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Abstract

We document strong seismic scattering from around the top of the mantle Transition Zone in all available high
resolution explosion seismic profiles from Siberia and North America. This seismic reflectivity from around the 410
km discontinuity indicates the presence of pronounced heterogeneity in the depth interval between 320 and 450 km in
the Earth’s mantle. We model the seismic observations by heterogeneity in the form of random seismic scatterers with
typical scale lengths of kilometre size (10-40 km by 2-10 km) in a 100-140 km thick depth interval. The observed
heterogeneity may be explained by changes in the depths to the o—B-y spinel transformations caused by an
unexpectedly high iron content at the top of the mantle Transition Zone. The phase transformation of pyroxenes into
the garnet mineral majorite probably also contributes to the reflectivity, mainly below a depth of 400 km, whereas we
find it unlikely that the presence of water or partial melt is the main cause of the observed strong seismic reflectivity.
Subducted oceanic slabs that equilibrated at the top of the Transition Zone may also contribute to the observed
reflectivity. If this is the main cause of the reflectivity, a substantial amount of young oceanic lithosphere has been
subducted under Siberia and North America during their geologic evolution. Subducted slabs may have initiated
metamorphic reactions in the original mantle rocks.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The 410 km discontinuity (‘410’) is one of the
major boundaries in the Earth’s interior, marking
the top of the mantle Transition Zone, which is
bounded by strong vertical changes in seismic ve-
locity and characterised by a high vertical velocity
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gradient. It is heavily debated whether the mantle
Transition Zone between the 410 km and 660 km
discontinuities forms an impenetrable boundary
to subducting lithospheric slabs from the surface
of the Earth and to rising thermal plumes from
the deep mantle [1-3]. The current understanding
of the Transition Zone is primarily in terms of
metamorphic phase transitions in an isochemical
mantle dominated by olivine [4,5], although chem-
ical changes cannot be ruled out [6,7]. The ‘410
has been interpreted seismically as a sharp inter-
face at slightly variable depths between 390 and
430 km, inversely related to temperature. This
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Fig. 1. Map showing the seismic profiles for which the observed seismic record sections show the scattered waves from the top
of the mantle Transition Zone. The full lines indicate the seismic lines and the circles show the locations of the shot points. The
seismic sections illustrated in Figs. 2 and 3 are for the labelled shot points; for Peaceful Nuclear Explosion (PNE) sections:
KR4=KRATON shot point 4, KI1 and KI3=KIMBERLITE shot points 1 and 3, as well as for ER =The Early Rise shot

point.

roughly coincides with the depth at which the
transformation of olivine (o) to [ spinel occurs
[8,9].

Petrologic models of the phase transformation
indicate that the ‘410’ should be a transitional
interval, which is at least 10-20 km thick
[10,11], whereas interpretations of earthquake
seismological data usually indicate a narrow
zone which may be less than 6 km thick [12,13].
Thermodynamic calculations show that the oliv-
ine to B spinel transformation may take place
over a less than 10 km thick interval [14,15],
although other constituents of the mantle rocks
will tend to make the transition less distinct.
Most seismological interpretations of the fine
structure of the ‘410’ are based on underside re-
flections and P to S conversions of teleseismic
waves from distant earthquakes [12,13,16,17],
but reflections have also been identified from
above the ‘410’ [18-20]. We present long-range
seismic sections from near-surface explosion sour-
ces that show clear seismic phases from the depth
interval around the ‘410° at offsets of 1500-2500
km from the seismic sources. The recordings are
sampled at high density (10-20 km spacing be-
tween seismometers) along profiles on the Earth’s
surface, and the high frequency content (centre
frequency of 2-4 Hz) is higher than in most other

available seismological data that sample the man-
tle at similar depths.

2. Seismic observations

We find that all the available controlled-source,
long-range seismic sections from Siberia and
North America show pronounced seismic reflec-
tivity from around the ‘410’ (Fig. 1). This indi-
cates the presence of a heterogeneous interval of
100-140 km thickness around the top of the Tran-
sition Zone, as well as variation in depth to the
‘410’ reflector. In most seismic sections, the Pyjo
reflection from the ‘410’ is the strongest seismic
phase in the offset interval of ~1600 km to
~ 2000 km, but there is an earlier seismic phase,
P30, which is reflected from around 310-350 km
depth. This phase is clearly identifiable in all
available high density record sections at ~ 1800
km to ~2400 km offset and marks the onset of
the strong reflectivity (Figs. 2 and 3). The relation
between the P49 and the P3y; in the long-range
seismic sections is qualitatively similar to the re-
lation between the reflections from the Moho and
the top of the reflective lower crust in crustal,
wide-angle seismic sections [21], except for the
obvious huge differences in offset and travel
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Fig. 2. Trace-normalised seismic sections plotted in reduced travel time versus offset from the seismic source with a reduction ve-
locity of 8.7 km/s. (a—c) KI1, KI3, and KR4 refer to PNE sections KIMBERLITE 1, 2 and KRATON 4. The onset of the seis-
mic reflectivity from around the top of the Transition Zone (Psy) is marked by the No. 1 arrows, and the P4jo reflection from
the ‘410’ is marked by the No. 2 arrows. (d,e) The calculated 2D visco-elastic finite-difference waveform responses of the models
(shown in Fig. 4). The source used for the synthetic sections is a Ricker wavelet with a central frequency of 2 Hz. The calculated
seismograms have been convolved with the instrument response of the seismometers. (d) ‘Synthetics’ is for the preferred model in
Fig. 4c. (e) ‘BG model response’ is for the background velocity model in Fig. 4a. The synthetic seismograms are similar for all
shallow events, whereas they are different for the far offset, late arrivals from the top of the Transition Zone.
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Fig. 3. Close-ups of the sections illustrated in Fig. 2 together with a close-up of a record section from the Early Rise experiment
in North America (ER). The reduction velocities are 8.7 km/s for the PNE sections and 8.0 km/s for ER profile 6. Travel time
curves are calculated for reflections from gradient zones at depths of 310-330 km (P3;9) and 400-430 km (P4;0) (cf. Fig. 4). Tilted
arrows show the interpreted onset of the Piy (1) and P4y (2) reflections.

time. The best available examples of the seismic
reflectivity at the top of the Transition Zone are
in data from the Soviet ‘Peaceful Nuclear Explo-
sions’ (PNE) seismic sections, which were re-
corded during the period of 1965-1988 to inves-
tigate primarily the upper mantle structure [22].
We have identified the same type of reverbera-
tive reflectivity from around the top of the Tran-
sition Zone in all eight PNE seismic sections with
the necessary offset of more than 2000 km, which
are available to us. Reversed sections show similar
features, but with small differences in amplitude
characteristics in the two directions. Kinematic
modelling of the observed travel times from Sibe-
ria shows that the two main phases define a zone

of ~100 km thickness at a depth of around 400
km. The upper interface, modelled as a 20 km
thick velocity change around a depth of 320 km,
corresponds to the onset of the strong seismic
reflectivity (P3y). The ‘410’ reflector is a ~30
km thick gradient zone at a depth of 400-430
km, which is very deep for an area with low
heat flow. The ~30 km thick transition is re-
quired instead of an abrupt interface in order to
explain the absence of a ‘410’ reflection at offsets
less than 1500 km. The preferred synthetic seismic
section (Figs. 2d and 3) resembles the observa-
tions qualitatively. Comparison to the synthetic
section (Fig. 2e), calculated for the background
model (without heterogeneity, Fig. 4a), clearly
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demonstrates the need for the pronounced hetero-
geneity around the top of the Transition Zone in
order to explain the seismic observations.

Chemical explosions can also generate suffi-
ciently strong seismic energy to reveal this reflec-
tivity above the ambient noise. Data from the
Early Rise seismic experiment in North America,
resulting from detonation of charges consisting of
30 tonnes of explosives in Lake Superior, indi-
cates the presence of two reflectors at depths of
~350 km and ~450 km along the west-striking
profile 6 [23]. The analysis by Lewis and Meyer of
the primary amplitudes of the P3¢ phase suggests
that the upper reflector is a ~20 km thick zone
with a change in velocity of 0.25 km/s, and that
the deeper reflection (P4)¢) is from a first order
discontinuity with a jump in velocity of 0.6 km/s
[23]. It is remarkable that this interpretation
shows a very deep ‘410’ reflector at c. 450 km
depth. Our analysis of other seismic sections
from the same experiment has identified similar
features and depths. Kinematic interpretation of
observations on the permanent seismological net-
work in North America of the 1997 earthquake at
El Paso, Texas [24], indicates that the ‘410’ is deep
in eastern North America and shallower in west-
ern North America which is contrary to the depth
that would be expected from the low heat flow
[25]. Hence, there is a risk that the P3y( reflection
may be interpreted as the Py reflection, which
may lead to serious misinterpretation of the depth
to the top of the mantle Transition Zone.

The amplitude variation with offset shows
abrupt increases for both the P3y and the Py
reflections at ~ 1800 and ~ 1600 km, respec-
tively. We ascribe this amplitude increase to crit-
ically reflected waves, suggestive of positive veloc-
ity contrasts at both boundaries. However,
analysis of multiply reflected ScS phases from
the Earth’s core has previously identified an inter-
face at c. 330 km in eastern Siberia with a nega-
tive reflection coefficient, indicative of a velocity
reversal [26]. The frequency content of the PNE
data (up to 6 Hz) is about one order of magnitude
higher than for the global earthquake observa-
tions used for the ScS analysis. Hence the PNE
data show the fine-scale reflectivity at short wave-
length, which may identify the top of the reflective

zone as a positive velocity contrast. The ScS anal-
ysis primarily shows the long wavelength charac-
teristics of the reflecting depth interval, which
could correspond to a negative velocity contrast.

3. Seismic modelling

We explain the seismic reflectivity from around
the top of the Transition Zone as reflections from
small-scale heterogeneity in the 320-450 km depth
range. We have calculated full waveform synthetic
seismograms for one-dimensional, spherical mod-
els of the Earth and for two-dimensional visco-
elastic finite-difference models in order to simulate
the effects of wave propagation in heterogeneous
media [27]. We estimate the effects of the velocity
(and density) variations on the seismic data by the
method described by Nielsen et al. [28]. Random
fluctuations described by their distribution func-
tion, standard deviation and spatial correlation
lengths were superimposed on a background ve-
locity structure, which was constrained by kine-
matic modelling of the observed travel times
[20,29]. The background velocities are larger
than in the global models of upper mantle velocity
(e.g. the TASPEI model [30]) as expected for the
cold Siberian craton. Synthetic seismograms for
one-dimensional models, with typical layer thick-
nesses on the order of 10 km both above and
below the ‘410°, adequately describe the general
characteristics of the reflectivity, except that
strong lateral correlation in the synthetic reflec-
tions, induced by the modelling algorithm, is in-
consistent with the observations. We investigated
many models by 1D modelling. They all indicate
that the gradient zone around 410 km depth is
smoother than the surrounding intervals. We
therefore have chosen to keep a smooth, c. 30
km thick, gradient zone at the 410 km disconti-
nuity in the investigated 2D models, even though
this feature is not well resolved by the data.

The synthetic seismic section (Fig. 2e) for the
background model (Fig. 4a) shows the main
phases that were used for the modelling: the di-
rect P, and the reflections (P39 and P4j¢) from the
discontinuities or gradient zones at depths of 320
and 410 km. This section clearly shows that such
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Fig. 4. (a) 1D background P-wave velocity model interpreted by kinematic modelling of travel times of the main seismic phases
in the record sections. (b) 1D profile extracted from the 2D model in panel c. (c) Part (100 km horizontally) of the preferred 2D
model, which explains the seismic scattering from the top of the mantle transition zone. The fluctuations above and below the
‘410’ follow a von Karman distribution function with a Hurst number of 0.5 (exponential medium). The horizontal and vertical
correlation lengths are 20 km and 5 km, respectively. The standard deviation of the fluctuations is 2% of the background velocity
value. S-wave and density fluctuations are proportional to the P-wave fluctuations. The 2D model extends to 2500 km offset and
500 km depth. It is sampled at a grid spacing of 180 m (five grid points per minimum shear wavelength).

a simple model cannot explain the observed scat-
tering in the seismic sections. Nevertheless, the
main seismic reflections have the correct travel
times, and the amplitude characteristics corre-
spond to the amplitudes at the onset of the ob-
served reflectivity.

The two-dimensional models of the heterogene-
ity are constructed assuming a von Karman dis-
tribution with a Hurst number of 0.5 for the seis-
mic velocity fluctuations. Media described by a

von Karman distribution function are relatively
rough, because a broad range of wavenumbers
contribute to the heterogeneity spectrum. Media
described by a von Karman distribution function
with a Hurst number of 0.5 are often referred to
as exponential media. Such media show character-
istics which are intermediate between smooth
Gaussian media and fractal media. The Hurst
number, which can take on a value between 0
and 1, controls the correlation decay. Small Hurst
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numbers result in a more rapid decay than large
Hurst numbers [31].

The synthetic seismograms are calculated by
propagation of the wave field through a regular
grid using a 2D visco-elastic, finite-difference al-
gorithm [27]. The source is a Ricker wavelet with
a centre frequency of 2 Hz. The grid spacing of
180 m ensures a minimum of five grid points per
minimum shear wavelength in the 2500 km long
and 500 km deep models. The 328 s long records
are calculated in time steps of 6 ms in order
to maintain stability of the finite-difference algo-
rithm. Edge effects (i.e. reflections from the sides
and the bottom of the model) are damped by a
30 km wide damping zone (Q, = Qs = 2), which is
padded around the model grid. The upper bound-
ary of the model is modelled as a free surface.
Hence, about 50 million points are needed to
define the grid, and the full wave field is propa-
gated through the whole model in 55000 time
steps.

The synthetic seismic sections are similar to the
observations (Figs. 2 and 3) for fluctuations (Fig.
4) with a standard deviation of ~0.2 km/s and
correlation lengths of 10-40 km (horizontally)
and 2-10 km (vertically). The actual size of the
scatterers is below the resolution limit of the seis-
mic data and cannot be uniquely resolved. Models
in which only the interval above the ‘410’ contains
scatterers reproduce the characteristic reflectivity
in front of the P4j¢ reflection but cannot explain
the coda to the Py4j0, although multiply reflected
waves generate weak signals after the ‘410’ reflec-
tion. This shows that the upper part of the Tran-
sition Zone below the ‘410’ is heterogeneous.

The seismic scattering around the ‘410’ is only
identifiable in high resolution seismic sections,
which are recorded at high frequency and with
dense spatial sampling. As a result of the short
wavelengths, such data provide invaluable infor-
mation about the fine structure of the deep part of
the upper mantle around the top of the Transition
Zone. Our velocity model is consistent with the
results from global tomographic studies [1,32]
and regional surface wave inversion and travel
time tomography [29,33]. The seismic reflectivity
from around the top of the Transition Zone may
be explained by chemical changes, phase transfor-

mations, the presence of subducted oceanic slabs
that equilibrated at this depth level, or, possibly,
changes in fluid content, the presence of melts or
other thermal effects.

4. Petrologic and tectonic implications

The presented seismic observations and results
of our modelling indicate abrupt changes in the
seismic velocity structure around the 410 km dis-
continuity. The seismic model includes a strong
change in reflectivity, which indicates a pro-
nounced change in composition, crystal orienta-
tion, or metamorphic state of the rocks. We find
three plausible explanations for this feature.

(1) It is generally accepted that the ‘410’ can be
explained by the phase transformation of olivine
(o) to P spinel in an isochemical mantle [4,8,9].
Measured and thermodynamically calculated
pressure and temperature values for the transfor-
mation predict depths at around 410 km for an
iron content of 10% (Fe# =10, Fig. 5C). The Cla-
peyron slope is negative, such that the transfor-
mation is predicted to be shallower than 410 km
at the low temperatures under Siberia and craton-
ic North America. The thickness of the transfor-
mation interval increases substantially with in-
creasing iron content. For high Fe#, the full o—
B-y phase transition of spinel will take place in
the reflective depth interval. The transformation is
significant already from its onset (Fig. 5C). The
maximum reported iron content is 12% in upper
mantle xenoliths from depths shallower than 250
km. The few very deep xenoliths from around the
Transition Zone indicate a highly varying iron
content of 5-17.5%, depending on mineral type
[34]. Tt is therefore possible that some of the man-
tle rocks below 250 km depth have a higher Fe
content than in the shallow mantle. If these rocks
contain 17% Fe, the multi-phase transformation
(0—B—y) will take place in the depth interval be-
tween 345 km at 1200°C and 483 km at 1600°C
(calculated from values in [35]). The required tem-
peratures are close to predicted geotherms for
shield and platform areas. Hence, our seismic
model is consistent with a high Fe# around the
‘410’. The observed heterogeneity will in this case
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Fig. 5. Two metamorphic reactions in mantle rocks may cause the heterogeneity around the top of the mantle Transition Zone
that may explain the observed seismic scattering. (A) Part of the vertical P-wave velocity profile extracted from the two-dimen-
sional P-wave velocity model of which 100 km is shown in B. The velocity fluctuations are equivalent to the fluctuations shown
in Fig. 4. Two types of metamorphic transformation may contribute to the seismic observations. (C) The o—B—y spinel transfor-
mation of the olivine part of the mantle. Grey regions show transformation regions. The horizontal axis from 0 to 50% refers to
the Fe# (the relative content of Fe compared to Mg). This model implies a variable iron content in the mantle; the diagram
shows that the modelled depths are consistent with a Fe# of 17. (D) The transformation from pyroxene into the garnet phase
majorite may also contribute to the observed reflectivity, in particular below the ‘410’. Heavy lines show the relative abundance
of pyroxene (Px), garnet (Ga) and olivine (Ol) as a function of pressure (depth); note that the horizontal scale is for relative oc-

currences of 0 to 50%.

be explained by partial metamorphism of the ol-
ivine between the o, B and 7y spinel phases. Fur-
ther support for this model is found from the
modelled, relatively deep increase in velocity,
which takes place in the depth interval of 410 to
430 km, opposite to expectations for the depth to
the ‘410’ in the cold Siberian shield. Chemical
heterogeneity (i.e. spatial variation in Fe#) may
further contribute to the seismic scattering, and
will tend to disperse the metamorphic reactions
spatially.

(2) The upper mantle at depths around the Tran-
sition Zone may be close to a pyrolitic composi-
tion with a content of about 60% olivine and 40%
garnet and pyroxenes [4]. The pyroxenes will dis-
solve in the garnet phase to form the mineral
majorite from depths of around 300 km, but pri-
marily deeper than 350 km, such that complete
conversion of the pyroxenes to garnet is achieved
at a depth of ~460 km (Fig. 5D) [36]. The seis-
mic velocity and density are higher in garnet than
in pyroxenes, such that the metamorphic reaction
causes marked positive velocity gradients in the
depth interval from c. 300 to 460 km [4]. The
seismic reflectivity from around the top of the
Transition Zone is observed in approximately

the same depth interval and it may be explained
by local accumulations of high garnet concentra-
tion within the pyrolitic mantle rocks. The very
few xenoliths reported from depths around the
‘410’ show clear indication of the transformation
of pyroxenes into majorite although, because of
the sparse sampling at these extreme depths, no
conclusions can be drawn regarding the scale
lengths of the resulting inhomogeneity [34,37].
The transformation takes place mainly at depths
below 400 km (i.e. the transformation curve is
very steep above ~400 km depth). This indicates
that this metamorphic reaction cannot be the sole
reason for the seismic observations. However, the
garnet transformation may explain much of the
heterogeneity that is modelled inside the Transi-
tion Zone below the 410 discontinuity.

(3) The seismic observations show that the inter-
val around the ‘410’ is highly heterogeneous. Our
modelling shows that scale lengths on the order of
20 by 5 km are consistent with the data. It may be
unclear how the required heterogeneous mantle
zone first came into existence. Subducted oceanic
plates may create initial heterogeneity above the
‘410°, in particular if they flatten in this depth
interval. Recent tomographic models indicate
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that subducting plates may pass through the
Transition Zone to accumulate and equilibrate
in the depth range of 600-1000 km [38]. However,
the examples of slabs penetrating the Transition
Zone are all from areas where relatively old oce-
anic plates are subducted. Young oceanic plates
may equilibrate at a much shallower level. The
phase transformation from o to B spinel at the
top of the Transition Zone creates a density in-
crease which may cause neutral buoyancy of some
subducted plates at this depth level [39,40]. There
is increasing evidence that the mantle is heteroge-
neous at various depth levels, which has been tak-
en as evidence for equilibration of subducted slabs
at most depth intervals in the mantle [5]. As such,
the seismic heterogeneity that we observe may
represent a depth level of a long-term accumula-
tion of subducted oceanic lithosphere, which was
young at the time of subduction and, therefore,
equilibrated at the top of the Transition Zone. In
any case, weak initial heterogeneity above the
‘410’ from subducted plates may have initiated
the metamorphic processes of pre-existing mantle
minerals and, probably, also contributes to the
observed seismic scattering.

The effect of water in the mantle rocks around
the Transition Zone is to widen the depth range
of the metamorphic changes, even for relatively
small amounts of water [41]. This widening is
gradual, and substantial fractions of the rocks
are affected only close to the depth of the dry
transformation. Less than 20% of the minerals
are affected 17 km above the dry transition depth
for an initial H,O content of 1000 ppm in olivine
[41]. Changes in frequency content of receiver
functions from the Mediterranean area were re-
cently interpreted in terms of metamorphic reac-
tions caused by the presence of water around the
‘410’ [42]. However, we observe a sharp onset of
the seismic reflectivity from ~80 km above the
‘410°, which is contrary to the predicted gradual
change in the metamorphic reactions caused by
the presence of water. It is therefore unlikely
that the presence of water is the main cause of
the observed heterogeneity.

Analysis of multiply reflected seismic phases be-
tween the surface and the ‘410’ for ScS phases has
indicated the presence of a c. 80 km thick zone of

low shear wave velocity above the mantle Tran-
sition Zone in eastern Siberia [26]. This has been
explained in terms of silicate melts, which accu-
mulate on top of the Transition Zone because of
their high density. It is possible that this phenom-
enon contributes to the reflectivity, but it does not
affect the depth of the phase transformation from
olivine (o) to B spinel. The presence of the melts
may enhance the heterogeneity of the zone, but it
does not explain the observations of a sharp onset
of the reflectivity.

5. Conclusion

The observed strong seismic reflectivity in all
available record sections from Siberia and North
America originates from a depth interval around
the top of the mantle Transition Zone. It requires
a heterogeneous mantle zone to scatter the inci-
dent seismic waves. The heterogeneous depth in-
terval may be understood in terms of a widening
of the o—f—y phase transformation of the olivine
part of the mantle rocks, caused by a higher iron
content in this depth interval than hitherto esti-
mated and observed in mantle xenoliths from
shallower levels. The pyroxene to garnet (major-
ite) transformation probably contributes to the
heterogeneity, in particular in the Transition
Zone below the ‘410°. Both effects are supported
by analysis of xenoliths from around the top of
the Transition Zone. The presence of fluids or
silicate melts may enhance the observed reflectiv-
ity but cannot explain all the observed phenom-
ena. Heterogeneity from subducted oceanic slabs
that equilibrated at the appropriate depth level
may also contribute to the observed, strong seis-
mic scattering.
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