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Systematic analyses of sart hquake-generated seismic waves have resulted in models of three-dimensional
elastic wave spesd structure in Farth’s mantle. This paper describes the development and the dom-
inant characteristics of ane of the most recently develop sd models. This model is hased aon ssismic
wave travel times and wave shapes from over 100,000 ground motion recordings of earthquakes tha t
oocurred bebween 15880 and 1988, It shows signatures of plate tectonic processes, and it demonstrates
the presence of large-scale structure throughout the lower 2000 km of the mantle, Seismological
analyses malke it increasingly more convincing that geclogic processes shaping Farth’s surface are
intimately linked to physical processes in the desp mantle,
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1 Introduction

The Earth iz a dyhamically active planet that ig cometanty reshaped by geologic processes. Llotntain buaild
ing, vokani#m, and sarthouake faiilting are texcthook ecamples of phygical processes relatsd to the mobone
of large lithophetic plates [the cttermost 100-300 km of the mante ] cver BEarth's sutface. However, How
in the Earth's mantle iz pot confiped to the cutermest 500- 300 km. Plate tsctonice i= just the top boundarny
manifertation of large-scale circulation thooughout the 3000-km thick mantle, driven by the production of
heat within the Earth's despinterior that cannot escape by conduckion alope. Precizaly in what configuration
latge-ecale circiilation i taking place, and to what exbent geclogic processes at the Earth'=stirface are linked
to processes deep in the mantle remain questions that are vigorotiely researched. Fundamenkal constraint
oh mantle comrection =sich az the amount of heat transferred from the oitber core (a liguid Be=ITi alloy) inbo
the molid silicate mantle, the rheclogical properties (=g, vizcoeity] of the mantle, and whether mid-mantle
botndaries partition comvection inho a mulbiple layered gretam are Uncertain, yet our understanding of mantle
convection and our understanding of the Earth's evcohition depend critically on them®.

Ciur underetanding of global geophyeical processes haz benefibsd from advances in the study of the Earth's
magnetic and gravity feld, laboratory ecperiment on rock mineralk at desp mantle conditions, and compiiter
modeling of convection. Henrever, by far the meet sbrihge ot constraints oh the strischiire and processes in the
Earth's deep inbetior have come from the stidy of seiEmic waves that are generated by earthquakes. Elastic
wave Epeed striickiire conetrained by seifmological amaly=es iz an excellent indicator of compositional and
temperatiite arations in the mantle and models of the elasticity of the Earth's mantle are fraqguently wsad
to infer a prezent-day smapshot of convection in the Earth's mamtle".

1.1 Radially symmetric Earth models

To firet order, =eigmic wave propagation in the Earth can be explained by model that describe zeimic
wave gpeed az a funchon of depth only. The Prelimimary Reference Earth Model (PRELIF & a radially
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Figure 1: Preliminan Reference Barth Llodel {FRELI) d escribing density [p), shear nave velocity (33, and com-
pressicnal vavve velocty (5] as a function of depth.

symmetric mode] of meigmic wave speed and density in the Earth that iz widely vzed to study seiEmic
gtotihd motion recordings= (Figtire 1). At the core-mantle botindary (at a depth of 2890 km), the dersitr
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increazes discoptinuously while P owave velocity decreases discontinuouszly and the 8 wave velocty dbope to
0. Additional demeity and wave gpeed discontimiitie= in the upper &70 km of the mantle [“upper mantle')
reflect the presence of solid-sclid phaze transitions*. Betwreen chemical and phase transitions, the seimic
wave epeed and denesity increaze emocthly with depth primarly due to adiabatic compression.

The similarity of the ground mobion recording of the Llay 21, 1958 Indonesia sarthbquake at sezmic
station TSULI and the synthetic ssigmogram compiibed for the PREL] mode] underscores that the main
charactaristice of eeizmic waves can be axplainsd by the PREL] mode] (Figure 2). The propagation times of

May 21, 1998 (Indonesia) at TSLIM
(H=28 km; Mw= 8685, A= 101.5%)
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Figure 2: Ground motion recording fthick line) of the Liay 21, 1298 Indonesia =arth quales at station TEULL { Tsumehb,
Hamitia) and the symhetic ssismogram (thin line) computed for the PREL model. The recording shows the osdl-
latory Raprleigh vere train and relatively Smpubivwe’ body woece signals which represent weoqe imMeractions of *F* and
“E' maves with BEarth's surface and jor the core-mantle boundary, The body wave part of the sssmogram & shovm at
the bottom after it has been amplifisd by a factor of 6. Vadous high-amplitud & body wane phass=s are indicated by
their phase names.

seizmic body waves waves, which propagate through the Earth's deep intericr, range from 10 o 30 mimites.
These times= are predicted by the PREL model to within 10 2. Tn addition, the digpereion of stirface waves,
which phopagate primarily through the upper mantle, & reprodiced acctirately by eynthetic waveformes
computed wing the PREL] model. This implies that three-dimensional |30 ) varationz of seigmic wave
gpeed in the mantle and core with regpect bo the PREL] model are zmmall | = 5~10%) and that they aflect
EsiEmic wave propagation little.

The D variations of zeismic wave gpesd can be regarded a= perturbatiors o a radially ermmetric
reference model such a2 PREL and amalysed under the azstimption that esizmic wave propagation can, to
first arder, be demcribed using the PREM mode]. Thiz approcimation forme the basiz of mei=mic tomography.



Seismic inaging of structural heterogensity in the Earth's mantle 4

12 3D wvariations of wave speed in the mantle

Seizmic tomography imaolves the inversion of seizmic data for 30 wave speed waratior. In thi= technique,
Eeigmic wave travel times and wavefotme are related to the average seEmic wave speed along the propagation
pate. Ty pically, a large niimbetr and diverse trpes of 2eigmic waves are uzed. The firet tomographic models of
the mantle bazed oh eeismic waveform data were detived in the early 19805, a fewr years after the deploy-
ment of digital geigmic imtrimentation in watldwide networle began. Even the first tomographic models
phrrvided a clear global pergpective of gsizmic hetsrogensity in the mantle cuthning digparate struckires bae
neath continents and oczare and the predomipantly long-wavelsngth heterogensity in the desp mantle, A=

19841998 =maribquakes (M = 5; 2= 11381
and IRIBGECSCOP E slalions in 1999

Figuire 3: Epicenters of 11191 shallow [0-100 km) earthquales {small black circles), intermedinte—depth (100300
km) earthqualess (grey crcles), and desp [300-T00 kem ) sarthquales [white drcles) »th magniudes larger than 5
which oorurred betwmen 1984 and 19958, Black triangles mdicate the location of digital, global netvrorlk stations from
the IRIE and GBECECO0FE netvorks presently operating.

networks of geizmic stations expanded in the past 30 years (Figure 3] and collections of ssigmic wavebormdata
grew, the gpatial resclution of 3D wholk-mantk modek haz steadily increazsF—1% and the depth extent of
eeizmic velodty heberogeneity in the upper and lower mantle haz besn betber cometrained. At the same tme,
recent high-rezaliution model of more lomalized regions have provdided tighter consbraint= on the thickness
of the coantinental and oceanic lithcephere’ ™ and charper images of the mantle beneath subduckion zans
region="® and mid-ooean spreading ridges'".

Thiz paper reviews the constricton and characberiztics of a new global seismic model, S20RTSE2,
The development of thiz model & bazed ob existing tomographic imetgion procsdires, However, S20RTE
digtinguizhes twelf from previcie tomographic ecperiment= by the vse of feveral pew seigmic wave types,
data analreir that incorporatss ground motion recordings of earthquakes upkl 1958, and deneer =patial
paramets ration.
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2 Seismic data

hlodel S20RTE & a ehear velocity model of the mantle bazed on: (1) Raleigh wave phaze velocties, (2]
Travel times of shear wave phases, and (3] Splitting parametsar= of the Earth's free-cecillations.

Figtire 4: Ry paths for the phases 8 25 895 (lok ), Sc8, Scfly, Sc8y (middle), 8K, and SKE (right).

2.1 BEhear wawve travel times

Shear wave phazges are body wave phases that propagats through the mante with the shear wave gpasd. We
have made trave]l ime measure mente of shear wave phazes which:

* propagate throtigh the lower mantle (8] or difffact akong the core-mantle boundary (S444 ],
+ reflact once (5], twice (888), or thres times (8355 off the Earth's surface,

#» reflect ance [S8d8), trice [Bc5 ), or thres timees (S:5;) off the core-mantle boundary, or

» propagate a2 compressional waves through the core [SKE and SEKRES).

Augusi19, 1984, Argenlina [H= 563 km; Mw=5.4)
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Figure & Chmparibon of transrerss component s=ismograms (thick lines) of the August 19, 199 Argentina sarth-
quale st stations AHLIO (Albuquerque, USA; distance of 75.67) and BOSA (Bashof, South Africa; distance of 78 87)
with seismaograms camputed for the PRELI madel (thin lines ). These ground motion recardings showr a lang ssquen ce
of seismic pulses caused by the interaction of 5 weres with Barth's suface and /or the core-mantle boundarn:. Fhase
codes [eg., 5, &8, S5cE3) are plotted at sevem] high-amplitude shesr vave phases.

Theze phames traverse the mantle along very different pathe, a= & demonstrated by their geometric ray path=
ghonrn in Figire 4.
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Shear wave travel time anomalies with respect to the FREL] model are measured by waveform fitking.
In thi# procedire, we determibe the time zhift that optimise= the match betresn the waveform of a high
amplitude-body wave gighal in a grotind motion recording and the waveform compuited for the PREL model.
We apply thi= techmique after the ground motion recordings have been filbered 2o that only esizmic sighals
with frequencies lower than 0.08 H= [T = 15 2] are retainsd. At these relatively lowr frequencies, the wave
sha pe of recorded and ey pthesized body waves a e similar (Figure 5] bacatise mic bose Emic noite = =0 pp ressed
and shear waves are bot complicated by effactz of the sarthquake rupture procees or emallecals (< 100 km)
ekructure,

2.2 Rayleigh wave phase velocity measurements

Raryleigh waves are seizmic surface waves that propagate through the vpper mantle. Rayleigh waves are
senzitive bo meEmic velociby shructire in the upper mante orer a relatively broad depth range (Figure G).
Long-pericd Rayleigh waves propagate fastsr than shorter period Rayleigh waves bacaiee they are affectsd
by etructure at greatar depth where wave gpsede are higher. B scauze of the frequency dependence of Rayl=igh
wave phaze velocity, cfw], Rayleigh waveforme are strongly dizperssd.
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Figtire 6: Sensiticity lernels [';—f‘-,cﬁl-lj which relate phase velocities of the fundamental and the 1%, 7%, 3™, and

4™ gvertons Rayleigh wares to shear velocity V0fr ) for the PRELL madel.

e analyzs the dizpersion of Raylsigh waves betresn & mH= and 22 mH=z (T = 4%-130&). In addition
to the fundamental mode Rayleigh wave, we alts analyee overbone Rayleigh waves which constrain seEmic
strictiire well below 400 kmdepth. Apalogois o measiiring travel timee of body waves, we measiire the pha=e
velocity of Rayleigh waves by fitting obeerred grotind moton recordings with PREL] eynthetice. Horrever,
thiz procedure = mich more 2laborate than the travel fime meazirement procedure becavee of the strong
Rayleigh wave dizpereion and the significant inteference of the overbone Rayleigh wares"221,

2.3 MNocmal mode splitting cosfficients

Marmal mode eplitking data precdide global constraint= on strickure in the mante, and are pardcularly uzefil
to conetrain the amplitiude of eeizmic shear velodty heberogeneity in the mid mantle ™= We incorporate the
et excbensive set of free-cecllation messtreme ot bo date fromthe study of J. Fesovly and B Rt woller ™=,
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3 Tomographic inversion

In order to =implify the inversicn of the geigmic data into a model of zeizmic zhear velocity, we make
assiimpticne regarding wave propagation in the Earth'®s mantle. In eszence, we mlate oir datl o FD
variations of eeEmic shear wave gpead in the mantle [(1](x]] with regpect to the radially symmetric PREELI
madel (V=) = V2(r) + §V,(x]) while we azsume that we can describe the propagation of seiEmic wares
using the PREL] model Thi approcdmation simplifiez the tomographic inversion procedure considerably.
Firet, it renders linear relatiorehips hetreen the data and 1 (x| which can be ea=ily saolved on the computer.
Hecond, techniqiies to compiite meigmic wave propagation thretigh the PREM model (or other 1-0 reference
madelE] are well established. The apprecdmation is ugefiil wheh we restrick olirselves to stidyving large=cals
[= 1000 km) zeizmic heterogeneity.

With the linsar ap procimation, the pertiirbation of stitface wave phage velocity, de(w), from the PRELI-
predicted phazge velodity iz related to 5175 fx) by

de [w) =i J{cﬂf&r (%\J 415 ). 1

Here, we have asstimed that phase velocity &= affected by seizmic structiire in the mantle bensath the great
circle path L [with an arc length of &) betwresn soiirce and receiver. Furthermore, we complite senstivity

kernel= ['ﬁ.%} which relate cfw] o V2{r], ueing the PREL reference model. A linear relatiomship

between bortmal mode =plittking obeervaticnz and model patameter= can be poeed in a similar manper™.
Hince Rayleigh wawve dizpetgion and pormal mode =plitking data are also zen=itive to P owave velocities, we
as=iime that 5 wave velocity and P wave velocity betaroge neity have identical patterne, but that the relatice
amplitude of 8 wave velocty anomalies ie two timees larger. Thiz 5-to-P ecaling ie bazed on P and 8 wave
travel time data™.

Travel time pertirbations from PREL] for seizmic shear waves are related to shear velocity pertirbations
in the folkering manbe=r:

i =

ds )’; ds Vi) =)

= V00 VR ) T S VR
Here, w= have assuimed that shear waves propagate through the Earth's interior along gesmetric ray pathe
5% which are compitbed for the PREL] model.

Figure 7: Zpline functions used to perameterise the depth dependence of 555 x).

We parametsrize 517 (%], wing 71 vertical =pline funckionz (Figure 7] and spherical harmonic functone
expanded up bo degree 20, which allow= for a lateral resclittion of shear wave velodty varations with a



Seismic inaging of structural heterogensity in the Earth's mantle E

hal-wavelgnth of aboitt 1000 km:

1 m 1

V) =V 8,8 =55 T mu wilr) Vin(8 8. (3)
k i

m=-—{

The epacing of the splinee iz demeest in the uppermoet mantle where data coverage i2 best and where the
strongest shear velocity varations are expected. Therefore, vertical resclution of §17 () iz best in the upper
and mid mantle, it it i gignificantly compromiged in the lower mantle, a= will be demonstrated in the hexct
Eection.

The linear relationehip betreen the data and §17(x) can be denoted in vectar form as:

d = &m, (4]

where d iza vector that comprizes the Faylsigh phass velocity, frescecillation epitting, and shear wave traveal
time measurementz, m iz a vecbor of the mode] element= §1; (%], and & iz the matrixz that relates data and
mode] accarding to equationz (1) and [(2). Uring a damped, inear least-sqiiares inversion technique we zeelk
a mode]l m to mihimiEe data mi=ft and model size =mibanectiel:

i(Fm — )7 iFm — d) and e m LY

4 Model S20RTS

Figure # ghowe horzontal crosssackions through S50RTE at sight depthe in the mantle. The colour-=cals
umd to present shear velocity heterogensity ar=s. Shear velocity varations in the upparmest 200 km of
the mantle range from 6% o +6%. Ther are smaller by up toa fackor of 4 in the mid mantle [S00-3000
km depth].
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Figure 5: Depth slices through S20RTE. High |relatively to PRELL) shear velocity regions are indicatsd by blue and
red coloumn, respectively, with an intensity that is proporiional to the amplitude of the shear wlocty perturbations.
The range of shear wlocity wristion (in %) is given abowe each map. Gresn lines represent plate boundaries.

Beizmic hear velocity heterogensity in the uppermest mantle (< 280 km) predominantly cutlines oceans,
cohtinents, and ackive tectonic regich=. Beneath the intetor of copbinental shielde (= g, Canada, Balkic,
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weztern Atiztralia), the zhear velocity iz up 7% higher than in the FRELI model, while zhear velocity
redictionz from PREL] are az mixch az 75 lower than PREL beneath mid-ocean ridges, the Red Sea rift,
tectomic western ITorth America, and back-arc regions of subducton zobes

+1 4%

4% 0
Shear velodty varialion (%

Figure 9 (om-sections thriough SXRTE along 140° wide grest circle arcs. The representation of shesr welocity
heterogeneity in the mantle by blue and red colours B the same as in Figure 8. The dashed line represents the
G -km boundary, Superposed are maps showing corresponding great orcle ancs along which the cross sections are
made. White circles on the arc are plotbed &t 20° intervals and comrespond to the bald tick marks shown in the cross
sections.

At 400k mand 600 km depth, the pronotinced contrazt in ghear velocity be neath oceare and continent= ha=
digappeared. Elongated high velocity abcmalieg beneath the weetern Pacific, Scuth America, and [ndonesia
are the moet domimant strisctires in thie depth rangs. These strictires am moet kel due to the pressnce
of relatively cold labe of former-oceamc itheephare that have subductsd ipbo the upper mantle | = 300 km
depth]. An equally strong high velocity anomaly beneath Africa i= not sasily reconciled with plate tactonic
phocerses hecavmes subduckion in the vicinity of Africa has not oocurred since Late Jurassic fimes (72 150
millicn jyear= ago). We gpeculate that thi=z high velocity sbruchire i= associated with delamimation of the
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kesle of the African cratone during or after the opening of the Atlanbic, bt a dynamically viable model i=
et o be quanbifisd.

The pattern of shear velocity changes abruptly acrees the spinel-to- pe rovekite phase trapsition ata depth
of 670 km. While high velecity structires bensath the westarn Pacific form long continuoue stroctures at GO0
km depth, their integrity iz logt at 500 km depth. Thie suggest that the G70-km phase tramition imp=des
the descent of mibducting slabe. It appears, however, that the §70-km boubdary doee not complete obetruct
derr mrellinge since high velocity structures bepeath [ndonesia, Colombia, and the =astern Lleditarran=an
sxcbent bo, at last, 1700 km depth.

Except for the korermoest 700 km of the mante, shear velocity heterogeneity in the lower mantle (G670
2890 km depth) iz charackerized by relatively low-amplitude and emall-scale varations. hodestly high =hear
velocity ancmalies are present beheath the Atlantic coast of the Americas, scitthern and eastern Aris, and
Antarctica. The imterpretation of these striictiires az =labe of subdiucksd oceanic lithoephere i= con=site ot
with models of subduction during the paszt 200 millich year=">. FRelatively low shear velocty strictires
emetge bensath sctithern Africa and the ceptral Pacific Ocean. Thess strictires, assocated with largescales
uprrelling from the desp mante, are the moet prominent structueee in the mante at depthe greatsr than
about 2200 km. ITear the core-mantls boundary, the amplitide of shear velocity perturbations from PRELL
iz larger than in the mid mantle.

Figtire 9 dizplaye ve rkical croes-meckions throtigh mode] 820RTE alang 1407 wide great-circle arces to further
ilhiztrate the variakility in radial extent of seizmic velocity ahomaliez in the deep mantle. B road low welocty
anomalies, which likely represent large-=cale tpwellings that have formed just above the core-mantle betind-
aty, are pregent benesath Africa [9ab,c) and the Pacific (9d,2]. Thege ancmaliez are conbinuous strictiires
that extend from the core-mantle botindary at least 2000 km inbo the mantle and are shaped in a comr
plx manner’™, The vertical exctent of high velocity ancmalies, presumable signatires of cold downwellings
induced by the subduction of oceanic lithoephers, are=e strongly gsographically. While dernrellings be
neath IMorth America [9d) and sartern Aria (9] can be traced from the HEarth's surface to the core-mantle
betindary?, high velocity ancmaliss beneath Sotith America (She), Indonesia, and the Liarians Ielands (o)
ars charactsrizsd by a marksd knrer boundary at ap proccimately 1300 km depth. The influsnce of the §70-km
boundary iz obvicus in several croes sechions of Figure 9. The 670-km boundary appears to be the lower
boundary of an upwelling beneath Tceland (Sh). In addition, the amplitide of shear velocity perturbation
within high velodty dormrellings (Se f] decmases considerably acrce= the 670-km botindary.

oo 05 10
Relative ampliiuds

Figure 10: Baclus—Gilbert rssolution l=mels for thres locations in the mantle ben=sth Africa with & relatice am-
plifude ranging from 1/8 (light grey) to 1 (dark greyv). FRegions where the kernel have arelatiqe amplitud e smaller
than 1/6 are not shaded.

Backiz-Zilbert averaging lernel=" provide information abott howr well the model ig resolved at various
locations in the mantle. 4 Backie- Gilbert averaging kernel A, ) iz defined by

alxa) = f dV R, xg)mix), (a)
s

and describes henr the walie obtained in the generalized mode]l glx;) at % # a =patial average over the
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trie strictiure mix] in the model region 17, [deally, theze kernels are spatial delta functions, bitt given the
limited data coverags finiteness of model parametarizgation, and norm damping applisd to the ipversion these
kernels have a finite gpatial extent Ax an example, we shor Backiue-Gilbert ketmelz at three depthe in the
mante bensath Africa (Figure 10]. While the lateral sctant & similar, the radial sctent of Backue- Gilbart
kernels iz largeet for the despest locations in the manble. The strongly depth dependent vertical reschition,
a= indicated by the Backus-Gilbert kerbelz, applies also to other regions. Falatively low model resolution
in the desp mante iz dus the fact that data corverage i2 poorest in the despest regions of the mantle, and,
more importantly, due to the fack that the spacing of the splipe functions of Figure T iz largest in the deap
mante. The Backis-Gilbert kerpel:, however, do not extend acrees the entire mantle column nor do they
reveal a predominamtly southwest-northeasterly shape. Therefore we rule out that the mantle-wide verbical
extent of the African ancomaly and itz tilt, a= shewn in Figlie Sa, & an artifact catsed by incomplete data
oo Fage.

5 Concluding remarks

Syebematic chear wave velocity varatons in the mantle cearly demonstrate the presence of largescales
convection in the mantle. Relatively strong shear wave velocity hebenogeneity iz present in the uppermest
and lewrermeest 200 km of the maptle. Theze regicn represent major botndary layer of mantle comection
and are characterized by strong temperatiire gradient= and comples: physical processes". Heterogeneity in
the mid mantle iz conside rably weakar.

The =pinel-te- perovekite phase transition at a depth of 870 km iz a probotinced intethal botndaty in the
mante that impedes through-going o denrrellinge, vizible seigmically a= relatively high shear velocity
ancmalies, form long linear structures aberrs the §70-km boundary but thiz pattsrn = di=rupted belor the
G70-km boundary. In addition, the 670-km boundary represept= a lower boundary of a fociessd upper
mante upwelling beneath Ioeland.

GHiven the contimiity of high shear wave velocity struckires acroe= the G70-km botindary we conchide
that the 670-km boundary iz pot a permanent barrer to mantle Aor. For ecample, relatively strong high
sh=ar wave velocty ancmaliez beneath Indopesia and porthern South America extend to about 1300 km
depth, while high velocity anomalie=, albeit with relatively kor amplitiude, beneath eastern A=ia and ITarth
Ametica exbend to the core-mantle botindary.

The lewwer mantl & domibated by broad, ker ghear velocity tpwellings beneath the Pacific DOcean and
Africa that extend from the core-mantle boindary at least 2000 km inbo the mantle. Poesibly, these up-
wellinge penetrate inbo the upper mantle and influence geclogic processes at the Harth's siirface. The
upwrelling beneath Africa, for ecample, may, in part, be regponsible for the wuplift of the scoithern African
continent and contigtious ocean bagine > and may be linked to continemtal rifting processes in East Africa’®,
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