, i.e. recycled oceanic crust, as also suggested by Vinnik et al.
(2010). Stishovite, which would normally break down to form sil-
icate perovskite, has been hypothesised to be preserved on the
order of 100s Myrs (Bina, 2010), due to the formation of a per-
ovskite reaction rims allowing subducted crustal material to sur-
vive as armoured relics. In pure stishovite it is thought that the
phase change to post-stishovite occurs at approximately 1600 km
depth (Nomura et al., 2010). However, recent studies which include
small weight % oxides show that this depth is greatly reduced for
more naturally realistic compositions, to depths of 900-1400 km
dependent on the weight % of oxides (Lakshtanov et al., 2007). So,
the post-stishovite phase transition might be able to explain our
observations.

4.3.3. Small-scale chemical heterogeneity

Though the majority of our observations peak at 1000 km
depth, we see a range of observations distributed throughout the
investigated depth range of 800-1400 km. The non-continuous na-
ture of the observed linear trend could be a real feature, as op-
posed to due to gaps in data coverage. Both of these facts argue
for conversions that are generated by small scale patches of dis-
tributed chemically distinct material, whereas the correlation with
slow velocities and potentially diverted mantle plume material
could provide a source of entrained chemically distinct material.

One potential source of chemical heterogeneity is from rem-
nants of recycled basaltic crustal material mixed throughout the
mantle via convective processes. The increased density of basaltic
compared to pyrolytic material is likely to cause it to sink into the
lowermost mantle where it may accumulate. Many previous stud-
ies which have focused on subduction zone regions conclude that
observations may represent fragments of subducted basaltic crust
(e.g. Yang and He, 2015). While chemical diffusion processes are
negligible, such material can be taken down into the lowermost
mantle and brought back up in plumes while remaining composi-
tionally distinct. This would suggest that our mid-mantle seismic
observations could have the same cause as those observed in sub-
duction zones, and explains why such features are seen in both
regions of active downwelling and upwelling.

Alternatively, the mid-mantle seismic signals observed in sub-
duction zones and associated with areas of upwelling, may not
have the same underlying cause. The alternative to chemical het-
erogeneity sourced from above, is a source from below, such as
a compositionally distinct deep mantle reservoir, which is sam-
pled by upwelling plumes. Some studies have hypothesised that
large low-shear-velocity provinces (LLSVPs) on the core-mantle
boundary may be formed of primordial material from the rem-
nants of an early magma ocean (Labrosse et al., 2007). Plumes
which appear to rise from around the edges of LLSVPs (Burke
et al.,, 2008) would be expected to entrain some of this poten-
tially denser chemically distinct material (Kumagai et al., 2008).
To complete this interpretation though, a mechanism of concen-
trating heterogeneity preferentially close to 1000 km depth is re-
quired. Compositional heterogeneity could pond around this depth
if there were a viscosity jump (Marquardt and Miyagi, 2015;
Rudolph et al., 2015), or if there were a neutral buoyancy cross-
over, e.g. for basaltic material (Ballmer et al., 2015), or for LLSVP-
entrained-material (Kumagai et al., 2008). One complication comes
from the observation that our most robust converted phases con-
sist of a single positive pulse (Figs. 6 and 8) which can be ex-
plained by a single positive velocity jump. A scenario of un-mixed
small-scale heterogeneities, or even a single thin layer of anoma-
lous velocity, causes a more complex arrival with at least one
negative pulse.

While we cannot give the final word on the observed seismic
discontinuities being due to a local phase transition or to small-
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scale chemical heterogeneity, we can state that either scenario
requires a region that is compositionally distinct from the rest of
the mid-mantle beneath Europe. Like all compositional variations
in the lower mantle, the question remains if this heterogeneity
is introduced over time through subduction (e.g. Christensen and
Hofmann, 1994), has a primordial origin due to basal magma crys-
tallisation (e.g., Labrosse et al.,, 2007), or a combination of both.
Further study of mid-mantle discontinuities and their causes could
shed light on the composition and dynamics of the mid-mantle re-
gion.

5. Conclusions

Using P-to-s RFs we map out mid-mantle seismic velocity
jumps in a systematic continental wide study beneath Europe and
the North-Atlantic. We make the following observations:

e Converted arrivals are distributed throughout the searched
depth range of 800-1400 km but are dominated by positive
amplitude observations from 1000 km depth.

e Arrival amplitudes vary from 0.8 to 4% of the direct P wave, in-
dicative of a causative shear wave velocity increase with depth
of 1 to 4%, while frequency analysis suggests this is a sharp
transition happening over <8 km.

e The most robust observations show consistent depths of
~1000 km depth following a linear trend across Western Eu-
rope from Iceland in the northwest to Eifel in the southeast.
They are coincident with areas of active upwelling (under Ice-
land) and an elongate lateral low velocity anomaly imaged in
recent tomographic models and interpreted as diverted plume
material at depth (Rickers et al., 2013; French and Romanow-
icz, 2015).

The lack of any phase change in a normal pyrolitic mantle com-
position at these depths indicates the presence of regional chem-
ical heterogeneity within the mid-mantle, which is potentially
caused by diverted plume material. We hypothesise observations
may represent either a phase change within chemically distinct
plume material itself, or small scale chemical heterogeneities en-
trained within the upwelling plume, either in the form of recycled
basaltic material or deep sourced, chemically distinct material from
LLSVPs. Our observations, which cannot be directly linked to an
area of either active or ancient subduction, along with those made
in other hotspot regions (Shen et al., 2003; Le Stunff et al., 1995;
Gu et al., 2009), suggest that such mid-mantle seismic features are
not unique to subduction zones despite the large number of obser-
vations that have previously been made in such settings.

Though the exact cause of such observations is not yet known,
it is clear that it is no longer appropriate to think of the mid-
mantle as the uniform homogeneous section between the interest-
ing heterogeneous regions of the upper mantle and D”. Further
large scale searches for observations of converted phases from
mid-mantle heterogeneity will aid in defining if such features are
truly associated only with areas of active upwelling and down-
welling as they currently appear, or if they are a global if non-
continuous feature. Further study on potential causes is required
to draw conclusions on the composition and dynamics of the mid-
mantle.
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