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Abstract Seismic data recorded in the upper mantle triplication distance range between
10° and 30° are generated by wave propagation through complex upper mantle structure.
They can be used to place constraints on seismic velocity structures in the upper mantle, key
seismic features near the major discontinuities, and anisotropic structure varying with depth.
In this paper, we review wave propagation of the upper mantle triplicated phases, how
different key seismic features can be studied using upper mantle triplicated data, and the
importance of those seismic features to the understanding of mantle temperature and
composition. We present two examples of using array triplicated phases to constrain upper
mantle velocity structures and detailed features of a certain discontinuity, with one for a
shallow event and the other for deep events. For the shallow event, we present examples of
how the array triplication data can be used to constrain several key properties of the upper
mantle: existence of a lithospheric lid, existence of a low velocity zone beneath the litho-
spheric lid, and P/S velocity ratio as a function of depth. For deep events, we show examples
of how array triplication data can be used to constrain the detailed structures of a certain
discontinuity: velocity gradients above and below the discontinuity, velocity jumps across
the discontinuity and depth extents of different velocity gradients. We discuss challenges of
the upper mantle triplication study, its connection to other approaches, and its potential
for further studying some other important features of the mantle: the existence of double
660-km discontinuities, existence of low-velocity channels near major discontinuities and
anisotropy varying with depth.
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1 Introduction

At the epicentral distance range of 10°-30°, seismic waves turn at various depths of the
Earth’s mantle. Because of the velocity jumps at various upper mantle discontinuities in
the mantle, several branches of seismic wave exist, including the waves turning above and
below the discontinuities and the reflection from the discontinuities. This distance range is
called the triplication distance range.

Because the triplicated waves turn at various depths, seismic studies using upper mantle
triplication data played an important role in inferring seismic profiles with depth and in
identifying many unique seismic features in the mantle. Because of the limited coverage of
triplication data, most previous triplication studies focus on North America, southern
Africa, eastern Asia and the Fiji-Tonga region, where triplication data are available. In the
Canadian Shield, southern Africa, triplication data are used to constrain the upper mantle
velocity structure beneath cratons: the presence and thickness of a lithospheric lid, and the
presence and velocity reduction of a low velocity zone (Grand and Helmberger 1984a;
LeFevre and Helmberger 1989; Zhao et al. 1999; Simon et al. 2002; Simon et al. 2003). In
the vicinity of a plate boundary, such as in the Fiji-Tonga region, eastern Asia, western
United States and the surrounding oceans, triplication data are used to study the mantle
velocity structures: discontinuity depths, velocity jump across the discontinuities and lat-
eral variation of velocity near a plate boundary (Helmberger and Wiggins 1971; Wiggins
and Helmberger 1973; Burdick and Helmberger 1978; Grand and Helmberger 1984b;
Houard and Nataf 1993; Brudzinski et al. 1997; Brudzinski and Chen 2000; Brudzinski and
Chen 2003; Chen and Brudzinski 2003). Triplication studies also presented the detail
structure of a certain discontinuity, such as the velocity and density near a discontinuity,
the sharpness of a discontinuity, the slab effects on a discontinuity, and the existence of the
520-km discontinuity (Cummins et al. 1992; Neele 1996; Melbourne and Helmberger
1998; Tseng and Chen 2004, 2008; Obayashi et al. 2006; Chen and Tseng 2007).

The challenges of using upper mantle triplication data lie in the difficulties to compile a
record section sampling various depths of the mantle. As a result, earlier studies had to rely
on the collection of seismic data covering a large azimuthal range of the sampling region
(Wiggins and Helmberger 1973; Burdick and Helmberger 1978; Given and Helmberger
1980; Grand and Helmberger 1984b; LeFevre and Helmberger 1989; Brudzinski and Chen
2003) and to use both S triplication and SS triplication to increase data coverage (Grand
and Helmberger 1984a). Recent seismic arrays and networks, such as the Southern Cali-
fornia Array, the Kaapvaal Array, US Array, rapidly improve seismic coverage and make it
possible to compile dense seismic observations in a small azimuthal range, minimizing the
effects of lateral variation of seismic structure (Walck 1984; Zhao et al. 1999; Simon et al.
2002, 2003). Recent development in mineral physics also makes it possible to quantita-
tively predict characteristic features of mantle properties based on the experimental results
in the laboratory. These developments, thus, provide an excellent opportunity for con-
straining mantle properties and their associated composition and temperature. In particular,
modeling the upper mantle triplication data could provide a unique tool for inferring
seismic anisotropy as a function of depth in the upper mantle.

In this paper, we first review the wave propagation of the triplicated phases and key
seismic features that can be studied using the triplicated phases. We present examples with
one for a shallow event and other for two deep events in Sect. 2. We discuss how those key
features play an important role in constraining mantle composition and temperature in
Sect. 3, the potential of upper mantle triplication data for further studying some other
important features of the mantle: the existence of double 660-km discontinuities, existence
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of low-velocity channels near major discontinuities and anisotropy varying with depth in
Sect. 4, and challenges of the upper mantle triplication study and its connection to other
approaches in Sect. 5. Most of the review in Sects. 2 and 3 uses the examples presented in
our two previous papers: Wang et al. (2006, 2008).

2 Seismic Triplicated Phases
2.1 Shallow Events

For shallow events, several seismic phases are present in the distance range of 10°-30°: the
direct phase traveling in the lithospheric lid (AB branch), the reflection off the 410-km
discontinuity (BC branch), the wave traveling in the transition zone (CD branch), the
reflection off the 660-km discontinuity (DE branch), the wave traveling below the 660-km
discontinuity (EF branch) and the wave traveling in the low velocity zone (CG branch)
when a low velocity zone is present (Fig. 1a). The travel time curves of these various
branches of the seismic phases are shown in Fig. 1b for the case of the shear wave
propagation in a velocity model with a low velocity zone beneath the lithospheric lid.
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Fig. 1 a Ray paths (upper for an epicentral distance of 15°; below for an epicentral distance of 24°) and
b travel time curves of the triplication in the upper mantle for a source depth of 30 km. The shaded regions
in a represent the low velocity zone. AB branch is the direct wave propagating above the low velocity zone;
BC is the reflection off the 410 km discontinuity; CG is the wave traveling in the low velocity zone; CD is
the wave traveling in the transition zone; DE is the reflection off the 660-km discontinuity; and EF is the
wave traveling below the 660-km discontinuity (from Fig. 2 in Wang et al. 2008)
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The amplitude change of the AB phase with distance is sensitive to the presence or
absence of a low velocity zone below the lithospheric lid, as well as the onset depth of the
low velocity zone. The presence of a low velocity zone would create a shadow zone for the
AB branch and generate weak direct arrivals. The onset distance of the observed weakened
direct arrivals is controlled by the onset depth of the low velocity zone. A shallower onset
depth of the low velocity zone would make the AB branch disappear at a smaller distance.
The seismic effects of the low velocity zone are illustrated in Fig. 2a. Note that the
synthetics for the model with a low velocity zone display weakened AB phases at epi-
central distances larger than 15°. The travel time differences between the AB and BC
branches and between the AB and CD branches are sensitive to the velocity reduction in
the low velocity zone and the depth of the 410-km discontinuity.

The travel time of the AB branch is also sensitive to seismic velocity structure in the
shallow mantle and can be used to place constraints on the presence of a high-velocity
lithospheric lid and the seismic structures in the lid. The effects of mislocation of the
events have to be carefully considered when one employs the absolution travel times to
constrain the seismic structures. Triplication data would also minimize the effects of the
mislocation of the earthquakes by using the relative timing and waveform of the different
branches of the seismic phases. The effects of a lithospheric lid are illustrated in Fig. 2b.
Note that, when a high-velocity lithospheric lid is present, the AB phases arrive earlier and
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Fig. 2 Comparisons of synthetic tangential displacements for a source depth of 30 km, calculated using a
reference SH velocity model (black traces) and two testing models perturbed from the reference model
(gray traces): a without a low velocity zone and b without a lithospheric lid, along with predicted travel time
curves of the three branches of the seismic phases (dashed lines). Models are shown in (¢) and labeled
accordingly with the synthetics panels
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the differential travel times between the AB phases and other branches of the phases are
larger.

For the same reasons, the absolute and differential travel times between other branches
of the phases can be used to constrain seismic structures at various depth ranges in the
mantle. For example, the travel time difference between the CD and DE branches is
sensitive to the depth of the 660-km discontinuity and the velocity structure above the 660-
km discontinuity. The travel time difference between the CD and EF branches is sensitive
to the seismic velocity in the transition zone, the velocity jump across the 660-km dis-
continuity and the depth of the 660-km discontinuity. The absolute S wave velocities and
the velocity gradient in the transition zone can be constrained by the absolute travel time
and the move-out of the CD branch. A larger velocity would make the CD branch arrive
earlier, and a larger velocity gradient would cause a larger move-out of the CD branch. The
velocity jump across the 660-km discontinuity can be constrained by the travel time
difference between the CD and EF branches. A larger velocity jump would make the CD
branch arrive relatively later or the EF branch relatively earlier, i.e., a larger travel time
difference between the CD and EF branches. A smaller velocity jump would do the
opposite.

We show an example of using the triplication data and the multiple reflections inside
the crust of shallow events to constrain seismic structure in the crust and the upper mantle.
The sampling region of the seismic data is the crust and the upper mantle beneath southern
Africa (Fig. 3). The crust structure in this region is constrained using the SH multiple
reflections inside the crust (the wavelets pointed to by the arrow in Fig. 4b), and the P and
SH velocity structures of the upper mantle in this region are constrained using the tripli-
cated phases recorded by the Kaapvaal Seismic Array in the epicentral distance range of
11°-27° for a shallow event occurring in southern Africa. The dense coverage of the
Kaapvaal Array provides good sampling coverage for the entire depth range in the upper
mantle, from about 125 km deep at an epicentral distance of 11° to about 750 km deep
at 27°.

Three branches of triplication and the multiple reflections inside the crust are clearly
identifiable in the tangential components of the data. The AB branch starts to appear weak
at a distance of about 20° and becomes indiscernible at larger distances. The EF phase
crosses over the CD phase at about 23.5° (Fig. 4a). A low velocity zone beneath the high-
velocity lid is needed to explain the amplitude decrease of the AB branch with increasing
epicentral distance and its disappearance at the distances larger than 20°. The termination
distance of the AB branch suggests that the onset depth of the low velocity zone is 150—
210 km deep. The differential travel times between the AB and CD branches suggests a
minimum velocity reduction of —5% in the low velocity zone. The absolute S wave
velocities, the velocity gradient in the transition zone, and the S velocity jump across the
660-km discontinuity are also well constrained by the absolute travel time and the move-
out of the CD branch, and the travel time difference between the CD and EF branches. The
S velocity inside the crust is constrained by the travel time difference between the multiple
reflections in the crust.

Only two branches of triplication are clearly identifiable in the observed vertical dis-
placements. The AB branch can be clearly observed in the data until at a distance of about
17° and becomes indiscernible at larger distances (Fig. 4b). A low velocity zone for the P
waves with a minimum velocity reduction of —2% is also required to satisfy the travel time
difference between the AB and CD branches. The P and SH data also indicate different P to
S velocity ratios in the lithospheric lid and in the transition zone. The reflection off the 660-
km discontinuity and the wave traveling below the 660-km discontinuity, while it is clear
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Fig. 3 Map showing great circle paths from seismic event (star) to stations (triangles), with the black
segments indicating the portions that the BC branch (defined in Fig. 2) travels below the lithospheric lid, as
well as the geologic provinces in southern Africa. The original time of the earthquake is 1997/09/21/
18:16:27 and the event depth is 30 km (adapted from Fig. 1 in Wang et al. 2008)

in the SH wave data, cannot be recognized in the P wave data. This suggests a P velocity
jump smaller than 5% across the 660-km discontinuity. The large SH velocity jump and the
small P velocity jump suggest a bulk sound velocity decrease across the 660-km
discontinuity.

2.2 Deep Events

For deep events, three triplicated seismic phases near a discontinuity (Fig. 5) are present at
an epicentral distance range of 10°-30°: the wave propagating above the discontinuity (AB
branch), the reflection off the discontinuity (BC branch) and the wave traveling below the
discontinuity (CD branch). The travel time curves of these three branches of the seismic
phases are shown in Fig. 5b for the case of the shear wave propagation in PREM (Dzie-
wonski and Anderson 1981).
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Fig. 4 Comparisons of observed a vertical and b tangential displacements for the seismic waves sampling
the upper mantle beneath southern Africa (black traces) and synthetic waveforms (gray traces) calculated
using the best fitting models, along with predicted travel time curves of different seismic phases (dashed
lines). The best fitting models are shown in (¢). Waveforms are plotted in absolute amplitude (from Figs. 5a,
3a in Wang et al. 2008)

We discuss the wave propagation for events near the 660-km discontinuity, as an
example. The same approach can also be applied to other discontinuities. Since the ray
paths of these three phases are very close in the shallow proportion of the mantle (Fig. 5a),
the travel time difference and waveform between these phases are primarily sensitive to the
velocity structure near the 660-km discontinuity. Waveforms of the triplication data thus
provide powerful constraints on the detailed features of the discontinuity.

The termination distance of the AB branch is sensitive to the velocity gradient above the
660-km discontinuity. The larger the velocity gradient above the discontinuity, the smaller
the termination distance of the AB branch. This propagational effect is illustrated in the
comparisons of synthetics of two models with different velocity gradients above the 660-
discontinuity (Fig. 6a). A model with the PREM velocity gradient above the 660-km
discontinuity predicts the persistence of the AB phase to large distances (>27°), while a
model with a larger velocity gradient [0.0024 (km/s)km] above the 660-km discontinuity
would make the AB phase terminated at a closer epicentral distance of about 23° (Fig. 6a).

The travel time difference between the AB and CD branches and the cross-over dis-
tances between the AB and CD branches are sensitive to the velocity jump across the 660-
km discontinuity. A larger velocity jump would generate a larger differential travel time
between the AB and CD branches and a closer cross-over distance, while a smaller velocity
jump would do the opposite. These propagational effects are illustrated in the comparisons
of synthetics calculated using two different velocity jumps across the 660-km discontinuity
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Fig. 5 a Ray paths and b travel time curves of the triplication near the 660-km discontinuity for a source
depth of 597 km. The AB branch is the direct SH wave propagating above the discontinuity; the BC branch
is the reflection off the discontinuity; and the CD branch is the seismic wave traveling below the

discontinuity (from Fig. 2 in Wang et al. 2006)

(Fig. 6b). Synthetics for the model with a smaller velocity jump across the 660-km dis-
continuity exhibit a smaller travel time difference between the AB and CD branches and a
closer cross-over distance between the two branches (Fig. 6b).

The move-out of the CD branch is sensitive to the velocity gradient below the 660-km
discontinuity and the depth extent of the gradient. The effects of the velocity gradient
below the 660-km discontinuity are clearly illustrated in the comparisons of the synthetics
for models with different velocity gradients and depth extents of the velocity gradient
below the 660-km discontinuity. Note that, synthetic waveforms calculated using a smaller
velocity gradient below the 660 km discontinuity exhibit a different move-out of the CD
phase (Fig. 7a). Synthetics calculated with a shallower depth extent show a change of the
move-out of the CD phases at a closer epicentral distance of 18° (Fig. 7b).

We present two examples of using the triplication data for deep events to constrain the
detailed seismic features near the 660-km discontinuity, with one sampling the South
American and the other sampling North East Asia. Seismic data recorded in the two
PASSCAL experiments for event 1 constitute a good record section sampling the seismic
structure near the 660-km discontinuity beneath South America (black traces, Fig. 8a),
while those recorded in the New Chinese Digital Seismic Network (NCDSN) for event 2
constitute a good record section sampling the seismic structure near the 660-km discon-
tinuity beneath North East Asia (black traces, Fig. 8b).
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Fig. 6 Comparisons of synthetic tangential displacements for a source depth of 597 km calculated using a
reference SH velocity model (black traces) and two testing models perturbed from the reference model
(gray traces): a with a smaller velocity gradient above the 660-km discontinuity and b with a smaller jump
across the 660-km discontinuity, along with predicted travel time curves of the three branches of the seismic
phases (dashed lines). Models are shown in (c¢) and labeled accordingly with the synthetics panels

For the South American event, three branches of triplication are clearly identifiable in
the tangential displacements observed at the distance range of 10°-27°. The AB branch
turns about 600 km deep in the transition zone at an epicentral distance of 10° and starts to
diffract at the top of the 660-km discontinuity at an epicentral distance of about 20°. The
CD phase crosses over the AB phase at about 15° and samples the top of the lower mantle
to a depth of 820 km at 27°. The AB branch can be clearly observed in the data after the
cross-over (see data at stations PTMB, NAVB) until at a distance of about 20° and
becomes indiscernible at stations TRIB, AGVB, OLIB, RIFB and CACB at larger dis-
tances (black traces, Fig. 9a).

While the velocity jump crosses the 660-km discontinuity and the velocity gradient
below the discontinuity in PREM can well explain the differential travel times between the
AB and CD phases and the move-out of the CD phase in the data, a larger velocity gradient
above the 660-km discontinuity and a deeper 660-km discontinuity are needed to explain
the termination distance of the AB phase and the differential travel times between the AB
and BC phases in the seismic data. A larger velocity gradient above the discontinuity
would make the AB branch terminate at a closer distance as observed in the data; and a
deeper discontinuity would predict a larger travel time difference between the AB and BC
branches. The best-fitting model has a velocity gradient of 0.0024 (km/s)/km above the
discontinuity and a deeper 660-km discontinuity at 685 km (Fig. 9c). Synthetics of this
best-fitting model match well the termination distance of the AB branch and the travel time
difference between the AB and BC branches (Fig. 9a).
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Fig. 7 Comparisons of synthetic tangential displacements for a source depth of 597 km calculated using a
reference SH velocity model (black traces) and two testing models perturbed from the reference model
(gray traces): a with a smaller velocity gradient below the 660-km discontinuity and b with a smaller depth
extent of the large velocity gradient below the 660-km discontinuity, along with predicted travel time curves
of the three branches of the seismic phases (dashed lines). Models are shown in (c) and labeled accordingly
with the synthetics panels

For the event in Asia, three branches of triplication are clearly identifiable in the
distance range of 10°-35°. The AB branch turns about 480 km deep in the transition zone
at an epicentral distance of 10° and starts to diffract at the top of the 660-km discontinuity
at an epicentral distance of about 30°. The AB branch can be clearly observed at stations
HNS, TIY, HEF, WZH, WHN, NNC, CNS, GTA, and becomes indiscernible at stations
GZH, CD2, GUL, SZN at distances greater than 30° (Fig. 9b). The CD phase crosses over
the AB phase at about 19° (Fig. 9b) and samples the top of the lower mantle to a depth of
about 910 km at 35°.

Different from the data sampling the South American, the persistence of the AB phases
to large epicentral distances for the data sampling North East Asia requires a PREM-like
velocity gradient above the 660-km discontinuity. The PREM-like velocity gradient below
the discontinuity also well explains the move-out of the CD phase in the data. But, the
differential travel times between the AB and CD phases suggest a large velocity jump
across the 660-km discontinuity. The best-fitting model has PREM velocity gradients in the
transition zone, a velocity jump of 0.53 km/s across the discontinuity, a large PREM-like
velocity gradient extending 80 km below the 660-km discontinuity and a deeper discon-
tinuity at 730 km (Fig. 9c). Synthetics calculated based on the best-fitting model fit the
observed travel time differences between the AB and BC branches, cross-over distance,
move-out of the CD phase and overall waveforms well (Fig. 9b).
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Fig. 8 Great circle paths from seismic events (stars) to array stations (triangles), with the black segments
indicating the portions that the CD branch travels below the 660-km discontinuity, in two study regions:
a South America (event 1) and b North East Asia (event 2) (adapted from Fig. 1 in Wang et al. 2006)

3 Importance of the Key Seismic Features Constrained by the Triplication Data
to the Understanding of Mantle Composition and Dynamics

The following detailed seismic features can be studied using the upper mantle triplication
data: the existence of a lithospheric lid, the existence of a low velocity zone, P/S velocity
ratio at various depths, and detailed features associated with the major discontinuities in
the mantle. We discuss the importance of these features to the understanding of mantle
composition and dynamics.
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Fig. 9 Comparisons of observed tangential displacements (black traces) for the seismic waves sampling the
transition zone a beneath South America and b beneath North East Asia and synthetic waveforms (gray
traces) calculated using a best fitting velocity model for South America and b best fitting velocity model for
North East Asia, along with predicted travel time curves of the three branches of the seismic phases (dashed
lines). Models are shown in (c¢) and labeled accordingly with the synthetics panels. Station travel time
corrections are made for following stations: TRIB (—1.5 s), OLIB (—1.0 s), RIFB (—0.5 s), CN2 (2 s), SNY
(2 s), TIA (2 s), HNS (2 s), TIY (2 s), GTA (2.5 s), based on the observations from another events. (from
Figs. 3b, 5b in Wang et al. 2006)

3.1 Lithospheric Lid, Low Velocity Zone and P/S Velocity Ratio

The existence of a lithospheric lid and depth extent of the lithospheric lid are important to
the understanding of tectonics in the region. The existence of a low velocity zone and the
magnitude of the velocity reductions in the low velocity zone would place important
constraints on temperature and existence of partial melt beneath the lithosphere. The
seismic structures, especially when both P and S wave velocities are available, would place
important constraints on the composition and thermal profiles in the mantle. We take the
velocity profiles beneath Africa as an example. The low velocity zone beneath the litho-
spheric lid can be explained by a high temperature gradient or partial melt. In the absence
of partial melt, a temperature gradient of about 6°C/km in the depth range of 150-275 km
(Fig. 10d) is needed to satisfy the minimal shear velocity reduction of —5% inferred for the
low velocity zone beneath southern Africa. Such a temperature gradient would indicate
that the mantle density in the low velocity zone is about 4% smaller than the density in
lithospheric lid. In the presence of partial melt, the presence of water or other volatile
elements would be required in the depth range of the low velocity zone to suppress the
solidus, as the solidus of the dry peridotite (Zhang 1994) would be higher than the inferred
temperature, even with a temperature gradient of 6°C/km (Fig. 10d). The presence of a
low-density anomaly beneath the lithospheric lid is consistent with the observed high heat
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flow, localized uplift and broad geoid anomalies in the region of the “African Superswell”.
The shallow high temperature, low-density, buoyancy generates high heat flow on the
ocean floor of the “African Superswell” (Nyblade and Robinson 1994) and large uplifts in
the region with little localized geoid anomaly. The geoid anomaly observed in a broader
region of Africa may be attributed to the large-scale seismic anomalies in the lower mantle
(Wang and Wen 2007).

The different P to S velocity ratios between the lithospheric lid and the transition zone
can be explained by a difference in aluminum content of the mantle composition in the two
depth regions. A higher aluminum content would result in more garnet and less clinopy-
roxene and orthopyroxene (Fig. 10f). Because the bulk modulus of garnet is much larger
than those of clinopyroxene and orthopyroxene, and the shear modulus of garnet is only
slightly larger than those of clinopyroxene and orthopyroxene, a higher aluminum content
would cause a higher P wave velocity, but a similar S wave velocity and, thus, a higher P to
S velocity ratio. In the lithospheric lid, a compositional model with an aluminum content of
1% can explain the absolute seismic velocities and the P to S velocity ratio. A lower
aluminum content results in more clinopyroxene and orthopyroxene and less garnet
(Fig. 10e) and thus a lower P/S velocity ratio (Fig. 10c) in the lithospheric lid. In the
transition zone, the higher P to S velocity ratio requires a higher aluminum content of 4%.
A higher aluminum content results in more garnet and less clinopyroxene and orthopy-
roxene in the transition zone, and thus a higher P to S velocity ratio (Fig. 10c). The lower
Al content inferred for the lithospheric lid could result from the depletion of the basaltic
component of the mantle composition beneath the old continental nuclei, consistent with
the tectonosphere hypothesis beneath the continental cratons (Jordan 1978).

3.2 Detailed Features of a Seismic Discontinuity in the Mantle

Velocity jumps across a discontinuity, velocity gradients above and below a discontinuity,
and depth extent of the velocity gradients are among the most diagnostic indicators to
mantle mineralogy, composition and temperature. We illustrate the importance of their
constraints, taking the models inferred for the 660-km discontinuities beneath South
America, North East Asia and Africa, as examples.

The velocity gradient above the 660-km discontinuity beneath North East Asia can be
explained by the temperature and pressure dependence of elastic properties of the major
phases in the transition zone (ringwoodite + garnet 4+ Ca-perovskite; Fig. 11c). But the
velocity gradient above the 660-km discontinuity beneath South America is larger than
what is expected for the temperature and pressure dependence of elastic properties of the
major phases, and would require existence of ilmenite (Fig. 11b). Because the shear wave
velocity of ilmenite is larger than that of garnet, increasing volume fraction of ilmenite
results in a large velocity gradient above the 660-km discontinuity. The garnet—ilmenite
transformation occurs in low temperature or in compositions with a lower aluminum
content. The existence of ilmenite beneath South America and the absence of ilmenite
beneath North East Asia would suggest that, beneath South America, mantle temperature
(at 660 km) is about 100°C/km lower (assuming same Al contents in the two regions) or
the Al content is 1.2% lower (assuming same temperatures in the two regions).

The existence of a large velocity gradient below the 660-km discontinuity is due to the
effect of the phase transformation from garnet to perovskite. The garnet—perovskite
transformation can be characterized by a first-order transformation at about 660 km deep
followed by a gradual transformation from garnet to perovskite over a certain pressure
range. The first-order transformation results in a first-order discontinuity. Because
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perovskite has a higher velocity than garnet, the subsequent gradual transformation results
in a large velocity gradient below the 660-km discontinuity. The pressure range of the
gradual transformation, or the depth extent of the high velocity gradient below the first-
order discontinuity, is sensitive to the aluminum content of mantle composition. The
gradual transformation for a composition with a higher Al content would occur over a
larger pressure range, and thus result in a larger depth extent of the large velocity gradient.

The depth extent of the large velocity gradient below the 660-km discontinuity (about
80 km, Fig. 11b, c) indicates a mantle composition with an aluminum content of 3.4% in
the top of the lower mantle.

The velocity jumps across the 660-km discontinuity is sensitive to the relative fractions
of garnet and olivine components in mantle composition. For example, in order to maintain
the velocity jump across the discontinuity and the depth extents of the high velocity
gradient below the discontinuity to be similar to PREM, in the presence of ilmenite, a
larger volume fraction of garnet than the pyrolite model is needed beneath South America
(Fig. 11b). The larger shear velocity jump across the 660-km discontinuity beneath North
East Asia would also require a larger volume fraction of garnet present. Perhaps, more
interestingly, the PREM-like SH velocity jump and a small P velocity jump across the 660-
km discontinuity beneath Africa (Fig. 4c) suggests a bulk sound velocity decrease of 3.4%
across the 660-km discontinuity. Current estimates of elastic properties of mantle phases
are incompatible with this magnitude of bulk sound velocity decrease. Such a large
decrease of bulk sound velocity would require the bulk modulus of perovskite to be similar
to those of ringwoodite and garnet at the pressure and temperature conditions around the
660-km discontinuity, a result pointing to the need of further experimental or theoretical
studies of mineral behaviors near the 660-km discontinuity.

Low temperature or low aluminum content is consistent with presence of a subducting
slab. Since both sampling regions are in the vicinity of subducting slabs, if the larger
velocity gradient above the 660-km discontinuity beneath South America is caused by a
lower mantle temperature, the South America sampling region is closer to a subducting
slab than the North East Asia sampling region; if the larger velocity gradient is caused by a
lower aluminum content, since the same depth extent of the large velocity gradient below
the 660-km discontinuity indicates a uniform composition in the top of the lower mantle in
the two regions, the different aluminum contents above and below the discontinuity could
indicate a stagnant slab above the 660-km discontinuity beneath South America.

4 Outlooks

Modeling array triplication data has potential to constrain several other important seismic
features in the mantle: double discontinuities near the 660-km depth, low velocity channels
near the major discontinuities, and anisotropy structure varying with depth. Those prop-
erties are sensitive to mantle temperature, composition, chemical interaction and diffusion
between mantle minerals, and mantle flow.

4.1 Double 660-km Discontinuities
At about 660 km deep, two perovskite-forming transformations occur: with one from
ringwoodite and the other from garnet. The phase transformation from ringwoodite to

perovskite plus magnesiowustite is endothermic with a negative Clapeyron slope, while
that from garnet to perovskite is exothermic with a positive Clapeyron slope. When the
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mantle temperature is high, the phase transformation from ringwoodite to perovskite plus
magnesiowustite occurs at a lower pressure and the phase transformation from garnet to
perovskite occurs at a higher pressure, and vice versa. If these transformations do not
interact chemically, they will most likely occur at different pressures and double discon-
tinuities would appear near the 660-km depth. The two perovskite-forming transforma-
tions, however, are also controlled by the chemical interactions between them (Wang et al.
2006). The chemical interactions are mostly due to different Al partitioning between
different co-existent minerals and the effect of Al on the garnet—perovskite transformation.
Depending on the temperature and Al content, the two perovskite-forming transformations
could produce various types of double continuities near 660 km depth (Wang et al. 2000).

Triplication data would be useful for constraining existence of double 660-km dis-
continuities. Double discontinuities, if separated enough, would generate an additional
phase after the cross-over of the CD phase (the phase pointed to by the arrow in Fig. 12a).

(a) (b) (c)
Velocity (km/s) Velocity (km/s) Velocity (km/s)
45 6 7 4 56 7

500

AC j
—~ 0] ] e
al 1
é ¥
E ?00_ = ,j:‘li- T
a i
& s . Eti
i 4
v
1]
e
o
@
. )
----- T P12
LT L S RSN W, ¥)
] ] 1/ Sy G
A At &
-—-—-‘I\v- —'\r:.f\.f——-w-—-—- 5
-——J\:v-"‘- I-30
I
— —A.’vn "'
] ] A fat -35
L O 'L-.“ i
O [ S
T T T T ‘: T : T 40
40 60 80 100 120 0 20 40 60
t-18*D (sec) t-18*D (sec) t-10"D (sec)

Fig. 12 a-b Comparisons of synthetic tangential displacements for a source depth of 597 km, calculated
using a reference SH velocity model (black traces) and two testing models perturbed from the reference
model (gray traces): a with double discontinuities near the 660-km depth with a depth separation of 40 km,
and b with a 20 km thick low velocity zone near the 660-km discontinuity, along with predicted travel time
curves of the three branches of the seismic phases (dashed lines). ¢ Comparisons of synthetic vertical
displacements for a source depth of 597 km, calculated using a reference P velocity model (black traces)
and a testing model perturbed from the reference model (gray traces) with a 180-km thick gradually
changing low velocity zone below the 660-km discontinuity along with predicted travel time curves of the
three branches of the seismic phases (dashed lines). Models are shown in the upper-left corner of the panels
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4.2 Low Velocity Channels Near the Discontinuities

In a two-phase zone during a phase transformation, the effective bulk modulus could be
significantly lowered if the pressure of the seismic wave drives a volume-reducing phase
transformation. Such effects of relaxation and attenuation by the stress generated during
the seismic wave propagation would depend on the comparison between the amount of
time required by phase transitions to reach equilibrium and the sampling periods of seismic
waves. A recent study by Li and Weidner (2008) showed that softening of the bulk
modulus within the two-phase loop of the olivine-ringwoodite transformation is on a
timescale of 100 s, based on synchrotron experimental data. They further suggested that, if
the amplitude of the pressure perturbation and the grain size are scaled to those expected in
the Earth, the compressional-wave velocities within the discontinuities at 410, 520 and
660 km are likely to be significantly lower than otherwise expected. Among the predicted
features of the relaxation is existence of low velocity channels near the major disconti-
nuities. A thin low velocity channel above the 410-km discontinuity is also predicted based
on the hypothesis of transition zone filter (Bercovici and Karato 2003).

Triplication data would be useful to constrain the existence and properties of the low
velocity channels. A thin low velocity channel near the discontinuity would generate
reflections off the top and bottom boundaries of the low velocity channel in the close
distances (BC and B’C’ phases in Fig. 12b). More diagnostically, it would trap waves at the
diffracted distances, producing multiples inside the layer (the wavelets pointed to by the
arrow in Fig. 12b). The travel time difference between two reflections is sensitive to the
thickness and velocity reduction of the low velocity channel, and can be used to place
constraints on these properties.

Triplication data would also be useful for constraining a possible broad low velocity
zone below the 660-km discontinuity. Such a low velocity zone is predicted based on the
relaxation effect in the broad phase loop of the garnet—perovskite transformation. A broad
low velocity zone below the 660-km discontinuity would make the cross-over occur at
large distances and produces a decreased AB phase at large distances before the cross-over
by the CD phase (Fig. 12c). The negative discontinuity at the top and the positive dis-
continuity in the bottom would produce strong reflections in the close distances (Fig. 12c).

Our triplication study did not find evidence of a broad low velocity zone below the 660-
km discontinuity beneath South America and North East Asia because we only study S
wave velocity in the two regions. Beneath southern Africa, We studied both P and S wave,
although we did not find a broad low velocity zone below the 660-km discontinuity, we
find a small P velocity jump and a PREM-like S velocity jump across the 660-km dis-
continuity, which could be caused by reduced effective bulk modulus in a two-phase zone.

4.3 Depth Distributions of Seismic Anisotropy

Seismic anisotropy and its variation with depth provide important information about
composition and crystal alignment in the mantle, with significant implications to the flow
and evolution of the mantle. Comparing the seismic observations between SH and SV
waves is a direct and powerful way to study the anisotropy along the path of wave
propagation. The seismic triplication data recorded in the distance range of 10°-30°,
because they sample various depths of the mantle, provide a unique opportunity to probe
seismic anisotropy varying with depth (Chen and Brudzinski 2003).

In particular, because various branches have very close ray paths in the shallow mantle
(Fig. 5), the upper mantle triplication data recorded for deep events would provide a
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unique opportunity for mapping possible anisotropic structures in the bottom of the tran-
sition zone and the top of the lower mantle, one of the few regions in the Earth that is
reported to be anisotropic.

5 Challenges and Connection to Other Approaches

The major challenges of using the triplication data to constrain seismic structure in the
mantle lie in the availability of high-quality dense seismic data and the ability to deal with
the effect of lateral variation of seismic structure in the modeling. Dense seismic data now
become available through PASSCAL experiments around the world and networks such as
the Hi-net in Japan and the US Array in the United States. Dense array data would
minimize the effects of the lateral variation of seismic structure. Furthermore, two- or
three-dimensional numerical methods, such as the finite-difference technique, can now be
employed to study the effects of lateral variation of seismic structure (Song et al. 2004;
Song and Helmberger 2006; Wang et al. 2008).

Compared to the studies of the properties of the upper mantle discontinuities using other
approaches, such as precursors to the PP and SS phases (Shearer 1991; Shearer and
Flanagan 1999; Gu and Dziwonski 2002; Gu et al. 2003; Chambers et al. 2005; Deuss et al.
2006; An et al. 2007) or receiver functions (Niu and Kawakatsu 1996; Shen et al. 1996),
the studies using the upper mantle triplication data can constrain the velocity gradients
above and below the discontinuity, existence of a low velocity zone and lithospheric lid,
P/S velocity ratio, and anisotropy varying with depth, in additional to the velocity jump
across the discontinuity and the depth of the discontinuity. These seismic features place
significant constraints on mantle temperature, composition and flow. The differential travel
time and waveform of the upper mantle triplication are also affected little by the seismic
heterogeneities in the shallower part of the mantle, while the precursor studies and receiver
function analyses need to deal with the shallower heterogeneities carefully.

Studies using the precursors to the PP and SS phases, however, provide global coverage
of the properties of the 660-km discontinuity and the receiver function studies could
provide a better lateral resolution in the study region. To better constrain seismic features
of the discontinuities, it would be ideal to combine both the waveform modeling of the
upper mantle triplicated phases with other approaches, for example, the receiver function
analyses. Receiver functions are related to the conversions from the major boundaries in
the mantle. They are sensitive to the sharp features of the discontinuities and would be
useful for imaging structures of low velocity channels and double discontinuities. In this
regard, using the migration method of receiver function (Chen et al. 2005) would be of
particular importance in the imaging, as simple stacking of receiver functions is known to
produce artifacts such as a “bow-tie” for a deformed discontinuity that can be mistaken as
double discontinuities.

6 Conclusions

We review the wave propagation of the triplicated phases and key seismic features that can
be studied using the triplicated phases. We discuss the issues for the cases of both shallow
and deep events. Triplication data for shallow events can be used to constrain several major
features of upper mantle properties: the existence of a lithospheric lid, existence of a low
velocity zone beneath a lithospheric lid and P/S velocity ratio varying with depth.
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Triplication data for deep events can be used to constrain several key seismic properties
near major discontinuities: the velocity gradients above and below the discontinuity,
velocity jumps across the discontinuity, and depth extents of different velocity gradients.

We present examples of study for one shallow event sampling the upper mantle beneath
southern Africa and two deep events sampling the 660-km discontinuity beneath South
America and North East Asia. We also discuss how those key features play an important role
in constraining mantle composition and temperature. P and SH triplication data for the
shallow event sampling the upper mantle beneath southern Africa suggest presence of a low
velocity zone with velocity reductions of at least —5% for S waves and —2% for P waves
beneath a 150-210 km thick high-velocity lithospheric lid, and a change of P/S velocity
ratio from 1.70 in the lithospheric lid to 1.88 in the transition zone. SH triplication data for
the two deep events suggest a similar large velocity gradient extending about 80 km deep
below the 660-km discontinuity, but different SH velocity gradients above the 660-km
discontinuity and different velocity jumps across the discontinuity beneath the two regions.
Beneath South America, the velocity gradient above the 660-km discontinuity is larger than
that of PREM, while the velocity jump across the discontinuity is the same as PREM.
Beneath northeast Asia, the velocity gradient above the 660-km discontinuity is the same as
that of PREM, while the velocity jump across the discontinuity is larger than PREM.

We show that these seismic properties place important constraints on mantle temper-
ature and composition. Beneath southern Africa, the low velocity zone suggests a high
temperature gradient of 6°C/km or presence of partial melt. The different P/S velocity
ratios between the lithospheric lid and the transition zone suggest a difference in aluminum
content of the mantle composition, with values of 1% in the lithospheric lid and 4% in the
transition zone, respectively. Beneath southern America and North East Asia, the 80-km
depth extent of the larger velocity gradient below the 660-km discontinuity suggests a
uniform composition in the lower mantle with an aluminum content of 3.4%. The different
velocity gradients above the 660-km discontinuity in two regions suggest either a differ-
ence in mantle temperature of about 100°C (with that beneath South America being lower)
between the two regions assuming a uniform mantle composition, or alternatively, a dif-
ference in aluminum content of about 1.2% (with that beneath South America being lower)
between the two regions without invoking a temperature difference between the two
regions.

Finally, we discuss the potential of using upper mantle triplication data for further
studying some other important features of the mantle: existence of double 660-km dis-
continuities, existence of low-velocity channels near major discontinuities and anisotropy
varying with depth, as well as challenges of the upper mantle triplication study and its
connection to other approaches.
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