Seizsmic imaging of structural heterogeneity in Earth’s mantle:
Evidence for large-scale mantle Aow

Jercen Ritsema and Hendrile-Jan van Heijst
Senmological Labaratory, Calfornia Instriute of Technology, Pasadena, U=l

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.
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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.






