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excellent resolution and indicate that, for instance, the apparent disconnection between the
lower and upper mantle structures is real. Cross section 6 shows subduction in southern
Italy and across the Tyrrhenian sea. The resolution is worse, but horizontal smearing in the
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Some General Issues

What determines the nature of the final model?

e Data (single data type/mixed data types) (very impor-
tant — e.g. upper mantle of ISC-only models will be
incomplete at best)

e Parameterization (blocks/ spherical harmonics/ etc.)
(not important except from a practical point of view)

e Inversion technique (iterative/direct) (not important
except from a pratical point of view)

(BUT.... details are very important — crust corrections,

location errors, ...) = Sowrce

AND... what about anisotropy?
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Figure 9. An analysis of the differences between the PDE locations and the ISC locations. Left: the scatter
reflecting differences in longitude and latitude ~ there is no correlation. Right: the scatter in differences

between origin time and event depth — note the almost perfect correlation.
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21,774 KARATO AND KARKI: ORIGIN OF LATERAL VARIATION IN SEISMIC WAVE VELOCITIES
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Figure 1. Relation between R,, and R,, for 4=0.37. The solid
curve shows a theoretical nlljondup (equation (13)). R,, =1/4
when R, =0 and R,,—a as R, —=A/(l-A).

Seismological models are also shown. MLBD, Masters et al.
[2000); SD, Su and Dziewonski {1997); KWH, Kennelt et al.
[1998]. Data points for MLBD and SD are the mean values of
these ratios whereas thase for KWH are the root-mean square
values of these ratios. The results of Masrers ef al. [2000] are in
good agreement with the relation (13), but neither the results by
Su and Dziewonski [1997) nor by Kennen e al. [1998] is
consistent with the relstion (13). Sw and Driewonski [1997]
inforred largely negative values of R, (<-0.2) in most of the
lower mantle which would imply very large R,, exceeding ~4,
which is inconsistent with their observation of R,,~1.5-3.1.

Similarly Kennett et al. [1998] obtained negative valves of R,,

in the deep lower mantle where they obtained R,,~2 which is
inconsistent with (13). (They only showed root-mean-square
values of R,,, which are always positive. Therefore their data on
Ry and R,, from deep lower mantle are not shown in this
dingram).

where @, = -(@logp@T), is the coefficient of thermal
expmslon The temperature effects on elastic moduli may wmu
from ic effects and effects. A

refers to the behavior of materials in which elastic properties
change because of temperature (or pressure) caused by the
deviation of lattice vibration from harmenic oscillator [e.g.,
Anderson, 1995). This does not involve any energy dissipation.
One of the main consequences of anharmonicity is thermal
expansion, and elastic pmpmws of materials can change duc to
the change in mean atomic di Therefore
involves & large change in density and heace results in large
values of Roieo
Another important process whereby msmw wave velooities
may vary is icity. This is a dissi process in
some viscous deformation [e.g., Karato and Sp!ulcr lm
Jackson, 2000], The degree to which viscous deformation affects
seismic wave velocities is measured by  factor and depends on
the frequency of seismic waves. Consequently, anelasticity results
in the frequency dlpendnm of seismic wave velocities, T.’m
of anelasticily in the imerpretation of sei
Mh-dumm&nmmehsw in the mid 1970s
[eg- Kammorl and Anderson, 1977], and its n;niﬂmce in
seismic hy was first recognized by Karato
nm] Boc-uu changes in seismic wuc velocities caused by
ity are not iated with signifi volume
change, the density 1o velocity anomaly ratios ( R,,) tend o be
small when lasticity plays an role. Also,
contributions from anelasticity significantly increase the sbsolute
values of temperature derivatives of shear wave velocities but not
bulk sound wave velocities, resulting in an increase in R,,.

3.1. Anharmonicity

Mmonuunui y measu of temp
dence of elasticity ere made at uhrasonic frequencies (~1

MHz to ~1 GHz) [e.g., Anderson et al., 1992; Anderson, 1995;
Mﬂmud 1998]. At these frequencies, anelastic relaxation
is le and these provide us with a
measure of the effects of anharmonicity. Parameters

ding to anharmonicity are referred to Anderson-

Table 1. Ank ic P and Velocity Heterogeneity Ratio, Ry, for Mantle
Minerals®
s r Rup as (10°K")

NaCl 4.02 6.10 113 118
MgO 312 5.08 1.31 31
%] 3.58 494 122 29
Grossular 1% 496 1.29 20
Pyrope 397 410 1.06 2.0
Olivine (Fo90) 4.14 5.35 1.18 25
Olivine (Fol00) 405 5.44 122 25
Co;8i0, 4.88 462 0.96
MgAl,o. 4 411 0.90 21

3.55 6.11 1.36 23
w.dsagym” 47 64 1.20 21
Ringwoodite® 4.7 65 121 2.0
MgSi0; perovskite 40" 5P 1.14* 3.0°

33 54 1.44° 30
* Data from Andersan [1989] unlusod\wm noted,
¥ Data are enloulsted from (¢ [rese]).

¢ Data from Funamori ef al. [1996) and Siaelnikov et al [1998] st ~8 GPa.

a
Temperdture dependence of velocities

For a frequency-independent (Q, the seismic velocity de-
pends on frequency and temperature (7°) as

o(w, T) = vo(T) |1 + géln(m)

v corresponds to the unrelaxed velocity, and the relax-
ation time, 7, is of the form

r(T) = roexp (H* /R, T)

H* is the activation enthalpy, R, is the gas constant.
Differentiating with respect to temperature gives

Olnv _ Olnyy 1 H*
OT 0T  7Q R,T?
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P residuals vs S residuals 3hits/cap
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K-u rooyd ™

Parameterization

e Global bases (e.g. spherical harmonics) have been . CHATTTI NANTIER A SEEED
used in conjunction with a layer, polynomial (Cheby-
chev, Legendre), or B-spline parameterization radially.
Global bases are nice for data which naturally average
over large distances (mode structure coefficients, long
period dispersion data).

¢ Global bases are impractical for use with large body-
wave datasets where it is important to take advantage
of sparsity

e Local bases typically are blocks, spherical B-splines,
tesselations, etc. More sophisicated analyses vary
block size to reflect ray sampling

Figure 4-4: () Adaptive grid before spatial smoathing in is applied and (b) afler

4.4 Results

e Some recent inversions take account of finite fre-
quency (non—ray) effects 4.4.7  Global structure

Figure 4-5 depicts wave speed variations according to the model at selected depths in the
mantle. From a global perspective, the results are consistent with our former studies using
regular grids, i.e. Kdrason and van der Hilst [2001] and van der Hilst et al. [1997], and our
analysis and interpretation of this part of the model will therefore be brief. Slow back are
regions and fast subduction zones along with craton signatures are prominent at shallow
depths. Deeper, the model is marked by long and narrow traces of fast material from the
upper mantle transition zone to mid-mantle depths beneath North and South America and
heneath southern Asia. These structures have been associated with plate motion history and

are thought 1o be the remnants of old subducted slabs [van der Hilst er al., 1997; Grand

j;u\ 5"‘ <3¢
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Damping and the inversion | | -~ . o0 ’ ........... - 8
Minimize 2-norm plus some measure of roughness: : :
(A-x—y)?+ XD x)? / § : ‘ |

D would be I for minimum norm damping (bad), or a N e e R D N %

first or second difference operator for gradient damping. '
We would typically have different A’s for radial and lat- \
eral smoothing since the length-scales involved are very
different.

St

Problem can be written in the usual form and solved
by LSQR, SVD or anything else:

5] <=1

Convergence of LSQR
iteration

szIs|epow /ylsiw
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An example S inversion S traditional data

Data

e 28,000 SS-S data (distance range 48-100 degrees)
e 14,000 ScS-S data (distance range 44-78 degrees)
e 130,000 absolute S data (25-100 degrees)

e 29,000 absolute SS data (52 to 173 degrees)

e Love and Rayleigh wave dispersion data at 12 frequen-
cies between 4 and 15 mHz

A total of up to 230,000 data

Parameterization

e Equal areablocks of dimension 4 degrees at the equator
in 18 layers — layer thickness is on the order 100 km
in the upper mantle and on the order of 200 km in the
lower mantle.

A total of 46,000 model parameters
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S no surface waves




Guy Masters, UCSD (KITP CIDER 7-23-04) Seismology: Current state of knowledge of the structure of the Earth’sinterior Page 16

A Quantitative Comparison
RMS Amplitude Correlation with SB4L.18
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Mesozoic subducted slabs under Siberia

8 Rob Van der Voo* , Wim Spakman & Harmen Bijwaard
- | )
= Sk penc & P
-7 . -
e~ = fn\:: (:.I:S C - L‘:\*K&)
@ 5
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74 .
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Scripps model (view from south)

South America

Scripps model (view from top)

2700 km b

o]
-
~
e
-y
=
=

Subduncting Slahs: Fading or Perv

T s

o [EL THNENEN -0+
Figure 2 Tomographic P-wava velocity anomaly paftemns in the deep mantie
under Asia, for four different depths betwesn 1,500and 2,700km. The superpo sed

Figure 3 Cross-sec lion through tomogr aphic model, Top, tomo graphic resulis
displayed in & vertival seetion along the line indicated in Fig. 2, showing the Pacific

MIT model (view from south)

o

Indonesia

Tethvs/

straight line indicates the location of tha cross-section of Fig. 3. Velocity
enomalies are displayed in percentag es with respec! to tha average P-wave
valocity atdepin from model ak 135, Capital letters represent our interpreiation ol
the Monge | Okholsk (M), Pasific (P), Tethyan (T) and Kula Farallon (K-Fjoceanic
lithospharic slabs in all four frames; lower-case letters in the 2.300km frame
represent geographical features: b, Lake Balkal; so, Sea of Okhotsk; v, Ver-
khoyansk suture; , present-day North Pole. The question mark dencles a ‘slab’
of uncerain origin.

248

(P) subdiuc tion zone under Japan (right) and tha inferrad Mongol Okhots k slab
(M) discussed here (left) side-by-side. While dols show locations of earthqu akes
In he west Pacilic: Benlofl zone. Middle, a simu lated inputofa whole-m anile layer-
cake modei™ for this same cross-section, which Is resolved and (partially to
camplet aly) reproduced in our inversion analysis (bottom),
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Resolution and error
Let A" be an estimate of the inverse of A and let E
be the covariance matrix of the data (usually taken to be
diagonal and unity after error scaling)

e Resolution:

y=A-x x=A%.y

*x=A%tA . x

For an SVD inversion where At = V. A™1. UT

ATA =VVT

The model covariance matrix is given by

At E-ATT =vV.A2. VT

Solutions:
e Estimate A using a backprojection

e Compute selected singular values and singular vectors
using SVDPACK for sparse matrices

e Compute a row of the resolution matrix by doing a
spike test

e Do a checkerboard test
e Estimate errors using a monte-carlo techinque
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Checkerboard input
890 km

e
1425 km _
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output
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Variations of R Value with Depth

TOP MIDDLE BOTTOM
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Figure 17. Histograms of R computed pixel-by-pixel at various depths in the mantle. This example is for model
SB10L18 and we show R near the top, center, and base of the mantle. The mean value is quite well-defined.
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SALTZER ET AL: P AND 8§ WAVE HETEROGENEITY IN THE MANTLE 1337

that through much of the mantle there is no signifi cor-

relation batween the bulk-sound and S-wave perturbations,
although the magnitude and slope of the correlation coeffi-
e'mn.a as a function of depth is similar to that of Masters el

3000] Itis possihie that l.lns lack of correlation is due
ln 1 the lower mantle
or that the contribution of the bulk modulus is small, It is
also possible that our bulk-sound wavespeed model is too
noisy for this comparison.

Next, we distinguish regions where there has been sub-
duetion in the last 120 million years from those where there
hes not and loosely divide the mantle into four depth inter-
vals: 1 (0-660 km), I1 (660-1500 km), [T (1500-2400 km),
and IV (2400-CMB). ln the uppsr mantle (depth 1), which
is best led b kes and i and the
mid-mantle (depth I1), whlch is generally well sampled, we
find no significant differences in &ln V., /8 In V, between re-

B ~1500 and ~2100 km depth, 8ln V,/8InV; in-
creases slightly in the slab regions and dramatically in the
non-slab regions before decreasing (along with data cover-
age) toward the core mantle boundary. Previous studies
|Robertson and Woodhouse, 1996] found a similar increase
in 8nV,/@InV, and argued that it results from the in-
crease in pressure with depth, which causes a reduction in
the sensitivity of the bulk modulus to changes in tempers-
ture [Agnon and Bukowinski, 1990; Isaak et al., 1992]. While
that effect may be oceuring, it is unlikely the dominant fac-
tor here because at those same depths we also find the bulk
and shear wave perturbations are negatively correlated in
the nmbh rugiauu (Figura Sb) which suggests, instead, a
¥ [Stacey, 1998].

In addition m otir uneerwmy sm!ym. we conducted two
tests 1o assess the significance and robustness of the result
shown in Figure 3a. First, we applied the above analysis
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gions where there has and has not been subduction in the to a large number of different regionalizations. Figure 3¢ w L

last 120 million years (Figure 3a). However, in the lower shows the result of shifting the slab vs. non-slab regions -

mantle the curves have different slopes and begin to diverge  randomly around the globe. The decp mantle difference in [ee—a—— e

at ~1000 kin depth. The lack of a statistically significant & 1n V, /8 In V, peaks for the regionalization that is based on

difference between the slab and non-slab regions to at least the actual distribution of slabs, that is, the regionalization

1200 km depth is with an interp that the as shown in Figure 1. For any other regionalization the dif- 5 N N X |
anomalies have a thermal origin. 3 35 45 55 s TS BS 95 105 115 125 13

(L Pressure (GPa)

Figure 3. The parameter (Aabydn Ve)p for melt fractions berween 0 and

. i 2% atiower mantle pressures, The case shown is for melt
; distributed in fube-shaped bodies and with a thermal anomaly of 100 K. The bulk modulus of the melt is the same as the residual
"’ e solid. Dasked lines represent the range of lower mantle values from romography.
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Figure 3. (a) 8-wave versus P-wave model perturbations in non-slab regions (solid line) versus slab regions (dashed line) as a Pl - & 35 i & bl i & 9 105 115 125 135

function of depth. The shaded areas indicate the 1o uncertainty and encompass the models allowed by the data. (b) Correlation 3 Pressure (GPa)
coafficients for bulk and shear (puir on the left) and P and S-waves (pair on the right) as a function of depth. Siab regions shown LY T

with dashed and non-slab-regions with solid lines. The gray done around zero depicts the range within which the correlations sre
not thought to be significant. Throughout mast of the mantle the bulk and shear models are not significantly correlated excopt for
& negative correlation betwesn 1700 and 2400 Km depth. The P and S-wave models are posi the mantle.
{c} Difference between the slab and non-siab regions for a series of regionalizations shifted by m degree intervals around the globe
(green). The regionalization shown in Figure 1 is the one that produces the largest difference between the slab and non-slab regions
(pink curve} in the lower mantle, demonstrating that the differences are not due to a hias in sampling or random chance.

Figure 4. The paramater (cIn¥g/An¥p)p for different melt body geometries at lower mantle pressures. The thermal anomaly is 100
K and the melt fraction is 0.5%. In the case of the film, the aspect ratio is 0,05, Dashed lines represent the range of lower mantle
values from tomagraphy.
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Vin

N \h."m Luau-wb = Ven>Viv
sk
A simplified anisotropic inversion

Fogery +
SH-SV EicsTROM 2002

e Assume transversly isotropic: Vi, Ven, Voo, Vor, 1

e Split times (when perturbing from an isotropic Earth)
are given by:

OVsn, 8V,
6T _ Z/ [K ( 8 _ SU)
SH-SV o 5\ T

OVypn OV, on
+K (—P——Pﬁ)+K—] dr
2 Vph v;o'v 5 n

e Assume some scalings: anisotropy in .S similar to
anisotropy in P

Pon owanl g P“‘-" e

e SH times (S, SS — §, S¢S — S) are given by

oVin OVey
ray ! Vsn ° Vau
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SH-SV

NATURE| VOL 392|2 APRIL 1998 review article

RS

The core- mantle boundary layer
and deep Earth dynamics

Thome Lay, Quentin Williams & Edward J. Garnero

a ULVZ:red - observed, Dblue - not observed

b D" anisotropy: red - SV>SH, blue - SH>SV
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REPORTS

2 result of the long-
recent

previous work (/4-77). The isotropic part

of the model (Fig. 2, A and B) is

Ily, earlier
studies imaged areas with positive 8 In(g)
beneath Central America and Alaska (5, 8)

with earlier tomographic models of shear
velocity in this depth range (10, /8, 19) and
mdm:bnaedbyamngdegmhm

as well a8 h Asia (7). The cen-

tral Pacific regional resulis are more vari-

able, with some areas showing negative &

In(€) (3, 5, 8).
The

ponent rep g & fast ring

two low-velocity fea!ureu (often called su-
perplumes) centered beneath the central Pa-
cific Ocean and Africa. The strong degree 0
component in £ [8 In(€) > 0] dominates the
map in D' (Fig. 2, C and D). The regions
that differ most strongly from this average
structure correlate well with the locations
of the two superplumes, with reduced val-
ues of & In(€) under the central Pacific
Ocean, Africa, and the south Atlantic
Ocean, including patches with negative val-

Vg > Vg found as one

approaches the CMB suggests that the

anisotropy abserved in D' is related to the
flow in a

boundary layer, analogous to the larger sig-

nal observed in the uppermost 200 km of

the mantle and factored into the construc-
tion of the Preliminary Reference Earth
Maodel (PREM) (/7). As one approaches
regions of upwelling, the direction of flow
changes and results in a different signature

ues (Vgp > Fyy). Anather two large paiches
of reduced B In(£) are seen just west of
North America and under central Eurasia.
These patches also are related to slow iso-
tropic velocities, although these regions of
depressed velocities are much smaller than
the two superplumes.

Although the finer scale features of our
model may not be resolvable, and although
observations in regions with high gradients

of ani as in our study
under the mnl Pacific and Africa. An-
isofropy in these regions bordering the
large-scale upwellings may be much more
complex and include tilting of the axis of
symmetry, which we assume to be vertical in
our modeling. This would result in azimuthal
anisotropy, which we do not attempt to model
here.

Wiether the globally obsérved sniso-
tropy is due to lattice-preferred orienta-

adapted from (S)]. The shift of the

observations including
maflinl{)>ﬂ!uhunc¥é entral America In our model may be

2ation in our madel, However,
that O'" in Central America is the site of

have
strong lateral gradients of structure (26), so this transition may be resl.

LPO anisotropy at the corresponding tem-
perature and pressure conditions. Argu-
ments for weak amisotropy in perovskite
[(Mg,Fe)Si0,] and strong positive £ in
periclase (MgO) (2) as well as for negative £
in both perovskite and periciase (22) have
been advanced with the use of theoretical
methods. slxu-uudmb.wlhmmhl'h
strain in subducting slabs the
CMB might be able to sustain conditions
necessary for producing LPO structure across.
broad regions of D'' (2/). This model also
shows that although the major axes of the
strain ellipses are horizonal under the down-
poing slabs, the material can be rotated to
vertical as it approaches upwellings, possi-
bly explaining the observed change in an-
isotropy below the superplumes in our model.
Different SPO hypotheses have been ad-
vanced as well, mostly relating to horizontal
layering or inclusion of variously shaped
pockets of contrasting material. Candidates
for the differing elastic properties include
reaction products from core-mantle interac-
tion (23) and melted former basalt in a slab
graveyard (3, 7). In general, these SPO mod-
els lead to positive £ although if there is
tilting of the pockets of differing material
under def g A

will display some differences due to the tion (LPOJ 2. 2h or the ali of
or our with 1g elastic prop
mm (20), the long: through shape-p (SPQ)

pic features nmged in our lnadel generally
agree with more localized studies of D'

(3) must await direet measurements of how
lowermost mantle materials will develop

i in velocities could be observed
2).

‘Whatever the eause, our results clearly
show that the dynamics of D'’ correspond
with what would be expected in a boundary

352 16 JANUARY 2004 VOL 303 SCIENCE www.sclencemag.org

Some geophysical conclusions

Most anomalies in the lower mantle can be explained
by "normal” subsolidus thermal effects

Slow regions in the lowermost mantle are not “nor-
mal”. Probably not’parhal melting (since bulk sound
speed perturbatlons are negatively correlated with
shear velocity perturbations).

Signal can’t be explained by anisotropic effects alone

Need chemical changes — or a phase change which can
occur in the hotter slow regions.

Regions typically coincide with ULVZs
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Future directions

Tomography:
e Ocean bottom stations
¢ Improved theory and waveform modelling
e anisotropy and attenuation
ﬁ"-’\‘“‘“‘ 9 J.vaalw.(_..
% bl e

Relation to other fields:
e “apriori” constraints on V,/V, /p (MP)

e “apriori” constraints on nature of anisotropy (MP and
GD)

e “a priori” constraints on discontinuities (MP)
joint inversions with geodynamic data (GD)




