
‘Sharp sides’ in
mantle convection

Andy Nowacki1 (a.nowacki@leeds.ac.uk), Jack Walpole2

Hein van Heck3, Rhodri Davies4, J Huw Davies3, James Wookey2

1. University of Leeds
2. University of Bristol
3. Cardiff University

4. Australian National University

archer

Seismic multipathing in
thermal and thermochemical models

mailto:a.nowacki@leeds.ac.uk
mailto:a.nowacki@leeds.ac.uk


After Dziewoński, JGR, 1984

The 3D Earth, 1984

 seismic phases from about 1,000
 globally distributed stations are col
 lected by the ISC for the purpose of
 precise location of earthquakes. The
 several million individual phase re
 ports, collected over a period of many
 years, represents one of the most
 important geophysical databases. An
 early study of lateral heterogeneities
 in the lower mantle was based on the
 first seven years of the ISC bulletins
 (Dziewonski et al. 1977). A sugges
 tion was made in this study that
 long-wavelength features of the
 earth's gravity field correlate with
 velocity anomalies in the lower
 mantle.

 With the increase in the number
 of reporting stations, the database has
 now nearly tripled. Furthermore, the
 results of station corrections (Dzie
 wonski and Anderson 1983) and a
 major increase in computational
 capabilities have created favorable
 conditions for a renewed effort. The
 model was parameterized according
 to Eq. 6 (L = 6, K = 4). The major fac
 tor limiting resolution at shallower
 depths is the uneven distribution of
 sources and stations. A study using
 the same database but the local to

 mographic approach, with several
 tens of thousands of individual
 blocks, is being conducted at Caltech
 (Clayton and Comer 1983).

 Figure 9 shows a map of the
 compressional (P wave) velocity
 anomalies at a depth of 2,500 km, 400
 km above the core. The amplitude of

 variations is several times less than in
 the upper mantle. The most striking
 feature at this depth is the ring of
 high velocities circumscribing the
 Pacific basin; the central Pacific is
 slow, as it is in the upper mantle.
 There appears to be some association
 of the hotspots with the velocity
 lows; the hotspots on or near the
 coast of North and South America
 and of Antarctica represent excep
 tions. Richards and Hager (1984a)
 conclude that this correlation has
 high statistical significance.

 Both laboratory data and
 seismological observations indicate
 that perturbations in shear and
 compressional velocities are corre
 lated. Thus, the models of the upper
 and the lower mantle can be com
 bined in joined cross sections, two of
 which are shown in Figure 10. The
 equatorial cross section provides
 another view of the large-scale
 anomalies in the transition zone. The
 western Pacific anomaly is overlain
 by slow material of the back-arc basin
 of the Indonesian subduction zone,
 while the South America-Africa
 anomaly seems to develop through
 continuation of the surface features.
 The mid-Indian Rise is slow in the
 upper mantle at all depths, as is the
 eastern Pacific. There are some cor
 relations of upper-mantle and
 lower-mantle features, but the offset
 is considerable, amounting to a
 change of sign in some vertical col
 umns, such as under the Indian

 Figure 9. Lateral heterogeneity in the lower mantle at a depth of 2,500 km is shown in this
 map as a function of variations in compressional velocities. This model was derived by
 analyzing reports of the travel times of compressional (P) waves collected by the
 International Seismological Centre for the years 1964 to 1979; 5,000 events were selected
 for the analysis. (After Dziewonski 1984.)

 Ocean and Africa. Integrated velocity
 anomalies of degree 2 show, negative
 correlation with the gravity field for
 the lower mantle (Dziewonski et al.
 1977; Dziewonski 1984); however,
 the correlation is positive for the
 upper mantle (Masters et al. 1982;
 Nakanishi and Anderson 1983; Tan
 imoto and Anderson 1984; Wood
 house and Dziewonski 1984).

 The other combined cross sec
 tion shows a spectacular low-velocity
 feature in the lower mantle, span
 ning about half the earth's circum
 ference. The pattern of the upper
 mantle anomaly under Australia
 gives an appearance of the sinking of
 cold (fast) material that then spreads
 near the 670-km discontinuity, with
 some indication of penetration into
 the lower mantle. The nearly vertical
 column of low-velocity material in
 the lower mantle, centered on the
 equator in the Pacific, seems to de
 velop into a broad zone of low
 upper-mantle velocities.

 The origin of hotspots such as
 Hawaii and Iceland has long been
 enigmatic. Although the magmas are
 similar to those emerging at mid
 ocean ridges, they have peculiar
 trace-element and isotopic composi
 tions; it is not known whether the
 geochemical signature is inherited
 from the shallow or the deep mantle.

 Hotspots are generally assumed to be
 the result of deep mantle plumes,
 originating perhaps in the lower
 mantle; our results do not yet answer
 the question of whether the plumes
 originate in the shallow or the deep
 mantle. Broad thermal anomalies in
 the shallow mantle tend to occur in
 the vicinity of the more active hot
 spots, but this correlation disappears
 at depths greater than 400 km; most
 hotspots occur on the edges of these
 thermal anomalies or under regions
 of relatively thick lithosph?re. This
 suggests that midocean-ridge basalts

 may provide the bulk of the material
 to hotspots, but that the shallow

 mantle may provide the geochemical
 signature.

 On the other hand, the lower
 mantle under the central Pacific, a
 region of many hotspots, is slow, in
 dicating high temperatures. The
 broad thermal anomaly in the upper
 mantle under the central Pacific may
 be caused by excess heat from the
 lower mantle in this region. The
 lower mantle under the North At
 lantic is also hotter than average.
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Figure 10. Whole-mantle cross-sections centered on (A) eastern Africa and (B) the western Pacific for models (top) S40RTS and (bottom) S20RTS. Shear-
velocity perturbations are between −1.5 per cent and +1.5 per cent.

shear-wave traveltimes but surface wave data have not been in-
cluded. Model HMSL-S is derived from S, SS, SS-S, ScS-S travel-
times and Love and Rayleigh waves.

The models correlate best in the uppermost mantle. Here, shear-
velocity anomalies are relatively large (>15 per cent) and broad
(>5000 km) and, hence, impart large delays in fundamental-mode
surface waves and multiple S wave reflections. Although less clear
for HMSL-S, shear-velocity heterogeneity is associated with ther-
mal anomalies due to plate tectonics and the presence of stable
continents. The lowest shear velocities are resolved beneath the
fast-spreading East Pacific Rise and velocities increase with in-
creasing plate age. Highest shear velocities are resolved beneath
the oldest regions of continents.

The core–mantle boundary region is also a region with relatively
strong (>4 per cent), long-wavelength variations in shear velocity.
This region is constrained by normal-mode splitting and the travel-
times of diffracted S waves, ScS and SKS. Absolute and differential
(e.g. ScS-S and S-SKS) traveltime delays can exceed 15 s, especially
for paths crossing the lower mantle beneath the central Pacific and
Africa. Since all of the models shown in Fig. 11 are based on trav-
eltime sets that include S, ScS and SKS it is not surprising that the
core–mantle boundary maps are similar.

Each of the models, apart from HMSL-S, indicates that there
is a significant contrast between shear-velocity structure at 600 km
and 800 km depth. The high-velocity structure beneath the west-
ern Pacific region, associated with subduction, is one of the most

prominent structures just above the 660-km phase transition but not
beneath the 660-km phase transition.

The differences between the models of Fig. 11 are in general
larger than the differences between S20RTS and S40RTS. For ex-
ample, models S40RTS and TX2008 present a contiguous low shear-
velocity structure at 400 km depth beneath the Pacific Ocean at a
depth of 400 km. This structure has a ring shape in models S362ANI
and SAW642AN. Models S40RTS, SAW642AN, S362ANI and
HMSL-S feature relatively high transition-zone velocities beneath
the central Atlantic but these anomalies are missing in TX2008.
The shear-velocity structure of SAW642AN at 400 km depth is
anti-correlated from the structure at 100 km depth.

The model differences stem from differences in data sets and
modelling approaches. Since teleseismic waves yield relatively
poor sampling of the transition zone, its seismic resolution de-
pends strongly on the modelling approaches (i.e. regularisation),
on data coverage and whether overtone surface waves are ana-
lyzed as complete waveforms (e.g. S362ANI), as dispersion curves
(e.g. S40RTS), or as triplicating, multiple S wave traveltimes
(e.g. TX2008).

6 M O D E L R E S O LU T I O N

To explain model differences quantitatively, it is necessary to con-
sider resolution tests that expose model inaccuracies. Here we show
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ample, models S40RTS and TX2008 present a contiguous low shear-
velocity structure at 400 km depth beneath the Pacific Ocean at a
depth of 400 km. This structure has a ring shape in models S362ANI
and SAW642AN. Models S40RTS, SAW642AN, S362ANI and
HMSL-S feature relatively high transition-zone velocities beneath
the central Atlantic but these anomalies are missing in TX2008.
The shear-velocity structure of SAW642AN at 400 km depth is
anti-correlated from the structure at 100 km depth.

The model differences stem from differences in data sets and
modelling approaches. Since teleseismic waves yield relatively
poor sampling of the transition zone, its seismic resolution de-
pends strongly on the modelling approaches (i.e. regularisation),
on data coverage and whether overtone surface waves are ana-
lyzed as complete waveforms (e.g. S362ANI), as dispersion curves
(e.g. S40RTS), or as triplicating, multiple S wave traveltimes
(e.g. TX2008).

6 M O D E L R E S O LU T I O N

To explain model differences quantitatively, it is necessary to con-
sider resolution tests that expose model inaccuracies. Here we show
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model Crust5.1 (17). We assumed an isostati-
cally compensated crust in the calculation of
the gravity field. Our “dynamic topography,”
therefore, is the nonisostatic topography of
the free surface that is produced by density
anomalies within the entire mantle, including
the lithosphere.

In the inversion, we allowed for lateral vari-
ations in S velocity, P velocity, density, dynam-

ic free-surface topography, and topography on
the 660 and the CMB (18). Initially, we invert-
ed for topography on the 410-km discontinuity
(410) as well but found that undulations on this
boundary are poorly constrained by the data
(19). Therefore, topographic variations on 410
are those determined in a recent travel-time
study (20). The starting model for the inversion
included S velocity model SKS12WM13 (1)
and P velocity model P16B30 (3). The density
component of the starting model was obtained
by scaling velocity model SKS12WM13 by a
factor of 0.2. There was no starting dynamic
topography on the free surface or the CMB,
except for its excess ellipticity, which was de-
termined by very long baseline interferometry
(21). Starting topography on 660 was taken
from Gu et al. (20). This starting model ex-
plains 74% of the variance in the mode data but
has a relatively high !2/N of 6.6, where N "
2850 is the number of normal-mode data (22).
Model SPRD6, obtained by an inversion of

normal-mode and gravity data, explains 92% of
the variance in the mode data and 96% of the
variance in the gravity data, which correspond
to !2/N " 2.0 and !2/Nf " 0.07, where Nf " 27
is the number of free-air gravity coefficients.
The fit to the free-air gravity anomaly is excel-
lent; however, it is well known that the gravity
anomaly can be relatively easily fit because of
its highly nonunique dependence on density
and boundary topography. Therefore, we did
not allow free-air gravity to change models of
density and boundary topography substantially
from models determined with only normal-
mode data.

We compared the S model obtained from
the normal-mode inversion with a recent model
based on body-wave data, SKS12WM13 (1)
(Fig. 1). In the shallow mantle, continents are
characterized by fast velocity anomalies, and
mid-ocean ridges correspond with slow ve-
locity anomalies. There are strong heteroge-
neities in the lowermost mantle, with a dis-
tinct ring of high-velocity anomalies around
the Pacific Ocean. The strong negative anom-
alies in the lowermost mantle underneath the
Pacific Ocean and Africa are interpreted as
mantle upwellings. The correlation between
the two models is high in the upper mantle
and near the CMB, but a lower correlation is
found in the mid-mantle, which is relatively
poorly constrained by travel-time and wave-
form data.

We compared the P part of model SPRD6
with P velocity model P16B30 (3) (Fig. 2). The
elongated velocity anomalies at mid-mantle
depths underneath the Americas and Eurasia
are characteristic of several recent travel-time
models (23). The two P velocity models are
well correlated at the top of the mantle and
around 2500-km depth but show lower correla-
tion in the mid-mantle and near the CMB. The

Fig. 3. Relative perturbations in even-degree den-
sity at six discrete depths as in Figs. 1 and 2. The
scale for each map (from the top) is #1.0, #0.5,
#0.5, #0.5, #0.8, and #1.0%, respectively. Blue
regions denote higher than average density, and
red regions denote lower than average density.
The maximum and minimum values of the den-
sity model are summarized in Table 1.

A BFig. 4. Shear velocity,
bulk sound velocity, and
density models at 2800-
km depth. (A) Map views
of shear velocity (top),
bulk sound velocity (mid-
dle), and density (bot-
tom) from an inversion
with these model pa-
rameters (model SBRD6).
The color scheme is the
same as in the previous
figures. The scale for the
maps is #2.5, #2.0,
and#1.5% for S veloc-
ity, bulk sound velocity,
and density, respec-
tively. Note the strong
anticorrelation between
shear and bulk sound
velocity (correlation co-
efficient of $0.63). (B)
Same as in (A), but
showing only the de-
gree 2 component. The
scales for the maps are #0.7, #0.4, and #0.5%, respectively.

Table 1. The maximum and minimum values of
the density model with the associated error at the
given depth. The average value of the model is
always zero because of the absence of a degree 0
coefficient. The errors are uniformly distributed
over the sphere, which reflects the fact that
modes are sensitive to structure everywhere on
the globe. The error values are much smaller than
the extrema of the model.

Depth
(km) Maximum Minimum Maximum

error

100 0.86 $0.83 0.12
600 0.62 $0.51 0.08
1300 0.60 $0.60 0.10
1800 0.53 $0.53 0.10
2300 0.99 $0.79 0.12
2850 1.7 $1.5 0.16
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model Crust5.1 (17). We assumed an isostati-
cally compensated crust in the calculation of
the gravity field. Our “dynamic topography,”
therefore, is the nonisostatic topography of
the free surface that is produced by density
anomalies within the entire mantle, including
the lithosphere.

In the inversion, we allowed for lateral vari-
ations in S velocity, P velocity, density, dynam-

ic free-surface topography, and topography on
the 660 and the CMB (18). Initially, we invert-
ed for topography on the 410-km discontinuity
(410) as well but found that undulations on this
boundary are poorly constrained by the data
(19). Therefore, topographic variations on 410
are those determined in a recent travel-time
study (20). The starting model for the inversion
included S velocity model SKS12WM13 (1)
and P velocity model P16B30 (3). The density
component of the starting model was obtained
by scaling velocity model SKS12WM13 by a
factor of 0.2. There was no starting dynamic
topography on the free surface or the CMB,
except for its excess ellipticity, which was de-
termined by very long baseline interferometry
(21). Starting topography on 660 was taken
from Gu et al. (20). This starting model ex-
plains 74% of the variance in the mode data but
has a relatively high !2/N of 6.6, where N "
2850 is the number of normal-mode data (22).
Model SPRD6, obtained by an inversion of

normal-mode and gravity data, explains 92% of
the variance in the mode data and 96% of the
variance in the gravity data, which correspond
to !2/N " 2.0 and !2/Nf " 0.07, where Nf " 27
is the number of free-air gravity coefficients.
The fit to the free-air gravity anomaly is excel-
lent; however, it is well known that the gravity
anomaly can be relatively easily fit because of
its highly nonunique dependence on density
and boundary topography. Therefore, we did
not allow free-air gravity to change models of
density and boundary topography substantially
from models determined with only normal-
mode data.

We compared the S model obtained from
the normal-mode inversion with a recent model
based on body-wave data, SKS12WM13 (1)
(Fig. 1). In the shallow mantle, continents are
characterized by fast velocity anomalies, and
mid-ocean ridges correspond with slow ve-
locity anomalies. There are strong heteroge-
neities in the lowermost mantle, with a dis-
tinct ring of high-velocity anomalies around
the Pacific Ocean. The strong negative anom-
alies in the lowermost mantle underneath the
Pacific Ocean and Africa are interpreted as
mantle upwellings. The correlation between
the two models is high in the upper mantle
and near the CMB, but a lower correlation is
found in the mid-mantle, which is relatively
poorly constrained by travel-time and wave-
form data.

We compared the P part of model SPRD6
with P velocity model P16B30 (3) (Fig. 2). The
elongated velocity anomalies at mid-mantle
depths underneath the Americas and Eurasia
are characteristic of several recent travel-time
models (23). The two P velocity models are
well correlated at the top of the mantle and
around 2500-km depth but show lower correla-
tion in the mid-mantle and near the CMB. The

Fig. 3. Relative perturbations in even-degree den-
sity at six discrete depths as in Figs. 1 and 2. The
scale for each map (from the top) is #1.0, #0.5,
#0.5, #0.5, #0.8, and #1.0%, respectively. Blue
regions denote higher than average density, and
red regions denote lower than average density.
The maximum and minimum values of the den-
sity model are summarized in Table 1.

A BFig. 4. Shear velocity,
bulk sound velocity, and
density models at 2800-
km depth. (A) Map views
of shear velocity (top),
bulk sound velocity (mid-
dle), and density (bot-
tom) from an inversion
with these model pa-
rameters (model SBRD6).
The color scheme is the
same as in the previous
figures. The scale for the
maps is #2.5, #2.0,
and#1.5% for S veloc-
ity, bulk sound velocity,
and density, respec-
tively. Note the strong
anticorrelation between
shear and bulk sound
velocity (correlation co-
efficient of $0.63). (B)
Same as in (A), but
showing only the de-
gree 2 component. The
scales for the maps are #0.7, #0.4, and #0.5%, respectively.

Table 1. The maximum and minimum values of
the density model with the associated error at the
given depth. The average value of the model is
always zero because of the absence of a degree 0
coefficient. The errors are uniformly distributed
over the sphere, which reflects the fact that
modes are sensitive to structure everywhere on
the globe. The error values are much smaller than
the extrema of the model.

Depth
(km) Maximum Minimum Maximum

error

100 0.86 $0.83 0.12
600 0.62 $0.51 0.08
1300 0.60 $0.60 0.10
1800 0.53 $0.53 0.10
2300 0.99 $0.79 0.12
2850 1.7 $1.5 0.16
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model Crust5.1 (17). We assumed an isostati-
cally compensated crust in the calculation of
the gravity field. Our “dynamic topography,”
therefore, is the nonisostatic topography of
the free surface that is produced by density
anomalies within the entire mantle, including
the lithosphere.

In the inversion, we allowed for lateral vari-
ations in S velocity, P velocity, density, dynam-

ic free-surface topography, and topography on
the 660 and the CMB (18). Initially, we invert-
ed for topography on the 410-km discontinuity
(410) as well but found that undulations on this
boundary are poorly constrained by the data
(19). Therefore, topographic variations on 410
are those determined in a recent travel-time
study (20). The starting model for the inversion
included S velocity model SKS12WM13 (1)
and P velocity model P16B30 (3). The density
component of the starting model was obtained
by scaling velocity model SKS12WM13 by a
factor of 0.2. There was no starting dynamic
topography on the free surface or the CMB,
except for its excess ellipticity, which was de-
termined by very long baseline interferometry
(21). Starting topography on 660 was taken
from Gu et al. (20). This starting model ex-
plains 74% of the variance in the mode data but
has a relatively high !2/N of 6.6, where N "
2850 is the number of normal-mode data (22).
Model SPRD6, obtained by an inversion of

normal-mode and gravity data, explains 92% of
the variance in the mode data and 96% of the
variance in the gravity data, which correspond
to !2/N " 2.0 and !2/Nf " 0.07, where Nf " 27
is the number of free-air gravity coefficients.
The fit to the free-air gravity anomaly is excel-
lent; however, it is well known that the gravity
anomaly can be relatively easily fit because of
its highly nonunique dependence on density
and boundary topography. Therefore, we did
not allow free-air gravity to change models of
density and boundary topography substantially
from models determined with only normal-
mode data.

We compared the S model obtained from
the normal-mode inversion with a recent model
based on body-wave data, SKS12WM13 (1)
(Fig. 1). In the shallow mantle, continents are
characterized by fast velocity anomalies, and
mid-ocean ridges correspond with slow ve-
locity anomalies. There are strong heteroge-
neities in the lowermost mantle, with a dis-
tinct ring of high-velocity anomalies around
the Pacific Ocean. The strong negative anom-
alies in the lowermost mantle underneath the
Pacific Ocean and Africa are interpreted as
mantle upwellings. The correlation between
the two models is high in the upper mantle
and near the CMB, but a lower correlation is
found in the mid-mantle, which is relatively
poorly constrained by travel-time and wave-
form data.

We compared the P part of model SPRD6
with P velocity model P16B30 (3) (Fig. 2). The
elongated velocity anomalies at mid-mantle
depths underneath the Americas and Eurasia
are characteristic of several recent travel-time
models (23). The two P velocity models are
well correlated at the top of the mantle and
around 2500-km depth but show lower correla-
tion in the mid-mantle and near the CMB. The

Fig. 3. Relative perturbations in even-degree den-
sity at six discrete depths as in Figs. 1 and 2. The
scale for each map (from the top) is #1.0, #0.5,
#0.5, #0.5, #0.8, and #1.0%, respectively. Blue
regions denote higher than average density, and
red regions denote lower than average density.
The maximum and minimum values of the den-
sity model are summarized in Table 1.

A BFig. 4. Shear velocity,
bulk sound velocity, and
density models at 2800-
km depth. (A) Map views
of shear velocity (top),
bulk sound velocity (mid-
dle), and density (bot-
tom) from an inversion
with these model pa-
rameters (model SBRD6).
The color scheme is the
same as in the previous
figures. The scale for the
maps is #2.5, #2.0,
and#1.5% for S veloc-
ity, bulk sound velocity,
and density, respec-
tively. Note the strong
anticorrelation between
shear and bulk sound
velocity (correlation co-
efficient of $0.63). (B)
Same as in (A), but
showing only the de-
gree 2 component. The
scales for the maps are #0.7, #0.4, and #0.5%, respectively.

Table 1. The maximum and minimum values of
the density model with the associated error at the
given depth. The average value of the model is
always zero because of the absence of a degree 0
coefficient. The errors are uniformly distributed
over the sphere, which reflects the fact that
modes are sensitive to structure everywhere on
the globe. The error values are much smaller than
the extrema of the model.

Depth
(km) Maximum Minimum Maximum

error

100 0.86 $0.83 0.12
600 0.62 $0.51 0.08
1300 0.60 $0.60 0.10
1800 0.53 $0.53 0.10
2300 0.99 $0.79 0.12
2850 1.7 $1.5 0.16
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model Crust5.1 (17). We assumed an isostati-
cally compensated crust in the calculation of
the gravity field. Our “dynamic topography,”
therefore, is the nonisostatic topography of
the free surface that is produced by density
anomalies within the entire mantle, including
the lithosphere.

In the inversion, we allowed for lateral vari-
ations in S velocity, P velocity, density, dynam-

ic free-surface topography, and topography on
the 660 and the CMB (18). Initially, we invert-
ed for topography on the 410-km discontinuity
(410) as well but found that undulations on this
boundary are poorly constrained by the data
(19). Therefore, topographic variations on 410
are those determined in a recent travel-time
study (20). The starting model for the inversion
included S velocity model SKS12WM13 (1)
and P velocity model P16B30 (3). The density
component of the starting model was obtained
by scaling velocity model SKS12WM13 by a
factor of 0.2. There was no starting dynamic
topography on the free surface or the CMB,
except for its excess ellipticity, which was de-
termined by very long baseline interferometry
(21). Starting topography on 660 was taken
from Gu et al. (20). This starting model ex-
plains 74% of the variance in the mode data but
has a relatively high !2/N of 6.6, where N "
2850 is the number of normal-mode data (22).
Model SPRD6, obtained by an inversion of

normal-mode and gravity data, explains 92% of
the variance in the mode data and 96% of the
variance in the gravity data, which correspond
to !2/N " 2.0 and !2/Nf " 0.07, where Nf " 27
is the number of free-air gravity coefficients.
The fit to the free-air gravity anomaly is excel-
lent; however, it is well known that the gravity
anomaly can be relatively easily fit because of
its highly nonunique dependence on density
and boundary topography. Therefore, we did
not allow free-air gravity to change models of
density and boundary topography substantially
from models determined with only normal-
mode data.

We compared the S model obtained from
the normal-mode inversion with a recent model
based on body-wave data, SKS12WM13 (1)
(Fig. 1). In the shallow mantle, continents are
characterized by fast velocity anomalies, and
mid-ocean ridges correspond with slow ve-
locity anomalies. There are strong heteroge-
neities in the lowermost mantle, with a dis-
tinct ring of high-velocity anomalies around
the Pacific Ocean. The strong negative anom-
alies in the lowermost mantle underneath the
Pacific Ocean and Africa are interpreted as
mantle upwellings. The correlation between
the two models is high in the upper mantle
and near the CMB, but a lower correlation is
found in the mid-mantle, which is relatively
poorly constrained by travel-time and wave-
form data.

We compared the P part of model SPRD6
with P velocity model P16B30 (3) (Fig. 2). The
elongated velocity anomalies at mid-mantle
depths underneath the Americas and Eurasia
are characteristic of several recent travel-time
models (23). The two P velocity models are
well correlated at the top of the mantle and
around 2500-km depth but show lower correla-
tion in the mid-mantle and near the CMB. The

Fig. 3. Relative perturbations in even-degree den-
sity at six discrete depths as in Figs. 1 and 2. The
scale for each map (from the top) is #1.0, #0.5,
#0.5, #0.5, #0.8, and #1.0%, respectively. Blue
regions denote higher than average density, and
red regions denote lower than average density.
The maximum and minimum values of the den-
sity model are summarized in Table 1.

A BFig. 4. Shear velocity,
bulk sound velocity, and
density models at 2800-
km depth. (A) Map views
of shear velocity (top),
bulk sound velocity (mid-
dle), and density (bot-
tom) from an inversion
with these model pa-
rameters (model SBRD6).
The color scheme is the
same as in the previous
figures. The scale for the
maps is #2.5, #2.0,
and#1.5% for S veloc-
ity, bulk sound velocity,
and density, respec-
tively. Note the strong
anticorrelation between
shear and bulk sound
velocity (correlation co-
efficient of $0.63). (B)
Same as in (A), but
showing only the de-
gree 2 component. The
scales for the maps are #0.7, #0.4, and #0.5%, respectively.

Table 1. The maximum and minimum values of
the density model with the associated error at the
given depth. The average value of the model is
always zero because of the absence of a degree 0
coefficient. The errors are uniformly distributed
over the sphere, which reflects the fact that
modes are sensitive to structure everywhere on
the globe. The error values are much smaller than
the extrema of the model.

Depth
(km) Maximum Minimum Maximum

error

100 0.86 $0.83 0.12
600 0.62 $0.51 0.08
1300 0.60 $0.60 0.10
1800 0.53 $0.53 0.10
2300 0.99 $0.79 0.12
2850 1.7 $1.5 0.16
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model Crust5.1 (17). We assumed an isostati-
cally compensated crust in the calculation of
the gravity field. Our “dynamic topography,”
therefore, is the nonisostatic topography of
the free surface that is produced by density
anomalies within the entire mantle, including
the lithosphere.

In the inversion, we allowed for lateral vari-
ations in S velocity, P velocity, density, dynam-

ic free-surface topography, and topography on
the 660 and the CMB (18). Initially, we invert-
ed for topography on the 410-km discontinuity
(410) as well but found that undulations on this
boundary are poorly constrained by the data
(19). Therefore, topographic variations on 410
are those determined in a recent travel-time
study (20). The starting model for the inversion
included S velocity model SKS12WM13 (1)
and P velocity model P16B30 (3). The density
component of the starting model was obtained
by scaling velocity model SKS12WM13 by a
factor of 0.2. There was no starting dynamic
topography on the free surface or the CMB,
except for its excess ellipticity, which was de-
termined by very long baseline interferometry
(21). Starting topography on 660 was taken
from Gu et al. (20). This starting model ex-
plains 74% of the variance in the mode data but
has a relatively high !2/N of 6.6, where N "
2850 is the number of normal-mode data (22).
Model SPRD6, obtained by an inversion of

normal-mode and gravity data, explains 92% of
the variance in the mode data and 96% of the
variance in the gravity data, which correspond
to !2/N " 2.0 and !2/Nf " 0.07, where Nf " 27
is the number of free-air gravity coefficients.
The fit to the free-air gravity anomaly is excel-
lent; however, it is well known that the gravity
anomaly can be relatively easily fit because of
its highly nonunique dependence on density
and boundary topography. Therefore, we did
not allow free-air gravity to change models of
density and boundary topography substantially
from models determined with only normal-
mode data.

We compared the S model obtained from
the normal-mode inversion with a recent model
based on body-wave data, SKS12WM13 (1)
(Fig. 1). In the shallow mantle, continents are
characterized by fast velocity anomalies, and
mid-ocean ridges correspond with slow ve-
locity anomalies. There are strong heteroge-
neities in the lowermost mantle, with a dis-
tinct ring of high-velocity anomalies around
the Pacific Ocean. The strong negative anom-
alies in the lowermost mantle underneath the
Pacific Ocean and Africa are interpreted as
mantle upwellings. The correlation between
the two models is high in the upper mantle
and near the CMB, but a lower correlation is
found in the mid-mantle, which is relatively
poorly constrained by travel-time and wave-
form data.

We compared the P part of model SPRD6
with P velocity model P16B30 (3) (Fig. 2). The
elongated velocity anomalies at mid-mantle
depths underneath the Americas and Eurasia
are characteristic of several recent travel-time
models (23). The two P velocity models are
well correlated at the top of the mantle and
around 2500-km depth but show lower correla-
tion in the mid-mantle and near the CMB. The

Fig. 3. Relative perturbations in even-degree den-
sity at six discrete depths as in Figs. 1 and 2. The
scale for each map (from the top) is #1.0, #0.5,
#0.5, #0.5, #0.8, and #1.0%, respectively. Blue
regions denote higher than average density, and
red regions denote lower than average density.
The maximum and minimum values of the den-
sity model are summarized in Table 1.

A BFig. 4. Shear velocity,
bulk sound velocity, and
density models at 2800-
km depth. (A) Map views
of shear velocity (top),
bulk sound velocity (mid-
dle), and density (bot-
tom) from an inversion
with these model pa-
rameters (model SBRD6).
The color scheme is the
same as in the previous
figures. The scale for the
maps is #2.5, #2.0,
and#1.5% for S veloc-
ity, bulk sound velocity,
and density, respec-
tively. Note the strong
anticorrelation between
shear and bulk sound
velocity (correlation co-
efficient of $0.63). (B)
Same as in (A), but
showing only the de-
gree 2 component. The
scales for the maps are #0.7, #0.4, and #0.5%, respectively.

Table 1. The maximum and minimum values of
the density model with the associated error at the
given depth. The average value of the model is
always zero because of the absence of a degree 0
coefficient. The errors are uniformly distributed
over the sphere, which reflects the fact that
modes are sensitive to structure everywhere on
the globe. The error values are much smaller than
the extrema of the model.

Depth
(km) Maximum Minimum Maximum

error

100 0.86 $0.83 0.12
600 0.62 $0.51 0.08
1300 0.60 $0.60 0.10
1800 0.53 $0.53 0.10
2300 0.99 $0.79 0.12
2850 1.7 $1.5 0.16
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Thermal v. thermochemical

model Crust5.1 (17). We assumed an isostati-
cally compensated crust in the calculation of
the gravity field. Our “dynamic topography,”
therefore, is the nonisostatic topography of
the free surface that is produced by density
anomalies within the entire mantle, including
the lithosphere.

In the inversion, we allowed for lateral vari-
ations in S velocity, P velocity, density, dynam-

ic free-surface topography, and topography on
the 660 and the CMB (18). Initially, we invert-
ed for topography on the 410-km discontinuity
(410) as well but found that undulations on this
boundary are poorly constrained by the data
(19). Therefore, topographic variations on 410
are those determined in a recent travel-time
study (20). The starting model for the inversion
included S velocity model SKS12WM13 (1)
and P velocity model P16B30 (3). The density
component of the starting model was obtained
by scaling velocity model SKS12WM13 by a
factor of 0.2. There was no starting dynamic
topography on the free surface or the CMB,
except for its excess ellipticity, which was de-
termined by very long baseline interferometry
(21). Starting topography on 660 was taken
from Gu et al. (20). This starting model ex-
plains 74% of the variance in the mode data but
has a relatively high !2/N of 6.6, where N "
2850 is the number of normal-mode data (22).
Model SPRD6, obtained by an inversion of

normal-mode and gravity data, explains 92% of
the variance in the mode data and 96% of the
variance in the gravity data, which correspond
to !2/N " 2.0 and !2/Nf " 0.07, where Nf " 27
is the number of free-air gravity coefficients.
The fit to the free-air gravity anomaly is excel-
lent; however, it is well known that the gravity
anomaly can be relatively easily fit because of
its highly nonunique dependence on density
and boundary topography. Therefore, we did
not allow free-air gravity to change models of
density and boundary topography substantially
from models determined with only normal-
mode data.

We compared the S model obtained from
the normal-mode inversion with a recent model
based on body-wave data, SKS12WM13 (1)
(Fig. 1). In the shallow mantle, continents are
characterized by fast velocity anomalies, and
mid-ocean ridges correspond with slow ve-
locity anomalies. There are strong heteroge-
neities in the lowermost mantle, with a dis-
tinct ring of high-velocity anomalies around
the Pacific Ocean. The strong negative anom-
alies in the lowermost mantle underneath the
Pacific Ocean and Africa are interpreted as
mantle upwellings. The correlation between
the two models is high in the upper mantle
and near the CMB, but a lower correlation is
found in the mid-mantle, which is relatively
poorly constrained by travel-time and wave-
form data.

We compared the P part of model SPRD6
with P velocity model P16B30 (3) (Fig. 2). The
elongated velocity anomalies at mid-mantle
depths underneath the Americas and Eurasia
are characteristic of several recent travel-time
models (23). The two P velocity models are
well correlated at the top of the mantle and
around 2500-km depth but show lower correla-
tion in the mid-mantle and near the CMB. The

Fig. 3. Relative perturbations in even-degree den-
sity at six discrete depths as in Figs. 1 and 2. The
scale for each map (from the top) is #1.0, #0.5,
#0.5, #0.5, #0.8, and #1.0%, respectively. Blue
regions denote higher than average density, and
red regions denote lower than average density.
The maximum and minimum values of the den-
sity model are summarized in Table 1.

A BFig. 4. Shear velocity,
bulk sound velocity, and
density models at 2800-
km depth. (A) Map views
of shear velocity (top),
bulk sound velocity (mid-
dle), and density (bot-
tom) from an inversion
with these model pa-
rameters (model SBRD6).
The color scheme is the
same as in the previous
figures. The scale for the
maps is #2.5, #2.0,
and#1.5% for S veloc-
ity, bulk sound velocity,
and density, respec-
tively. Note the strong
anticorrelation between
shear and bulk sound
velocity (correlation co-
efficient of $0.63). (B)
Same as in (A), but
showing only the de-
gree 2 component. The
scales for the maps are #0.7, #0.4, and #0.5%, respectively.

Table 1. The maximum and minimum values of
the density model with the associated error at the
given depth. The average value of the model is
always zero because of the absence of a degree 0
coefficient. The errors are uniformly distributed
over the sphere, which reflects the fact that
modes are sensitive to structure everywhere on
the globe. The error values are much smaller than
the extrema of the model.

Depth
(km) Maximum Minimum Maximum

error

100 0.86 $0.83 0.12
600 0.62 $0.51 0.08
1300 0.60 $0.60 0.10
1800 0.53 $0.53 0.10
2300 0.99 $0.79 0.12
2850 1.7 $1.5 0.16
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= 0.016 km s–1 °–1

the magnitude of the horizontal Vs gradients bounding it. Fig. 9
also shows that Vs is relatively laterally uniform within the
LLSVPs and the surrounding fast region. The only exception to
this intra-LLSVP uniformity is an area of enhanced lateral Vs
gradients to the south of Hawai’i (e.g. Russell et al., 1999), which
may be associated with smaller-scale structures similar to those
detected within the LLSVP to the northwest (Russell et al., 1999;
To et al., 2011; Cottaar and Romanowicz, in press).

When might have the Perm Anomaly formed? If the LLSVPs are
very ancient, could such a small anomaly exist by itself for very
long? If it is a young feature, then the Perm Anomaly may offer a
clue as to how LLSVPs are formed. On the other hand, the Perm
Anomaly may be quite old: it is intriguing that the location of the
anomaly is very close to the restored location (Torsvik et al., 2008)
of the eruption of the Siberian Traps that punctuated the end of
the Permian period (see Fig. 2). Though far from conclusive, this
coincidence may indicate that the Perm Anomaly’s diminutive
size resulted from substantial flux out of the anomaly.

4. Conclusions

We have performed cluster analysis on lower mantle Vs
profiles from 5 recent global tomographic models. For all models,
there is a simple separation of lower mantle structure into two
slow and one fast region, each of which is geographically

0
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Range of Vs (m/s) within 5o
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Vs (m
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Fig. 9. Margins of both LLSVPs and the Perm Anomaly are characterized by a steep
gradient of Vs, here represented by the median range of Vs (m/s) over a distance of
51 and 101 in the five models considered. Away from the margins of the LLSVPs
and the Perm Anomaly, lateral velocity gradients are very small, indicating relative
uniformity within the LLSVPs and in the ring of faster-than-average velocities.

Fig. 8. Seismic transverse-component velocity waveforms from the deep Spain event of April 11th 2010 (Buforn et al. 2011) observed at 66 stations in the 911–1021
distance range show travel time delays and amplitude focusing due to the ‘‘Perm Anomaly.’’ (a) Great circle paths and their relation to the Perm anomaly. Lighter shading
indicates the portion of the path within the D00 region. Triangles indicate stations. (b) Simple cylindrical 3D model that best reproduces first order features in the data. The
model includes a 370 km high cylinder with a diameter of 900 km (at the CMB) and a velocity reduction of !6% centered at 541E, 501N. The background model is
SAW24B16 (Mégnin and Romanowicz, 2000). Real stations (green) are augmented with a set of hypothetical stations (red) to complement available azimuthal coverage. (c)
Observed and (d) synthetic S/Sdiff waveforms filtered between 10–30 s and ordered as a function of azimuth. Strong travel time delays and amplitude focusing due to the
Perm anomaly appear around 501 in azimuth. No similar time delays are observed to the north, indicating that the Perm Anomaly is not connected to the Iceland region of
the African LLSVP. The same color convention is used for synthetic traces as in (b). Observed Sdiff amplitude ratios (e) and differential travel times (f) as a function of
azimuth, referred to 1D normal mode synthetics. Travel time measurements could not be made for the nodal traces at the largest azimuths. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Convection simulations

concentrated structures in the deep mantle beneath Africa and
the Pacific than previously predicted.

3.1. Distribution of thermal and chemical heterogeneity

Histograms displaying the thermal heterogeneity structure for
each case are presented in Fig. 3. Focussing initially on the purely
thermal case, we observe that the temperature distribution is
dominated by thermal boundary layers at the surface and CMB
(Fig. 3a). The layer average temperature is slightly sub-adiabatic
in the lowermost mantle, as expected for an isochemical convect-
ing system with substantial internal heating (e.g. Jeanloz and
Morris, 1987; Parmentier et al., 1994; Bunge, 2005). The tem-
perature anomaly histogram for this case (Fig. 3b) illustrates that
the majority of model grid points have temperatures at, or near
to, the mean radial value, owing to the high convective vigour of
the simulation. Nonetheless, substantial temperature anomalies
exist, with maximum cold thermal anomalies (slabs) on the order
of 1000–1300 K, at all depth levels (minor fluctuations with depth
can be related to variations in the amount of subducted material
at different stages of the plate motion history). We observe large
plume excess temperatures (maximum hot thermal anomalies—
Fig. 3b) of around 1300 K in the lower mantle, which reduce to
300-400 K in the upper mantle, consistent with petrological
estimates of plume excess temperatures (e.g. Schilling, 1991;
Herzberg et al., 2007). This strong decrease in plume excess
temperature towards the surface is a consequence of plumes
rising adiabatically in the otherwise sub-adiabatic mantle (see
Bunge, 2005; Leng and Zhong, 2008, for detailed discussion).

In the thermo-chemical case, the excess density of chemical
‘piles’ acts to prevent the advection of material away from these
regions. Although there is convection within the ‘piles’, which
homogenises most internal structure, heat can only conduct
across the chemical interface. Consequently, ‘piles’ heat up sub-
stantially when compared to background mantle and the bound-
ary layer thickens in comparison to the purely thermal case (cf.
the relative positions of log10(NGP)¼3 and log10(NGP)¼4 con-
tours in the lowermost mantle between Fig. 3a and d). Although
dense material is predominantly restricted to the mantle’s low-
ermost 700-km (Fig. 3f), plumes rising from the chemical inter-
face carry elevated temperatures up to 1200-km above the CMB
(cf. dashed lines of thermal and thermo-chemical cases in Fig. 3c).
These hot regions increase the average geotherm, such that it
becomes super-adiabatic in the lowermost mantle. As a result:
(i) lower mantle cold thermal anomalies are generally increased
relative to the purely thermal case (note the relative positions of
log10(NGP)¼3 and log10(NGP)¼4 contours in the lowermost
mantle between Fig. 3b and e); and (ii) most model grid points
display strong negative (slabs) or positive (‘piles’) temperature
anomalies in the lowermost mantle, which differs to the purely
thermal case, where the majority of model grid points
have temperatures at, or near to, the mean radial value (cf.
log10(NGP)¼4 contours in the deep mantle between Fig. 3b and e).
Chemical ‘piles’ also influence the CMB heat flux: the present-day
CMB heat flux decreases from " 10 TW in the purely thermal case,
to " 7 TW in the thermo-chemical case. It is clear therefore that
including even a small volume-fraction of concentrated dense
chemical heterogeneity has a significant influence on the thermal

Fig. 2. (a) The temperature field, away from the layer average (i.e. the thermal anomaly), at 1200-km depth, for the purely thermal case. The view is centred on the Indian
Ocean (continental boundaries provide geographic reference), illustrating subducted remnants of the former Tethys Ocean; (b)/(c) snapshots of the absolute temperature
and temperature anomaly fields, respectively—images include a radial surface at 2800-km depth and a cross-section highlighting the thermal structure beneath Africa;
(d) the chemical interface beneath Africa, from our thermo-chemical ‘pile’ model, mapped by the X¼0.9 iso-surface, which overlies a radial surface at 2800-km depth; (e)/
(f) analogous to (b)/(c), but illustrating the convective planform for the thermo-chemical ‘pile’ model.
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Tomography

(pv-ppv: Nakagawa and Tackley, 2006), which produces a sharp
increase in shear wave velocity (Fig. 1a). However, an increase in
lowermost mantle seismic heterogeneity would be expected, and is
indeed observed, in the absence of this phase transition, due to
increased thermal heterogeneity at these depths (Fig. 3b).

In both thermo-chemical cases (Fig. 4b and c), lowermost mantle
fast seismic anomalies increase relative to the purely thermal case,
due to the stronger negative temperature anomalies observed at
these depths, as described in Section 3.1. A distinct region of slower
than average velocities is also evident, extending several hundred
kilometres above the CMB, which corresponds to the seismic expres-
sion of hot ‘pile’ material (cf. relative positions of log10(NGP)¼4 shear
wave anomaly contours in the lowermost mantle between thermal
and thermo-chemical models). For basalt, which is generally faster in
shear wave velocity than a pyrolite at lower mantle depths (Fig. 1c),
the chemical effect on seismic velocity counteracts the effect of
increased temperature and, accordingly, the range of seismic anoma-
lies in the basaltic case is similar to that displayed in the purely
thermal case. However, for iron-rich material, which is slower than

pyrolite at lower mantle depths (Fig. 1c), thermal and chemical effects
combine to produce ‘piles’ with substantially stronger negative shear
wave anomalies. Such strong anomalies also bias the one-
dimensional seismic average and, as a result, the range of anomalies
increases in comparison to other cases.

3.3. Amplitude of imaged heterogeneity structure

The strongest LLSVP anomaly amplitudes are inferred from
regional waveform and travel-time modelling studies. For exam-
ple, Ni and Helmburger (2003), Wang and Wen (2007) and He and
Wen (2009) infer that African and Pacific LLSVPs have a shear
wave velocity structure with average velocity perturbations of
"5% at the base and "2% to "3% in the mid-lower mantle. Even
with the minimum temperature-dependence of anelasticity
model Q4 used herein, all models examined produce such large
amplitude low-velocity anomalies and a strong increase in het-
erogeneity towards the mantle’s base (Fig. 4).

S40RTS Thermal Thermo-Chemical

Fig. 5. Shear wave velocity perturbations beneath Africa from: (a) tomographic model S40RTS; (b) our purely-thermal model; and (c) our thermo-chemical model, where
the dense chemical component represents only 3% of the mantle volume. In the isochemical model, (T,P,X) is converted into seismic velocity assuming a pyrolitic
composition, whilst the thermo-chemical model illustrated here assumes a pyrolitic composition for background mantle and an iron-rich composition for the dense
chemical component. The structure of a thermo-chemical model with a basaltic dense component has similar characteristics. We account for the geographic bias, smearing
and damping inherent to tomographic models using the resolution operator of S40RTS (Ritsema et al., 2011, 2007), thus allowing for direct comparison between our
models and S40RTS. All images include a radial surface at 2850-km depth and an isosurface at "1:0%, clipped above 1400-km to allow visualisation of lower mantle
features. Continental boundaries are included for geographic reference.

Fig. 6. (a) RMS amplitudes of shear wave velocity anomalies as a function of depth, for all cases examined, compared to tomographic model S40RTS. Dashed and
continuous lines represent the RMS amplitudes before and after accounting for the effects of limited seismic resolution, respectively. Contributions are also decomposed
into positive and negative components: (b) before and (c) after application of the resolution operator.
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Frequency-wavenumber (fk) analysis
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Kaapvaal array

maximum and the information on the coherency of the
signal for each time window, are stored. This transforms
the array recordings into time series of coherency, slow-
ness, and back azimuth.

[56] To obtain the best possible results in the fk anal-
ysis, a suitable time window and step size must be cho-
sen. The time window must be wide enough to com-
pletely include phases traveling over the array with
different slownesses. In shorter time windows, not all
components of the signal can be analyzed, and the fk
analysis becomes less accurate. If the window is too
large, it will contain more incoherent noise, which dis-
turbs the exact determination of slowness and back
azimuth and, particularly, the coherency of the signal
decays. Additionally, the time resolution of the method
is reduced. The window width is defined by the dominant
period of the signal and its travel time over the array.
Therefore the appropriate window size is dependent on
the size of the array and the slowness of the signals
analyzed. The individual time windows should overlap
somewhat to identify the continuous behavior of slow-
ness and back azimuth, and the step size must be chosen
accordingly.

[57] The sliding-window fk analysis is best used for
small-aperture arrays with a well defined ARF that en-
ables the identification of the arriving coherent signals.
The sliding-window fk analysis has been applied in the
search for PP underside reflections from upper mantle
discontinuities [Rost and Weber, 2001]. The results of the

sliding-window fk analysis are displayed as fk movies.
These movies give a good overview of the development
of slowness and back azimuth along a seismogram. Some
examples of the sliding-window fk analysis can be seen at
http://www.uni-geophys.gwdg.de/!srost/fk-movies.htm.

3.7. Cophase
[58] The Cophase method is another method to en-

hance the signal strength and reduce noise and to esti-
mate the signal phase velocity and direction [Posmentier
and Herrmann, 1971]. Cophase was developed in the
1970s, when seismic analysis was restricted by limited
computer power, as a rapid method to measure signal
strength as a function of slowness and back azimuth. The
results of Cophase are comparable to the fk analysis but
with much less computational effort.

[59] Here we introduce the Cophase ad hoc processor
to show a method completely defined in the frequency
domain. The definition of Cophase is
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Figure 14. (a) Array response function of GRF. GRF has an aperture of !50 by 100 km. Owing to the larger
aperture the resolution is higher than that of YKA (Figure 13a). (b) The fk analysis of a wave arriving with
a�slowness�of�7.75�s/deg�and�along�a�back�azimuth�of�225*.
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Figure 2: Frequency-wavenumber (‘fk’) stacks for di↵erent azimuthal ranges of the data.
Beam power is shown by colour, with a linear scale from white (0) to blue (maximum).
Stacks are third-order phaseweighted stacks of unfiltered seismograms. [ADJUST AZ-
IMUTH BINS]
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Figure 5: Frequency-wavenumber (‘fk’) stacks for di↵erent azimuthal ranges for the T
model, using tables with ppv. Beam power is shown by colour, with a linear scale
from white (0) to blue (maximum). Stacks are third-order phaseweighted stacks of
seismograms bandpass filtered between 100 and 15 s.
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Figure 6: Frequency-wavenumber (‘fk’) stacks for di↵erent azimuthal ranges for the TCB
model, using tables with ppv. Seismograms are low-pass filtered below 5 s. Details as
for Figure 5.
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‘Mapping’ with SKS

Sharp Sides to the African
Superplume

Sidao Ni*, Eh Tan, Michael Gurnis, Don Helmberger

Beneath southern Africa is a large structure about 1200 kilometers across and
extending obliquely 1500 kilometers upward from the core-mantle boundary
with a shear velocity reduction of about 3%. Using a fortuitous set of SKS phases
that travel along its eastern side, we show that the boundary of the anomaly
appears to be sharp, with a width less than 50 kilometers, and is tilted outward
from its center. Dynamic models that fit the seismic constraints have a dense
chemical layer within an upwardly flowing thermal structure. The tilt suggests
that the layer is dynamically unstable on geological time scales.

The largest low-velocity structures in the
lower mantle occur beneath southern Africa
and the mid-Pacific. These low–shear wave
velocity structures are correlated with hot
spots (1), suggesting that the decrease in ve-
locity is associated with an increase in tem-
perature. The positive geoid anomaly and
high topography over Africa (2, 3) and the
broad-scale Cenozoic uplift (4) are consistent
with warm, rising mantle beneath Africa.
However, recent tomographic imaging of the
whole mantle suggests that bulk sound veloc-
ity and shear velocity (Vs) are negatively
correlated within the African and Pacific
anomalies (5), suggesting that the anomalies
are chemical in origin, not thermal. The

chemical hypothesis is supported by an inver-
sion of normal modes (6) which indicates
that the density of the lower mantle may
increase within the two low Vs anomalies. If,
over large scales (scale lengths of 1000 km),
high-density chemical anomalies are embed-
ded within thermal upwellings, as found in
dynamic models (7–9), then we predict that
there should be sharp jumps in seismic veloc-
ity, either radially or laterally, within the
broad-scale low Vs structures delineated by
seismic tomography. Here, we test this pre-
diction with body wave seismology.

We search for rapid variations in Vs along
paths between Africa and South America be-
cause of an ideal combination of earthquakes
and seismic arrays that sample the African
anomaly (10). Lowermost mantle structure
can be distinguished from event mislocation
and upper mantle structure using differential
travel times of the phases ScS and SKS rela-

tive to S (Fig. 1A). Anomalous patterns in ScS
– S differential times, with delays as high as
10 s at epicentral distances beyond 90° (11,
12), are not explained by tomographic mod-
els, which require sharpening and enhancing
to produce such strong effects (Fig. 1B).
Moreover, the travel times for the phase SKS
can change rapidly when crossing the western
and eastern boundaries of the African anom-
aly, with changes as large as several seconds
between neighboring stations that have spac-
ings of less than 50 km (Fig. 1C). When SKS
data are modeled alone there is a trade off
between thickness and velocity reduction that
can be removed by adding the combination of
ScS – S and SKS – S data (10). Our preferred
model fitting differential times and wave-
forms along this corridor is the LVZ2 model
(Fig. 1A). It is a two-dimensional (2D) ide-
alization of a large complex anomaly, which
we will refer to as the African Low Velocity
Structure (ALVS). The ALVS is aligned
NW–SE and is about 1200 km wide, whereas
the cross section LVZ2 extends at least 1200
km above the core-mantle boundary and
leans toward the east between latitudes 15°
and 30°S.

These large-scale features are apparent in
seismic record sections. The sharpness of the
western boundary (WB) is particularly evi-
dent from a rapid jump in travel times occur-
ring near 100° for events recorded by the
South African Array (Fig. 2A). Because the
travel time jump occurs at different stations
for other events, this feature is not related to
shallow structure (10). A complementary
travel time anomaly occurs for phases cross-
ing the eastern boundary (EB), except that the

Seismological Laboratory, California Institute of Tech-
nology, Pasadena, CA 91125, USA.

*To whom correspondence should be addressed. E-
mail: stone@gps.caltech.edu

Fig. 1. (A) Shear velocity
from tomography (16) (in
%) from South America to
South Africa. The lowest
velocities are in red. Green
line is idealized LVZ2 struc-
ture with sharp sides (3%
velocity reduction in en-
closed area). Principal ray
paths, S and ScS (red) and
SKS (green), sample these
structures for epicentral
distances 83° to 95°. (B)
Synthetics and observa-
tions for S and ScS phases
(horizontally polarized
component, SH). Tomo, to-
mographic model; LVZ2,
hybrid model; 971128,
data recorded at South Af-
rican array (10). Large de-
lay of ScS relative to S
caused by ALVS structure,

which disappears at the larger distances because they both sample the ALVS. (C) The SKS
geometry showing where rays arriving at stations (fig. S1) exit the core (diamonds) and sample
the ALVS structure. Diamond color represents the delay (in seconds) of SKS arrival relative to
preliminary reference earth model (PREM) (18). The two dashed lines indicate the WB and EB,
where the ALVS intersects with the core-mantle boundary.
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Pile morphology
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Figure S6 | Predictions of internal structure of thermochemical piles.  From the 
calculations of Li et al. (2014)19 the dynamics, composition, and temperature are shown 
for a 3 chemistry system: a thermochemical reservoir at the base of the mantle (“R”), 
former basaltic oceanic crust (“C”), and background mantle (“M”).  a, The compositional 
field is displayed for a time snapshot with thermochemical piles (turquoise color) well 
developed. Former oceanic crust (yellow color) is well mixed into the mantle (black color 
is the mantle), and has also been downward entrained into the piles. b, The temperature 
field for the time snapshot of a is shown. Panels c and d correspond to the zoom boxes 
in a and b, and show the composition and temperature. The temperature field in d is 
modified to show a complete color scale just within the thermochemical pile to highlight 
internal convection.  The pile margin based on chemistry is indicated by the black line; 
flow directions are indicated by the arrows.  For this example, the temperature field 
between .7 and 1 is colorized, with the rest plotted as gray. 
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Figure 4: E↵ect of including or omitting the brm–ppv transition in the seismic model.
Velocity traces plotted relative to the ak135-predicted Sdi↵ arrival. (a,c) Using tables
without ppv. (b,d) Using tables with ppv. (a,b) T model. (c,d) TCB model
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