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0. Résumé en francais

Les ondes sismiques représentent indiscutablenensolrce d'information la plus

complete pour étudier l'intérieur de la terre. $dasaux changements physiques et
chimiques qu'elle va rencontrer sur son chemin,am® sismique arrivant a une station
d'enregistrement contient quantité d'informatiom®ocernant sa genése a la source
sismique et son trajet a travers la terre. Le miéoad'un tremblement de terre peut étre

déterminé, et permet ainsi de gagner des informmsanla région de la source.

Une onde sismique est également sensible aux ptépriélastiques le long du trajet
parcouru. En conséquence l'inversion des propriéiéservée d’'une onde (onde de
volume, onde de surface oscillation propre) perdes interprétations sur la structure
interne de la terre.

Une des nombreuses propriétés physiques affedardrides sismiques est I'anisotropie.
L'identification de l'orientation de I'anisotroméemique et par la suite l'interprétation de
ses origines par comparaison avec les structuresiigce, aide a comprendre les grands
processus tectoniques du globe terrestre.

L'anisotropie sismique dépend de la vitesse deggatpon des ondes selon la direction
considérée. Une telle anisotropie peut étre ingait des variations structurales telle
gu'une alternance de couches minces ayant desigiggpélastiques différentes [Backus,
1962], ou la présence de fissures orientées patofdrainte et remplies de fluide

[Crampin, 1984; Kendall et al., 2006] ou bien pari¢ntation préférentielle de minéraux
anisotropes [par exemple, Nicolas et Christens@87]llors de la déformation plastique
du milieu. Il est admis que l'olivine joue un rdfejeur dans l'anisotropie du manteau
supérieur car elle représente la phase minéralogigomenante. Elle peut s'y déformer de
facon plastigue et développer de fortes orientatigréférentielles de ses axes
cristallographiques. Elle est enfin caractériséeupe forte anisotropie intrinseque qui est
en outre de symétrie relativement simple, orthoibigore.



Un des effets de l'anisotropie sismique est le dég@lpe des ondes de cisaillement, par
I'effet de la biréfringence du milieu. Lorsqu’'unedende cisaillement pénetre dans un
milieu anisotrope, elle se sépare en deux ondesi-Qupolarisées perpendiculairement et
se propageant a des vitesses différentes. Au farreésure de leur propagation dans le
milieu anisotrope, ces deux ondes vont donc éfpbak€es et un délét se crée entre les
temps d’'arrivée des deux ondes que l'on peut esiregia la surface de la Terre. La
direction du plan de polarisation de I'onde rapest dénommeée et ce sont ces deux
parameétresp et dt, que l'on peut physiquement mesurer dasgyteal sismologique pour
caractériser I'anisotropie du milieu traversé. Léaidést fonction de I'épaisseur de la
couche anisotrope, de la force de I'anisotropigriséque du milieu, et de la cohérence de
la déformation verticale.

Le déphasage des ondes de cisaillement est étusliisd deux décennies. Au
commencement limité aux ondes S issues des évétenomaux [Ando et Ishikawa,
1982], la technique est maintenant largement adoptérr I'étude des phases issues du
noyau, telles que SKS, SKKS, PKS [par exemple, Kiret al., 1984; Silver et Chan,
1991]. Pendant les derniéres deux décennies laoaetde mesure de déphasage des
ondes de cisaillement a été largement appliquéerioohbreux contextes géodynamiques:
Zones de subduction [par exemple, Margheriti et281Q3 ;Levin et al., 2004 ; Nakajima
et Hasegawa, 2004], dorsales océaniques [par ereldgridall, 1994; Gao et al., 1997;
Wolfe & Solomon, 1998; Walker et al., 2004; Kend@005], points chauds [Barruol et
Granet, 2002; Walker et al., 2001; 2005], iles aafizes [Behn et al, 2004; Fontaine et
al., 2007] et orogénies [par exemple, Barruol £t1898 ; Flesch et al., 2005].

L'utilisation des phases télésismiques permet ebtfier des mesures d'anisotropie sous
une station a des grandes distances des régiangjg&ment actives. Cette technique
permet en particulier, d'aborder I'étude de la chéédion du manteau sous les cratons qui
représentent les lithospheres épaisses et staddesodtinents et qui ne sont généralement
pas des régions sismiquement actives. De par [misseur par rapport aux lithospheres
avoisinantes et de leur stabilité dans le temsrdeines des craton peuvent agir en tant
gu'obstacle au flux de manteau environnant [Foteth.,€2000]. L'analyse de I'anisotropie
sur et autour des cratons peut aider a distingette aéformation actuelle, liée au
mouvement de plaques, de la déformation fossilaisi®lrs études ont analysé
l'anisotropie sous divers cratons comme le cratemdMmeéricain, le craton du Sao
Francisco en Amérique du sud ou celui du Kaapvaafhkique du Sud [Fouch et al.,
2000; Heintz et Kennett, 2005; Fouch et Ronden@962Assumpcao et al. 2006]. Notre
étude se concentre sur I'anisotropie sous le CEdbEuropéen (CEE) qui est peu connue.

En Europe centrale, des études régionales semhbtiquer un flux de manteau dominant
proche de la direction du mouvement de la lithospheuropéenne. Ajouter des
informations d’anisotropie sous le Craton Est Eueoppermet de préciser d'une part les



structures intimes du craton mais également lesdntions du mouvement de plaques et
du flux mantellique sous-jacent.

Structure de la these

Dans cette theése j'effectuerai tout d'abord degelapsur la physique fondamentale de la
propagation des ondes sismiques, avec un regatidyber sur les milieux anisotropes
[chapitre 2]. En chapitre 3, j'exposerai les défites origines possibles de I'anisotropie.
Généralement l'anisotropie peut étre divisée erx ddasses: anisotropie cristalline (de
petite échelle puisque étant fondamentalement dsu@anisotropie intrinseque de chaque
cristal) et anisotropie structurale (a grande dehplisque étant liée a des structures
comme par exemple des litages compositionnels).

L'anisotropie cristalline est caractérisée paritince de vitesse de propagation d’'une
onde dans un monocristal (d’olivine pour le manteaperieur) en fonction des ses axes
cristallographiques. En considérant que le poueggntd’anisotropie est donné par la
formule k = (Vmax— Vmin) / Vmoy, ON Mmesure une anisotropie de propagation de 26 po
les ondes P, et une anisotropie de polarisatiob98g pour les ondes S. Ces valeurs étant
importantes, on peut raisonnablement penser quiaolee composée de tels minéraux
anisotropes devrait elle aussi étre anisotropéchédlle de l'agrégat décimétrique et si la
structure est suffisamment homogéne a I'échellarijpilométrigue. Ce passage de
différentes échelles n’est vérifié que si les agastallographiques des minéraux qui
composent la roche sont orientés de fagcon noncaéatt si la structure intime de la roche
(foliation, linéation) est orientée spatialementfdgon homogene. Les cristaux ont alors
développé une orientation préférentielle de ré¢@RR en francais, ou en anglais “lattice
preferred orientations”, LPO), induite par la défation. Les profondeurs possibles ou
I'anisotropie peut se produire sont discutées conesieffets de différents arrangements
tectoniques.

Les aspects techniques de mesure de déphasagedissdancisaillement sont présentés
en chapitre 4. Différentes méthodes existent powerser l'effet de déphasage. La
technique de Rotation/Corrélation [Bowman & And®81I] se base sur le fait que les
ondes polarisées ont théoriguement la méme fornomdd, mais sont simplement
polarisées perpendiculairement entre elles et déatlées d'un délai tempoit! On va
donc chercher, par des rotations successives,d'qmoglr lequel les deux composantes ont
la méme forme d'ondes, c'est a dire lorsque leuélation est maximale.

La deuxieme technique est basée sur la minimisai®r’énergie sur la composante
transverse d'une onde de type SKS [Silver et Ch8@]]. Dans une Terre isotrope, une
onde SKS émergeant du noyau liquide est en efietnpent radiale. Si I'onde traverse un



milieu anisotrope elle subit le phénomene de déigset une certaine énergie est
transférée sur la composante transverse de la gbaselérée, en plus de la composante
radiale. La minimisation de cette énergie est oldepar un balayage de toutes les
directions® possibles et des décalages dt. Cette méthodeeestensible au bruit sur la
composante transverse. Elle est donc bien adaptémalyse des ondes SKS, qui ont
souvent un bon rapport signal / bruit.

1. SplitLab

L'application simultanée des différentes technigiesléphasage des ondes S est exécutée
dans un nouvel environnement SplitLab (chapitre).4Cet environnement graphique
englobe le processus entier, depuis la requéteod@ées jusqu'a l'interprétation des
résultats. Contrairement a une technique entieremettmatisée, nous présentons une
approche semi-automatique qui permet un contréletimo de [I'utilisateur durant
I'ensemble du traitement. L'environnement de Sahitest optimisé pour réitérer un grand
nombre de processus tout en permettant a l'uélisate se concentrer sur le contrdle de la
gualité et par la suite l'interprétation des reésslt Les modules de pré-traitement de
Splittab créent une base de données des événersenlient les sismogrammes
correspondants. L'outil de visualisation des séisarmagies utilise cette base de données
pour effectuer la mesure de facon interactive. Lst-praitement des résultats combinés
d'un tel projet inclut une option de visualisatetnd'exportation. Les interfaces utilisateur
graphiques (GUIs) rendent I'utilisation intuitiieidure A).

Configure SplitLab0.9.7 (=)
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Figure A: La configuration de SplitLab est parar@étrinteractivement. Ici par exemple, le
panneau de choix de fenétre de tremblement de terre



SplitLab est fournis avec un exemple de donnéda dwation ATD (Arta Cave, Djibouti)

du réseau GEOSCOPE (Figure C). Le choix de cedtesta été guidé par la qualité des
données que l'on y trouve, la clarté de la diracémisotrope rapide, I'amplitude du
déphasage temporel, et le consensus existant Syralamétres de déphasage obtenu a
partir de diverses études d'anisotropie publiéstta station [Vinnik et al., 1989 ; Barruol
et Hoffmann, 1999].
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Figure B: Les résultats de la station ATD avec t&ab. La comparaison des trois techniques
différentes est possible trés facilement

0.2. Critere de “Null”

Lors des mesures de déphasage d'ondes de cisailledege nombreux événements ne
présentent pas de déphasage, I'énergie des orglagju®s étant concentrée sur la
composante radiale. Ce type de mesure est génémtleraractérisé de "null" dans la
littérature mais représente en fait une informatmportante. Je présenterai un nouveau
critere pour distinguer sirement des événementsllgs M (chapitre 4.4). Ce critére est
basé sur la comparaison des deux techniques indépes de mesure de déphasages des
ondes S. Un test avec des sismogrammes synthétiopoedre que un différence
caractéristique entre la techniqgu®etation-Correlatior» [RC, Bowman et Ando, 1997]
and «energie minimal sur la composant transvesd&C, Silver et Chan, 1991].

Les deux technigues donnent des valeurs correctes Backazimuths sont suffisamment
loin des axes rapides (ou lents). Prés de cestidinsc"Nulls”, il y a des déviations
caractéristiques, particulierement pour la technigurotation-Correlation ». Les valeurs
du 6tgc diminuent systématiquement, alors gy montre des déviations d’environ 45°
par rapport aux directions nulles (Figure C). Dgofaétonnante, I&rc se trouve le long
des lignes qui indiquent le backazimuth £45°. @stidd aux recherches de RC-technique



pour avoir une corrélation maximale entre les deaxposants horizontaux Q (radial) et
T (transversal). Je montrerai que cette technigilié £n cas des Nulls car le signal sur T
est minimal. La technique trouve la meilleure clatién a 45°, ou le maximum d'énergie
de la composante Q est “copi€” vers la composante T

Les différences caractéristiques des résultats idsuces deux techniques ne permettent
pas seulement de différencier les Nulls des norsNulais également d'assigner une
gualité objective a une mesure individuelle. Cegtantification pourrait par la suite
permettre de comparer différentes études. Cegeasitwont appliqués a la station LVZ en
Scandinavie ou les résultats sont définis avec plag grande certitude qu'auparavant,
malgré une couverture backazimuthale tres faible.
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Figure A: Test synthétique & SNR 15 pour la technique de Rotation-Corrélation (B&lche) et
la techniqgue minimum d'énergie (SC, droite). Lean@@mux supérieurs montrent les haches
rapides résultantes a différents backazimuths, stipos inférieures de panneaux que résulter
retardent des évaluations de temps. Les valeurgréke (0, = 0° et df = 1.3sec) sont
indiquées par les traits horizontaux. La technideeSC rapporte des évaluations stables pour
un éventail de backazimuths. Pour SNRérieur et/ou plus petit retarder les périodesr(le
supplément électronique) que la RC-technique difémcore plus des valeurs d'entrée. Bon
Nulls détecté automatiquement sont marqué comneesemproche Nulls comme carres. De
bons résultats sont marqués comme plus des sighdss résultats proches comme croix. Des
résultats pauvres sont indiqués comme points.

Finalement, des perspectives comme la possibilisutamatiser completement le
processus de déphasage des ondes S a une statidgus! sont présentées en chapitre 4.5.



0.3. Base des données de « shear wave splitting »

Le nombre de plus en plus important des étudeségbatage des ondes S a été une
motivation pour centraliser les données (chapitr@) 4le déphasage des ondes de
cisaillement publiées dans la littérature. Baséeusercollection statigue commencée par
Derek Schutt et Matt Fouch, cette base de donnéesactive permet l'acces par
I'intermédiaire d'un web browser. Les chercheuts/gst ainsi saisir leurs propres donnés
et augmenter la base de données. L'interaction @amygleEarth, un outil employé
couramment des SIG 3D, fournit une visualisatiopida avec différents ensembles de
données.

Montagner et al. [2000] ont présente une méthodal@iler les parametres théorétique a
partir des résultats de la tomographie des ondesidace. En utilisant le model global de
Debayle et al [2005] une comparaison des paramitéesetique avec la base des donnes
montre une corrélation général de les deux methodes

0.4. L'anisotropie du Craton Est Européen

Le chapitre 5 est focalisé sur l'anisotropie dags rgions cratoniques. D'abord, une vue
d'ensemble générale sur la structure et I'évoludisicratons est présentée (chapitre 5.1),
suivi d'un rappel des études de déphasage des 8nsi@sdes cratons (chapitre 5.2). Le
chapitre 5.3 reprend I'évolution et les propriétésphysiques du craton Est Européen et je
présente dans la section 5.4 les mesures de d@ehefactuées dans cette these avec les
techniques et outils précédemment présentes.

Le craton de I'Europe de I'Est (CEE) se composeaie segments de crolte principaux:
Fennoscandia, Sarmatia et Volgo-Uralia. Aujourd'luiCEE est largement recouvert par
des sédiments du Phanerozoic. Seuls les bouckeFednoscandia et les parties sud du
Bouclier Ukrainien et du Massif de Voronezh offreat I'affleurement des roches
protérozoiques et plus anciennes [Gorbatschev gdd&wva 1993 ; Bogdanova, 1996].

Entre 2.1Ga et 2.0, le domaine océanique, qui aé&p8armatia de Volgo-Uralia, s'est
fermé. Simultanément, la subduction commencée subdrd (actuel) nordique de
Sarmatia se finit & environ 1.8Ga a la collisioncaFennoscandia. La réunion des deux
blocs a eu lieu a environ 1.75Ga et est accompatdjraenderplating ».

Un total de 16 stations sismologiques distribuégsless multiples unités tectoniques du
CEE sont analysées dans cette étude. Les axegsapiohtrent de fortes variations pour
chaque unité tectonique, suggérant une anisotrogaée » dans la lithosphére.



Figure D: Mesures de déphasages des ondes S epeEdi@s marqueurs gris représentent des
mesures de la base de données SKS. Les marqueussdilverts sont issus de cette étude, et
représentent (lorsqu'elles semblent présentesgoleshes anisotropes supérieure et inférieure
respectivement. PLB="terrane" Polonais-LituanieriaBés ; TTZ=Tesseyre-Tornquist zone

Une telle interprétation est soutenue par une ladioé@ variable des axes rapides avec la
direction de mouvement de la plaque, qui ne moméie de parallélisme systématique et
qgui ne semble pas refléter les processus asthénagpdseactuels a grande échelle.

En Fennoscandia, les axes rapides montrent degtidire NS dans le bloc Karélien au
nord, et NE-SW dans Svecofennia prés de St. PetgrsiC'est en accord avec les
résultats obtenus en Finlande [Plomerova et alO5R0La corrélation faible avec la
direction de mouvement de la plaque Eurasie sugigseorigines lithosphériques plutot
gu'asthénosphériques.

Les axes rapides des stations localisées sur @sarie" Polonais-Lituanien-Bélarus
montrent un alignement avec les unités geéologiguais €également avec les linéations
magneétiques, ce qui favorise encore I'nypothese@iie lithosphérique de l'anisotropie.

Les stations proches de I'Oural montrent des aiiemts d'axes rapides perpendiculaires a
la direction générale de cette chaine de montagee. pourrait contredire I'hypothése de
la déformation cohérente verticale décrite danstti@rature. Etant donné que les deux
stations ARU et AKTK sont plutdt dans les partiaseenes de la chaine de montagne,
elles pourraient étre protégées de l'influencepdesessus de la formation de la chaine de
montagne que I'on pourrait observer dans ses zioteses. Les directions observées



refleteraient donc plutdt des directions ancienesnouvement de la plague pendant la
subduction de Volgo-Uralia dans cette région.

Dans Samartia, les stations ne rapportent aucueetation rapide logique d'axes rapides.
Dans le NE, les deux stations OBN et MHV semblarmdiguer une superposition

complexe de cas d'hétérogénéité et de deux-couahisatropie, provenant du massif de
Voronezh et de la dorsale de Pachelma. A l'ouasstdtion KIEV montre beaucoup de
"Nulls" avec une gamme étendue de backazimuthg. goecrait indiquer la présence de

deux couches anisotropes mutuellement perpendieslau bien I'absence d'anisotropie
sous la station. Pour KIEV, il semble probable daesuperposition de plusieurs

événements tectoniques a finalement effacé lestatiens préférentielles existantes des
minéraux. Ceci expliquera le grand nombre des Ndks un grande gamme des
backazimuths.

Les orientations des axes rapides observées ationstde long de la zone de suture de
Tesseyre-Tornquist (TTZ) s'alignent avec les axédes en Europe centrale. Ceci peut
indiquer que les mémes processus sont responsiblemisotropie de chaque coté de la
zone de suture. Un processus possible pourraitiétfieix de manteau, guidé et dévié par
la lithosphére plus épaisse du CEE. Les études gmphiques indiquent en effet que
'augmentation de I'épaisseur lithosphérique cdimavec le TTZ.
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1. Thesis Motivation

Seismic waves are arguably the most powerful gesipalytools to investigate the Earth’s

deep interior. Sensitive to compositional changed sharp contrasts, a seismic wave
arriving at a recording station contains the whalée of information acquired along its

travel path. Source mechanisms can be studiect#drst far away from the earthquakes,
which gives information about the source regiorsefsmic wave is furthermore sensible
to the elastic varying properties along its trapath. Consequently, the inversion of a
seismic wave (body wave, surface wave, free osioitla) permits interpretations of the

Earth’s inner structure.

One of the many material properties affecting sesmaves is anisotropy. ldentifying the
orientation of seismic anisotropy and eventuallielipreting its origins by comparison
with surface tectonic features is aimed at undedstey tectonic processes acting within
the Earth.

Seismic anisotropy is the dependence of wave speetirection. Such anisotropy can be
caused by structural variability such as thin layef alternating elastic properties
[Backus, 1962] or fluid filled cracks [Crampin, 198dendall et al., 2006]. A second
origin of anisotropy is the preferred orientatiohamisotropic minerals by strain [e.g.,
Nicolas & Christensen, 1987]. It is widely accept#uht the preferred orientations of
olivine minerals play a major role in the anisoyrayj the Earth’s mantle.

Perhaps the best indicator of seismic anisotropysatit shear-waves. A seismic shear-
wave passing through an anisotropic medium is @plitvo waves, polarized parallel to
the anisotropic directions and travelling at diffetr velocities. At the surface, they thus
arrive separated by a certain delay time. In optigs effect is know as bifringence.
Seismic shear-wave splitting has been studied émades. Initially limited to direct S
waves from local events [Ando & Ishikawa, 1982 thchnique is now widly adopted for
core-transiting phases such as SKS, SKKS, PKS [¥ignik et al., 1984, Silver and
Chan, 1991]. Over the past two decades the methaheaar-wave splitting has been
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widely applied in several geologic settings: Sulidunczones [e.g., Levin et al., 2004;
Margheriti et al., 2003; Nakajima & Hasegawa, 2004#s [Kendall, 1994; Gao et al.,

1997; Walker et al., 2004; Kendall, 2005], hotsg&arruol & Granet, 2002; Walker et

al., 2001; 2005], oceanic islands [Behn et al.,91%ontaine et al., 2007] and orogens
[e.g., Barruol et al., 1998; Flesch et al., 2005].

Using teleseismic phases allows measurementsgi thstances from seismically active
regions such as cratons. Cratons form the thiek|lestinteriors of the continents and their
roots may act as obstacles to mantle flow [Fouchl.et2000]. Analyzing anisotropy in
such environments may help to distinguish this gmeslay deformation, associated with
plate motion, from fossil deformation. Several stgdanalyzed anisotropy beneath the
various cratons [Fouch et al., 2000; Heintz & Keahn2005; Fouch & Rondenay, 2006;
Assumpcéo et al. 2006].

Ever larger temporary arrays (e.g. USarray) and lomning permanent stations make the
available datasets grow fast. Shear wave splitiagythus become over last decade a quasi
standard technique to perform at a seismic broad Btation. This evokes the need for a
splitting environment which is efficient and easyuse while still flexible enough to be
applied to several problems.

The aim of this study was to develop such a sheameveplitting environment, SplitLab,
which is then applied to stations on the East EemopCraton. Matlab was chosen as the
underlying code since it provides a great flexipiln operating systems and its scripting
language can be readily adapted to specific prahldrarthermore, the possibilities to
incorporate Graphical User Interfaces (GUIs) magktisab a modern, user-friendly and
effective environment. SplitLab is intended to umnalee the repetitive processing steps
while enabling the user to focus on quality conamdtl eventually the interpretation of the
results.

The powerful possibilities of SplitLab are appli@dstations on the East European Craton
(EEC) for several reasons: first, from a geologmaint of view the Platform as a whole
has yet not been investigated. Some of these statimve already been processed
independently or within another framework [SilverGhan, 1991; Makeyeva et al. 1992;
Helffrich et al., 1994; Dricker et al, 1999]. A iegal analysis of upper mantle anisotropy
is an important link to the growing geological irgst in this region in western literature
after the fall of the Former Soviet Union [e.g.,r@atschev & Bogdanova, 1993; Thybo et
al, 2003; Bogdanova, 2005; Artemieva, 2006]. Sectimel EEC is technically challenging
due to its low delay times (<1sec) for most statidrige simultaneous comparison of three
splitting techniques allows determining the anigpyr beneath a station with higher
certainty. Third, seismograms are distributed oseveral data centers operated by
GEOPHONE, IRIS or NARS. Being able to handle thesmats efficiently is a challenge
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to every code. And finally, a broad range of reaugdimes (e.g., 15 years for KIEV and
18 month for NE53) and varying data quality provalgood synopsis of the generally
accounted situations during shear wave splitting.

1.1. Thesis outline

This thesis will first point out the fundamentalyglts of seismic wave propagation, with
a particular focus on anisotropic media [Chapteni2]Chapter 3, the different origins of
anisotropy will be discussed. In general, anisotrogn be divided into to classes: (small-
scale) crystalline anisotropy and (large-scalejcstiral anisotropy. The possible depths
where anisotropy can occur are discussed as wethesffects of different tectonic
settings.

The technical aspects of shear-wave splitting egsgmted in Chapter 4. The simultaneous
application of the different splitting techniquesperformed using the newly developed
splitting environment SplitLab (Chapter 4.3). Thigphical environment encompasses the
whole splitting process from earthquake selection seismogram request to data
processing and finally results overview. Severapgical user interfaces (GUIs) make the
usage intuitive.

| will present a novel criterion to reliably distmigh splitting events from so-called Nulls
(Chapter 4.4). This criterion is based on the campa of two genuinely different
splitting techniques. Characteristic differences their results allow not only to
differentiate Nulls from non-Nulls but also to agsian objective quality to an individual
measurement. This objectiveness might eventuallyamc#n comparability between
different studies.

A short outlook of how to possibly automate the lghsplitting procedure of a seismic
station is presented in Chapter 4.5.

The growing number of shear-wave splitting studmestivated to create a central
collection of splitting data (Chapter 4.6). Basedaostatic text-file collection started by
Derek Schutt and Matt Fouch, the Interactive SMWgawe Splitting Database allows
access via a web-browser. Most important, reseesdaan enter their own data so that at
each time the newest studies are available. Irtterawith GoogleEarth, a widely used
3D GIS tool, allows for fast visual comparison waifferent datasets.

Finally, Chapter 5 discusses anisotropy in crateegions. First, a general overview on
the structure and evolution of cratons is preseli@uapter 5.1), followed by a short
review of shear-wave splitting studies on cratadDiapter 5.2). Chapter 5.3 resumes the
evolution and the geophysical properties of thet Easopean Craton. This is followed in
Chapter 5.4 with the results of shear-wave splittmegasurements performed in this thesis.
A total of 16 stations distributed on the severadtanic units of the EEC permit the
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analysis of coherence within and variability betwélgese units. It is proposed to compare
the (lithospheric) anisotropy with aeromagnetic adaBeromagnetic data allow the

detection of crustal structural trends and compmsal changes in regions, whose
geologies are only poorly constrained or covereddnliments.
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2. Linear elasticity and wave
propagation

Whenever a force is applied to a continuum, evemtpaf this continuum is influenced
by the force. Internal forces are commonly refetedsbody forcesvhile external forces
are denoteatontact forcesThe most common example for a body force is acagbn
due to gravity. Body forces are proportional towok and density of the medium they are
applied to. Contact forces depend on the area tteegicting on.

In general, any external force applied to a contmwvill deform the medium in size and
shape. Internal forces try to resist this defororatiAs a consequence the medium will
return to its initial shape and volume once themdl forces are removed. If this recovery
of the original shape is perfect the medium isethilastic. The constitutive law relating
the applied force with the resulting deformationHsoke’s Law named after the 17
century physicist Robert Hooke (1635-1703). It éfirted in terms of stress and strain.
Many books have been written about this topic. Tmapter is mainly based on Ranalli
[1995] and Turcotte & Schubert [2002] for the stfegain parts, and Stein & Wysession
[2003], Lay & Wallace [1995] and Shearer [1999] fbe seismic anisotropy. A detailed
theory of wave propagation in anisotropic medigiven for example by Tsvankin [2001].

To quantify the state of stress at a point P rgsufrom a forcé= , P is imagined as an
infinitesimal small cube, each side having an ibdésimal small surfacéS. The traction

T acting can be decomposed into its stress compemenmal é, and tangentialof,) to
this surface. The latter can be further decompdsénl components parallel to the
coordinate axes (Figure 1).
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Figure 1: Components of stress acting on a surfége. traction can be divided into its
components normal and tangential to the surface. latter can be further decomposed into
two components parallel to the coordinate axes.

A stressoj is defined as acting on the i-plane and beingnoe in j-direction.
Consequently, the components with repeating indicesnormal stresses, while different
indices indicate shear stresses (Figure 2). Ihtedium is in static equilibrium the sum of
all stress components act in the 1, 2, and 3 direstas well as the total moment is zero.
This symmetry is expressed as:

Gijj = Oji

Thus, six independent parameters of the stressitefpscompletely describe the state of
stress at any point P of this continuum:

O, =| 0y O, Ox|=|0, 0, Oxl, withi,j=1,2,3

/< %

Xy

Figure 2: Complete representation of stressesgotina block. Normal stresses are identified with
repeating indices, whereas tangential stressesditigeent indices.

16



As mentioned above, an elastic body subjected resstdeforms. By definition, this
deformation is called the strainlt is the (dimensionless) relative change in disien of
a body. In the three-dimensional case with defaionat sufficiently small this is
described by the infinitesimal strain tensor

‘911 812 813 ‘911 812 ‘913
E§ =&y Ex Ex|T|En €y x| withi,j=1, 2, 3
831 823 833 813 832 833

where the same symmetry considerations as for ttkesstensor reduce the number of
independent components to six:

&jj = &ji

2.1. Hooke’s Law

Stress and strain are related to each other by Fodblkev, which assumes the strains to
be sufficiently small and that stress and straipede linearly on each other. Such a
medium is calledinear elastic In its general form it can be written as

05 =C€us withi, j, k,1=1,2,3

The fourth-order tensdCiy is called the stiffness tensor, which consists oé8tties and
describes the elastic properties of a medium. f8msor actually links the applied stress to
the resulting deformation of the medium. In genétabke’s Law can lead to complicated
relations, but symmetry considerations remarkalmhpbfy the equations by reducing the
number of independent parameters from 81 to 36:

Cin = Cjiw = Cijix = Gjii

Moreover, general thermodynamics [e.g., Nye, 19@Rjires the existence of a unique
strain energy potential, and therefore:
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Ci =Cuuij

which reduces the number of independent entrigkenstiffness tensor to 21. These 21
parameters are necessary to fully describe thesssteain relationship of an elastic body
in its most general form. These parameters may watty direction, in which case the
medium is calledcanisotropic In contrast, the properties of @&otropic medium are the
same in every direction. There are seven uniquerstny systems, each representing a
specific number of elastic parameters. The mostptexnand least symmetry is triclinic
which needs the whole 21 elastic parameters tailbe described. In order of increasing
symmetry the other six systems are (number ofielpatameters in brackets): monoclinic
(13), orthorhombic (9), tetragonal (7, 6), trigor{@ 6), hexagonal (5), cubic (3) and
isotropic (2).

2.2. Isotropic media

In the case of isotropi is invariant with respect to rotation, the numbtindependent
parameters reduce to two:

Ci = A0jjon + u(didj + dildjk)

where /1 andu are called the Lamé parameters afidis the Kronecker deltau also
denotes the shear modulus, and describes thearessto shearing of the medium
according to

ojj = 2/18”' , with i ;ﬁj

The bulk modulus K is defined as the ratio of aggblisostatic stress to the fractional
volumetric change:

W~
S
1

N
)]

In the case of uniaxial stress{ # 0 =022 = 033), Young’s Modulus E relates the stress to
the strain in the same direction:
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oijj = ESii .

Finally, the (dimensionless) Poisson’s ratits also defined for uniaxial stress and relates
the lateral strain to the axial strain:

Note that here the Einstein sum convention is p@ii@d. Note also thai varies only
between 0 and 0.5 with the upper limit represendirfigiid ( = 0).

In the case of an isotropic, linear elastic matetiee bulk modulus, the shear modulus and
the density define the compressive and shear velocitieand \s respectively:

In the following considerations it is convenient ige Voigt's representation of the
stiffness tensoCiu, which transfers the 3x3x3x3 tensor to a 6x6 matrix

Cllll c:1122 C1133 CllZS C1113 C1112 Cll C2I.2 C13 C14 C15 C16
C2211 C2222 02233 C2223 C2213 02212 C21 C22 C23 C24 C25 C26
Cmn — CS311 CS322 C3333 C3323 C3313 C3312 — C31 C32 C33 C34 C35 C36
C2311 C2322 02333 C2323 C2313 02312 C41 C42 C43 C44 C45 C46
ClSll 01322 C1333 01323 C1313 C1312 C51 C52 C53 C54 C55 C56
Clle 01222 C1233 01223 C1213 C1212 C61 C62 C63 C64 C65 C66

For isotropic material, the stiffness matrix canrggresented by only two parameters, the
so-called Lamé parameterandu is
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A+2u A A 0 0 O

A A+2u A 0 0 O

. = A A A+2u 0 0 O
m 0 0 0 u 0 0
0 0 0 0 4 O

0 0 0 0 0 wu

2.3. Anisotropic media

The more general anisotropic formulation describeselastic properties of a material, if
the variation of parameters with direction is alémlyv Anisotropy may be due to crystal
structure (Chapter 3.1) or other microscopic andcrosropic effects, e.g. layering;
Chapter 3.2. Generally, either orthorhombic or Igexeal symmetry is assumed when
analyzing the earth.

Hexagonal anisotropic media are characterized Isyngle plane of isotropy and one
single axis of rotational symmetry. It can be calusgher by intrinsic anisotropy of the
dominant mineral (e.g. mica, clay, serpentine) pipbriodic layering of materials with
different elastic properties. The layers have totlie in comparison to the seismic
wavelength (Figure 3a). Hexagonal anisotropy iy/faharacterized by five independent
elastic parameters. If we assume that the axigrofreetry is % the stiffness matrix has the
form

Gy Cy~2C% Cy O 0 0

C;; ~ 2Cqs Ciy c; O 0 0

s | G G € O 0 O
mn 0 0 0 c,c 0 O
0 0 0 0 c, O

0 0 0 0 0 c,
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a)* X ) b)
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Figure 3: Possible origins of anisotropy (after &ke [1999]): a) thin layered material results in
hexagonal symmetry anisotropy. b) Minerals likevioke have an intrinsic anisotropy.

Orthorhombic media are characterized by three nliytaathogonal axes of symmetry.

One of the most abundant mineral in the Earth’s theamlivine, belongs to this class
(Figure 3b). If the coordinate axes coincide with symmetry axes the stiffness matrix of
the orthorhombic system has nine independent srdrid has the form

Cll C12 C13 0
C12 C22 C23 0

Cortho — C13 C23 C33 O
o 0 0 0 ¢

o O O ©o
o O O O O

0 0 0 0 0 c

Olivine is an anisotropic mineral and a main coniigosf the (upper) mantle. It has a
density of 3.311 kg/th The elastic tensor (in GPa) of this orthorhombimeral is

[Kumazawa & Anderson, 1969]:
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Figure 4: velocities of olivine in the lower hemnfigpe.

2.4. Plane wave propagation

Plane waves play an essential part in understandiage propagation. Here, the
displacement only varies in the direction of wavepagation. The displacemeiiat
position vectorX may be expressed as

G(x,t) = f(t - %),
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wheres =hA/V is the slowness vector, whose magnitude is recgho the velocity Vi
is an unit vector, t is time andi is an arbitrary function representing the wave foAn

harmonic plain wave with angular frequeneys represented by
G(X,t) = A(w)e AV

The (elastic) wave propagation is governed by Hmokaw. Written as a differential
equation, the plane wave is described as

0%u; 0°u,
at> ™ ox,0x

where p is the density of the medium; s the displacement vector, an¢gaxe the
Cartesian coordinates. Summation over repeateddanads implied. Note that anisotropy
enters the equation via the stiffness terSgr. Inserting this Ansatz in this differential
equation gives th&hristoffel equationnamed after the German mathematician Elwin
Bruno Christoffel (1829-1900)

My = V25 )E, =0

M; is theChristoffel matrix which is a function of the material properties airection of
wave propagation:

Mj = Cija Ny

j j

The Christoffel equations describes a standard eijee pV?) — eigenvector )
problem, where the eigenvalues are determined by

detM; - oV ?5;) =0
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The solution of this cubic equation yields thresgble values of the squared velocity V,
namely one P-wave and two S-wave velocities (65g..and &). As shown before
(Chapter 2.2), the two S wave velocities are idahin isotropic media and we get

a—VFI)SO A+2/j’ ﬁ:Vésoz\/Z
| » o

For any specific direction; in an anisotropic medium, these are representetidyhree

eigenvalues. The three eigenvectors specify thariation of the wave, namely the
quasi-P, the fast S-wave, and slow S-wave. BacKig6q] showed that for weak
anisotropy the velocities in dependence on aziritan be approximated to first order as

VZ = A+ B, cos26 + B¢ sin26 + C,, cos48 + C, sin46
Vg = D + E, cos48 + Egsin48
V&, = F + G, cos26 + G4 sin26

where Vp is the P-wave velocityVg and Vgare the S-wave velocity parallel and

perpendicular to symmetry plane, respectively. Tbefficients depend on the elastic
constants:

=3(Cr111+Ca202) +2(Cr122+ 2Cy21)
¢ =5(C1111=Co202),  Bs = (Cp111+ Ci220),

¢ = 5(Cr111% Ca220) = 5 (Cr122+ 2C1 1))

W >

@)

Cs = 3(Cz111~ Ci22)
EC = _CC' E = —CS
F =1(Ci313+C2329

@

¢ =5 (Cia13—Coa29), Gs =Caa13

where the indices ands indicate cosine and sine terms, respectively.
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2.5. Seismological detection of anisotropy

2.5.1. P-waves
Early measurements of Pn velocities as a functibazamuth in the oceans revealed
higher velocities perpendicular to the mid oceayges [e.g., Morris et al., 1969]. These
measurements showed a strodgi2pendency, as described before [Backus, 1965].

More general, the arrival of P-waves depends omuatti and incident angle (Figure 4).
The depth integral along all ray paths vyields thedag time variations (Figure 5).
Therefore, the study of teleseismic P delays revda anisotropic structure beneath a
station. Bokelmann [2002a, 2002b] uses this tealnig determine the 3D orientation of
anisotropy beneath North America. Babuska & Plowv@r$l996] propose a joint
inversion of P-wave and Shear wave splitting (sslewvb).

(a) N (b) N_ .
‘F‘;__ E 2.
\\( I - | . E
(;‘1\- “ ’ b 1)
@ )

2
r

Figure 5: a) Ray geometry through an anisotropackblof dipping anisotropy. The fast axis is
dipping 30° to the SW, the intermediate axis ispiig 60° to the NE, and the slow axis is
horizontal. b) The lower hemisphere shows predidted/slow delays (crosses and circles
respectively; given in sec) for a propagation tigtoa 150 km anisotropic layer defined in a).
[after Bokelmann, 2002b]

The analysis of polarizations of quasi-P waves dlas proposed by Bokelmann [1995]
and Schulte-Pelkum et al. [2001; 2003]. The hottabpolarization of the initial P particle
motion can deviate by >10° from the predicted azimalong a great circle from station to
source. They showed that stations within regiomsthdces of each other show consistent
azimuthal deviation patterns, while the deviatisaem to be independent of source depth
and near-source structure.

2.5.2. Shear wave splitting
When a shear wave arrives at an anisotropic medibhenshear wave is split into two
separate waves traveling at different velocitiesalfzing these split shear waves at
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surface stations by recovering their original paktion gives information about the
anisotropic medium. This is the subject of thissthe

Montagner et al. [2000] present a derivation of thhenomenon. These equations have
been described before by Vinnik et al. [1989] arde® & Chan [1991]. Let us consider
now the simplest case: a vertically propagatingasewvithin an isotropic medium. The
associated displacements in wave coordinate sydRawtial, Transverse, and Vertical) are
then

Ug = ag explat - 7))

Uiso(Z,t) =qur =0
=0

whereVs(z) is the S-wave velocity in the isotropic medium.almgeographic coordinate
system the displacements are

Ug = ay cosW exp(at —%))

Uso(2,1) = Uy = ag sinWexplaft -{:2)
=0
z

where ¥ is the backazimuth. Now assume, that at depth zthe wave enters an

anisotropic medium with horizontal (fast and slogyymmetry axes. This reduces the
problem to two dimensions, since the vertical agiglentical to all appearing systems.
Let ¥a be the angle between North and the orientatiorheffast S-wave polarization

plane (). Then

uaniso(z!t) = {Uf } = equ CUt)|:el+ O_:| X|: Co_g[/A Sirl(’[/A :||:aN:|
U, 0 ¢ -sing, cosy, | ag

where €% = —expHiw ) and e = —expHiw In other words, within the

V%+d\/s/2 Vs - d\/s/2)

anisotropic layer the wave is split into two wavieayeling at velocities o¥/s, +% and
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Vso—% and thus accumulating a delay. This is expressethe “dephasing matrix”

I O i+ .
H= {e i_} , whose elements“ecan be rewritten as
e
_i {77z, Ti A
eii —e Ia{ ﬂ%)eﬂﬂ{(z %) /zvszo) )

The second exponential term can be developed intoTaylor Series if
w(z-2)(0VI2\Ps)) << 1. This is achieved for signal periodE=2z/w larger than
approximately 3s, assuming an anisotropy of 5%/\($=0.05), an average S-wave
velocity of Vg = 4km/s and a thickness of the anisotropic layel@km. Therefore, a
first order approximation is valid for small anisigies and body waves of long periods
(T>10s). SKS waves are ideal for this analysiscesitheir dominant period is usually
approximately 8 seconds, and their arrival is wefparated from other phases.

A rotation of the displacement vector from the atrigpic system (f-s) into the wave
coordinate system (R-T) yields

| it A A
Uaniso(Z,t):{uR}:{coszwAe sn wA)e :laoeicut

Ur %sinzw/A et +e”

. z-7,
4]

_ )N - I XZ-2)
Ug = age % (cos%ﬂcos&,@sm%)
of 25

Ve Jsin2y sin A==

g

where (//’A =y -4 is the angle between fast axes and North. Reoglernd taking

advantage of the fact thatdf(z-2)(0V/2\Ps) << 1 the components of displacement after
the anisotropic layer in wave coordinate system are

UR(t) = €'“ (L+iwd cos2yy)ud

_ ol 40
ur (t) =e'“ L dsin2ppup
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wherest = (z-2)(0V/2VPsy) is the accumulated delay time, anfl = du® /9t =iaulis the

time derivative of the waveform before the anispicdayer (u? =0).

2.5.3. Surface waves
In isotropic, laterally homogeneous media two typésurface waves exist (Figure 6):
Love waves have rectilinear particle motion in aizmmwtal plane perpendicular to
propagation direction. Rayleigh waves show ellgdtiparticle motion in a vertical plane
along propagation direction.

Surface waves propagate parallel to the surfactheofearth. The penetration depth is
proportional to their wavelength. For this reastifferent modes of a surface wave travel
at different velocities (reflecting the velocityrigtture of the Earth), leading to a
dispersion of the signal. This can in turn be usestudy the depth structure of the Earth.
However, the long wave lengths limit the lateradaletion (~400km; [Debayle et al.,

2005])

Rayleigh wave
Love wave

' i
A
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_,.'__.;. ,'
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v rd
|

Drrection of wave propagation

Figure 6: Sketch of the particle motion of Love &walyleigh waves (after Lay & Wallace, 1995)

Discrepancies in dispersion curves of Love and &gklwaves can be well explained by
hexagonal anisotropy with a vertical axis of syme8mith & Dahlen [1973] showed that
the equation of azimuthal phase-velocity variatibois Love and Rayleigh waves at a
given period has a form similar to (quasi-) P waves

Viove(0) = VRayieigl8) = Ay + Ay 0S20 + Agsin20 + A, cos40 + Ag sin4d

The application of these phenomena in seismolodly lwé discuss in more detail in
Chapter 4.6.2 .
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3. Origins of seismic anisotropy

Seismic anisotropy is the directional variation sgismic wave speed. The cause of
seismic anisotropy in the crust and in the mamtlgtill under debate. A seismic wave is an
(transient) elastic deformation and thus experigrangy elastic anisotropy. The speed at
which the wave travels is directly linked to thastic tensor and the directional variation
of seismic wave speed (i.e. seismic anisotropyjus & measure of strength of anisotropy.

Seismic anisotropy is generally reported as thecgmdage difference between the
velocities corresponding to the fastest and sloweehtations:

A= (Vmax— Vmin)/Vaverage

where V is either the P- or S-wave velocity.

Seismic anisotropy occurs at many different scdtem kilometers to single-crystal
(grain) scales (Chapter 3.1). This broad rangepatial scales complicates the imaging
efforts of band-limited data. The signal generaigcearthquakes has a dominant period
which is too long to be sensitive to only the seagtystal anisotropy. Furthermore, the
Fresnel Zones associated with these dominant edad sometimes be wider than the
characteristic scale of type of anisotropy. Seismives within these Fresnel zones
therefore experience an average of the differerdo&mopies, or “bulk” anisotropy. It is
thus an indicator of long range order in a matevidlere features smaller than the seismic
wavelength (e.qg., crystals, cracks, pores, layemsatusions) have a dominant alignment.

One cause of anisotropy might be alternating igitrdayers with different elastic
properties [Backus, 1962]. However, the two primaandidate theories suggest that
lithospheric and asthenospheric seismic anisotrigpgither dominated by crystalline
anisotropy [e.g., Nicolas and Christensen, 198Myofiuid- or melt-filled cracks or dikes
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[Crampin, 1991; Kendall, 1994]. Both candidates nmego explain lower mantle
anisotropy [Lay et al., 1998: Garneo, 2000; KendxDO0].

This chapter will present the mineralogical andlggical aspects of anisotropy. A brief
description of anisotropy in single-crystals (Clee@.1) is followed by the discussion of
(large-scale) structural origins of anisotropy (ftea 3.2). Both have different
implications for geodynamic and tectonic interptietass, which are presented in
Chapter 3.3 and 3.4.

3.1. Lattice-preferred orientation (Crystalline anisotropy)
The elastic properties of any material are desdribg a X-order tensor, fi, with 81
independent components. However, symmetry congidesasimplify the tensor and thus
reduce the number of independent components. Aipte crystals belong to one of nine
possible symmetry systems. The more complicatedsyheametry, the more independent
constants are needed to completely describe theortenn Geosciences, mostly
orthorhombic (olivine; eight constants) and hexajo(guartz; five constants) are
considered. An orthorhombic symmetry (Figure 7a3 Hdferent velocities along three
mutually perpendicular symmetry axes, whereas admxal symmetry (Figure 7b) has
different velocities parallel and perpendicular ite cylindrical symmetry axis. The
complicated triclinic structure of feldspars is alby neglected.

a) azb#c b)

A 8,

b ‘az

Figure 7: The two most common crystallographic swtmnsystems are a) orthorhombic
and b) hexagonal

Olivine is the most abundant mineral in the uppeantie. Its seismic velocities are
strongly anisotropic (25% p/and 12% ) [Nicolas & Christensen, 1987; Crampin, 1991;
ben Ismail & Mainprice, 1998]. While initially oméed at random, deformation leads to a
preferred orientation of the minerals under certamperature and pressure conditions
[Nicolas & Christensen, 1987]. Laboratory experitsewith dunite (a rock comprised
mainly of olivine and minor pyroxene), shows thabgressive simple shear will
encourage the development of lattice preferrechtateons (LPO) of the olivine minerals
such that thea-axis will rotate towards the direction of sheaig(Ffe 8). The main
mechanism is dislocation creep within the minera, intercystalline slip of atoms
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[Nicolas & Christensen, 1987]. Similarly, if the rdte is subjected to uniaxial strain
(compressive or extensive), an LPO can also devéiothis case, the-axis is rotated
towards the direction of elongation.

A change in stress regime (and thus deformatiore tgnd direction) erases any
asthenospheric LPO relatively quick by recrystatisn [Nicolas et al., 1973; Mainprice
& Silver, 1993]. Therefore, any anisotropy in titedsphere is assumed to reflect the last
active deformation. In stable tectonic regimess thst active deformation is then “frozen”
in the anisotropy of the lithospheric rocks duripgst-tectonic thermal relaxation
[Vauchez & Nicolas, 1991; James & Assumpcéo, 184yuol et al., 1997; Barruol et
al., 1998; Heintz & Kennett, 2006].

LPO SPO SPO

? I high vel.

low vel.

low vel.

* -+ ¢ ~a / S~

Vioriz > Voo vV
horiz vertical o>V
Vhoriz > Vvertical horiz vertical

(if layer thickness << A wave)

Figure 8: Different origins of anisotropy [after M@ et al., 2004]. LPO results from the intrinsic
anisotropy of aligned minerals, whereas SP canitheredue to repeated thin layering or to
oriented, melt-filled cracks

3.2. Shape-preferred orientation (alignment of structures)
A preferred orientation of cracks, faults, fracti@ compositional lamellae makes an
otherwise homogeneous medium effectively anisotrfgi wavelengths much larger than
the spacing interval of the structure [Backus, 196@ure 8]. Such shape preferred
orientations (SPO) result in an effective fast atdw orientation of seismic wave
propagation, with the fast S-wave polarised aldmegstrike of the cracks.

In the lower crust, SPO anisotropy is mainly duefltid-filled cracks (e.g., Crampin,
1984; Crampin, 1991). In the mantle mainly melefil cracks or lenses, or compositional
lamellae are the sources of SPO anisotropy [Maieprii997; Kendall, 1994, 2000;
Vauchez et al., 2000; Walker et al., 2004].

SPO is thought to be a significant cause of seisanisotropy beneath mid-ocean ridges
and perhaps some portions of subduction systemslagly, continental rift zones contain
a range of evidence suggesting that SPO due targgession melting plays an important
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role in the development of seismic anisotropy. Béinestable continental interiors with
thick lithospheres, however, SPO is usually peextias a local crustal phenomenon with
less broad-scale influence on most seismic anigptobservations.

3.3. Depth of anisotropy

Analyzing the anisotropic properties of the Eartipioves knowledge of the present and
past geodynamic processes. At different depth $eveifferent mechanisms provoke
seismic anisotropy. Also, various geochemical aadpgysical techniques allow to infer
the distribution of minerals with various intringaisotropies, which dominate in different
depth levels [Figure 9; see Mainprice et al., 2600 a review]. Global tomography
models [e.g., Montagner & Tanimoto, 1990; Debaylale 2005) show significant radial
anisotropy variations with depth of radial anispyroMontagner [1998] concluded that
the strain, caused by a convecting mantle and nssiple for orienting minerals,
concentrate at boundary layers, where in turn &gy is strongest.
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Figure 9: The major physical and chemical variationthe Earth's mantle which control seismic

anisotropy [after Mainprice et al., 2000]. The sgismodel SP6-F comes from Montagner and
Kennett (1996).

It is an interesting feature in global seismolotgyat beneath continents primarily the
Lehmann discontinuity is observed [Shearer, 1990;e® al., 2001]. Under oceans the
much shallower Gutenberg discontinuity is often orégd. If both Lehmann and
Gutenberg discontinuity mark a transition from atnspy to isotropy [Leven et al., 1981],
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these can be interpreted as the bottom of a meddawoherent lithosphere (or
‘tectosphere’ as proposed by Jordan [1978; 198Gng et al. [2003] link those
observations with similar results from surface wawnesotropy observations and conclude
in regions where those discontinuities are horialpraind thus anisotropy has a significant
horizontal component, a relatively weak anisotrdjgiosphere is underlain by relatively
strong anisotropic asthenosphere.

In a more recent study Conrad et al. [2007] inftree global pattern of anisotropic fabric

from viscous mantle flow models. The results explaell oceanic anisotropy, but the fit

is less well in continental areas. The authors lcwiec that both asthenosphere and
lithosphere contribute to shear wave splitting, thé thicker lithosphere dominates for
continents. In comparison, oceanic lithospherdiisnier, younger and less deformed and
has thus a smaller contribution than the asthersspiThis is in good agreement with

previous studies of Barruol et al. [1997] and Toranjia998]

3.3.1. Anisotropy in the crust
Microfractures are generally oriented at randomweler, oriented openings tend to close
perpendicular to the maximum principal stress dioecs;. These crack-systems are filled
with other materials, in general fluids. The repegatariation of elastic parameters results
in seismic anisotropy and a splitting of shear-vgavihe fast S-wave spolarisation plane
orientation® would be parallel to the current maximum horizbstaess componeniy
[e.g., Crampin & Chastin, 1999]. The magnitude matropy scales with crack size and
amount of cracks. This is the dominant source ¢faropy for the upper (~10km) part of
the crust [Barruol & Kern, 1996], since below alacks are closed. The contribution of
crustal anisotropic rock minerals developing a LiB@ssumed to be a few 0.1% [Barruol
& Kern, 1996; A. Vauchez, pers. comm. 2007]

Anisotropy in the lower crust is dominated by finéhyered horizontal strata due to the
interactions of reflections and transmissions thlouthin layers [Backus, 1962;
Chapter 3.2]. It is also characteristic to manylehaclays and mudstones, where the
anisotropy is caused by horizontal intergranulatgdets of mica and other minerals [see
Crampin & Chastin, 2003].

Both of these cases result in hexagonal anisot(bmure 7, Figure 8), whereby the axis
of symmetry is normal to the cracks or the layerirggpectively. In crack-dominated
crust, ® generally renders they direction [e.g., Crampin & Chastin, 2003]. The
accumulated delay time total is however small (-s@@, Barruol and Kern [1996]) due to
the minor thickness of the crust. Thus, crustabatnopy is often neglected in studies
focusing on mantle anisotropy. However, changesrustal anisotropy direction have
been successfully applied to relate stress changthsearthquake ruptures [Gamar &
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Bernard, 1997] and volcanic eruptions [Gerst & $@vad2004] which might be a useful
forecasting tool.

3.3.2. Anisotropy in the lithosphere

If crust and subcontinental mantle deform coheyedtiring tectonically active episodes
(Figure 10), this is calleWertically Coherent Deformatio(VCD) [Bormann et al., 1993;
Silver, 1996]. Such deformation leads to the dguelent of a LPO of olivine crystals (see
Chapter 3.1). Thermal cooling of the lithosphereefres the LPO to the lithosphere.
Therefore, spatial variations in splitting parametshould track geologic variations and
the measureds should, in the simplest case, follow the gen@bnic trend. In the case
of multiple episodes of deformation, only the laginificant active episode prevails. See
Chapter 3.4 for a more detailed discussion.

The three major categories of deformation that wdug encountered are: transcurrent,
collisional, and extensional regimes. In fact, pco#isions are rarely observed, and there
is almost always a significant transcurrent compon&ee Chapter 3.4 for further
discussions on this topic.

Vertically Coherent Deformation

Figure 10: Vertically coherent deformation of crast lithosphere [after Silver, 1996].

3.3.3. Anisotropy in the asthenosphere
In the case of asthenospheric anisotropy, the astiphere serves as a decoupling zone of
the differential motion between the tectonic platel the mantle. This model is referred to
as Simple Asthenospheric FloWinnik et al 1984; Bormann et al. 1993, 1996; vE&il
1996; Figure 11]. A special case of this modeles;isf we assume the sub-asthenospheric
mantle as stationary. Then, the lineation is oadrglong the absolute plate motion (APM)
direction of the plate. There is however growinglewuce, that the mantle is moving in a
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hotpot reference frame [Steinberger & O'ConnelB&XSilver & Holt, 2002; Tarduno et
al., 2003; Andrews et al., 2006; see also Chaptelp

The mantle flow can be deviated by obstacles likeo$pheric keels [Bormann et al.,
1996; Fouch et al., 2000; 2006], cratons [e.g. uAgs;ao et al., 2006; Heintz & Kennett,
2006] or subduction slabs [e.g., Margheriti et 2003; Levin et al., 2004]. See Chapter
3.4.2 for further discussion on this subject.

To completely reorient olivine aggregates straih®mler unity suffice [Nicolas et al.,
1973; Mainprice & Silver, 1993; Chastel et al., 3Pp9%or tectonic plate speeds in the
order of 1-10cm/yr and asthenospheric thicknessra@ér 100 km such strains would be
produced in only a few million years. Silver [199jus remarks that the memory of
asthenospheric flow direction is short.

Simple Asthenospheric Flow
¢ o>
APM £
— ‘r] :
Absolute Plate Motion (APM)
Lithosphere

e e

Asthenosphere a-axis |
ot (anisotropic layer) o

Mesosphere dsks

Figure 11: Simple asthenospheric flow aligns milsetiiom below" [after Silver, 1996]

It is still a major question in geodynamics if alose plate motion (APM) is caused or
accommodated by asthenospheric motion [Forsyth &ddy 1975; Bokelmann, 2002]. If
the main driving force for plate motion originafesm the side by subducting plates (slab
pull) and from mid-ocean ridges (ridge push), tetha@nosphere mainly accommodates
the strain. If however the plate motion is causeanfbelow by mantle convection, the
plates are dragged in the direction of mantle flbasal drag).

Topography of the base of the lithosphere may dish® correlation with plate motion
vector. But generally it is assumed that if thesatropy directions do not coincide with
APM direction but correlate with surface geologitands, then lithospheric origins of
anisotropy are implied. Shear-wave splitting aloaanot resolve the depth of anisotropy
(it integrates the anisotropy along the travel pabtit reliably determines the orientation
and magnitude of anisotropy. Furthermore, someiestuduggest a two-layer model
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combining both hypotheses. Thus, the comparisoani$otropy directions with other
geophysical and geological datasets gives an unigpjgortunity to improve the
conceptual understanding of deformation processtsei earth and their causing forces.

Driving from the side Or.ogi"egis Driving from below Extension
— < Plate motion “—‘ — = Plate motion
~ < S5 = // 22
—
—

Figure 12: Sketch of the sense of shear withinotéctplate. Plate-mantle interaction leads to
preferred mineral orientation in portions of thitthosphere. Seismic fast axes are shown
schematically by diagonal dashes. Dip direction fast axes is indicative of driving
mechanism. a) If plate is driven from side and feargsists motion, fast axes dip away from
plate-motion direction. b) Conversely, if platedisven by faster-moving deeper mantle, fast
axes dip toward absolute-plate-motion directioftefaBokelmann, 2002]

3.3.4. Anisotropy in the transition zone
The upper mantle consists mostly of olivine, beggexene, spinel, and garnet. In the
transition zone between the 410 km and 660 km deisttontinuity, olivine is not stable
and is replaced by high pressure polymorghsand y-spinel) with approximately the
same composition. The dominant mineral in the ttemszone is however wadsleyite At
transition zone conditions, a wadsleysite crydtakgs ~12% of anisotropy and capable of
the evolution of CPOs, but characteristic orieotai of symmetry axes lead to a weak
bulk seismic anisotropy [Tommasi et al., 2004]. idontal shearing results in fasteg P
and $ waves, as observed by Seismic tomography [Montagn&ennett, 1996]. In
contrast such medium will appear isotropic for waity propagating shear-waves (e.g.
SKS) and will thus not produce any splitting.

3.3.5. Anisotropy in the lower mantle

It appears that the lower mantle is isotropic, witl exception of the D” layer just above
the core-mantle-boundary. However, still littlekisown on this depth interval. Restivo &
Helffrich [2006] inferred from differences in spiitg parameters of SKS and SKKS
phases anisotropy in this layer. Their findings nsaypport earlier speculations of a
heterogeneous D” layer with different anisotromlomains. These domains might be
related to the remains of paleo-subduction slats feendall & Silver, 1996; Lay et al.,
1998]. Similar to the lithosphere, the anisotropythe D layer is assumed to originate
from melt inclusions and/or preferred crystal ot&ions [see Kendall, 2000].
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3.4. Seismic anisotropy and plate tectonics
Data from surface waves and body waves indicate ah&otropy in the oceanic upper
mantle appears to be relatively uniform [e.g. Mgn&x, 2002; Behn et al., 2004] while
anisotropy in continental lithosphere changes @t length scales [Helffrich et al.,
1994; Montagner et al., 2000; Conrad et al. 2007].

Seismic anisotropy reflects deformation proceskethe asthenosphere this deformation
is due to relative motion between mantle and owugglylate. In the lithosphere the main

deformation occurs at plate boundaries. The folmachapters will present the effects of
certain tectonic boundaries on the anisotropy. Qtg anisotropy in stable continental

areas can help to interpret for ancient processddlee influence of obstacles to present
mantle flow. This topic will be discussed in detailChapter 5 of this thesis.

3.4.1. Rifting

A continental rift is an elongated topographic @mgion overlying a lithosphere which
has been significantly modified by extension. Thechanism of continental rifts can be
separated into two end-member cases: active argivpasfting. For passive rifting we
would expect that if the entire lithosphere extenti® crystallographic fast axis (and
therefore splitting directions) would align in tk@ection of rift opening [Vachez et al.
2000, 2005]. Active rifting involves erosion of thiewer lithosphere by mantle
convection, causing an elevated asthenosphere thethearift zone. Kendall et al. [2006]
propose a suite of different causes of anisotropyehth the East African rift system
(EARS, Figure 13). The main cause of anisotropyatisibuted to thin melt pockets
directly beneath the rift zone, oriented paraiekhe rift axis. Away from the rift, the
lithospheric LPO is due to pre-existing fabric, ighbeneath the lithosphere the LPO is
due to viscous coupling between the base of thedpghere and large-scale mantle
upwelling. This model explains the rift-paralielin the rift valley.
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Figure 13: Model of seismic anisotropy beneathBhset African Rift System [after Kendall et al.,
2006]. A range of mechanisms is responsible fos@ndpy, including periodic thin layering of
contrasting materials, oriented pockets of meld #re lattice-preferred orientation (LPO) of
olivine crystals.

Gao et al. [1997] compare the variation of spitfil@gameters across rifts. They also relate
their results of the East African Rift and the Ricande Rift to melt-filled cracks whede
apparently followed a recent rotation of stress #ndgs re-organized the orientation of
cracks. Both rifts are characterized by a relayivedt mantle probably above solidus. In
contrast, the Baikal Rift shows cooler mantle thmght be capable of generating a rift-
perpendicular fabric away from the central riftlegl But in local patches of hot mantle,
magmatic crack could cause rift parallel anisotr(fgure 14).

38



D EE) igpﬂ
[T Fog

0.5 1.0 1.5 2.0 sec Srros

Py

45" e Y | f 1 —r-

99 102" 105" 108" 111° 114 1177 120

Figure 14: Splitting parameter variations across Blaikal Rift [after Gao et al., 1997]. North of
the rift the observedbs are rift perpendicular, while in the rift centdey tend to be rift
parallel. South of the rifb is again rift-perpendicular, though at even gnedistancesb again
rotates rift parallel.

3.4.2. Subduction

Subduction zones exhibit a complex 3D pattern afitedlow, especially at the corners of
the slab. Complexity is possibly added by slabbastk, which may cause torroidal mantle
flow beneath the backarc region [Hall et al., 200je anisotropic fabric developed in
such environments results in seemingly discrephearswave splitting observations and
interpretations for different (oceanic) subductiaones. Trench-parallel splitting

directions are found for example for the Andeandbigtion [e.g., Russo & Silver, 1994;
Polet et al., 2000; Anderson et al., 2004], theufin Islands [Yang et al., 1995], and in
New Zealand [e.g., Audoine et al., 2004; Duclosalet 2005]. Trench-normal splitting

directions are found for the Philippine Subductjeouch & Fisher, 1998] and in Japan
[e.g., Nakajima & Hasegawa, 2004]. A corner flow debhas been used to explain
splitting observations in Kamchatka [Levin et &0Q04] and the Apennines in Italy
[Margheriti et al., 2003; Baccheschi et al., 2007].
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Jung and Karato [2001] argue that the introducbbnvater to the olivine, the relation
between flow geometry and seismic anisotropy ur@Esgnarked changes. Under high-
stress, high water content conditions, the anipotrio-axes are oriented parallel to strain
orientation. Lassak et al. [2006] model a synths#ismic profile over a subduction zone.
They find that a transition between anhydrous aydidus mantle may cause a rotation of
® from trench normal to trench parallel over shastahces, accompanied by variations in
delay times. These findings show the importancehef station setup for any future
seismic experiment aimed to investigate anisotiomubduction zones.

3.4.3. Orogens
Mountain chains are the surface expression of dtiesion of tectonic units. The depth
dependence of rheology controls the style defoonatiAn important, but poorly
constrained property is the strength of the litihhesp. A commonly accepted model for
the strength of the lithosphere assumes a brififeeucrust, followed by a ductile lower
crust and a strong upper mantle [Molnar & Lyon-Cak488].

Knowing the extent of kinematic coupling betweenstrand upper mantle is important
when comparing surface features with anisotropgraations [Flesch et al., 2005]. A
minimum in strength of the lower crust would resulta decoupling between upper
mantle and crust. On the other hand, strong cogplmplies vertically coherent

deformation of crust and upper mantle [e.g. Silt686].

Christensen & Crosson [1968] argued that if theodeétion is in the form of uniaxial
compression, the (slow) b-axis is aligned with tHeection of compression. In
consequence, the (fast) a-axis is then paralldadrend of mountain chain. This relation
is consistent with the direction of shortening e upper mantle of active compressional
belts [Makeyeva et al., 1992]. Alternatively, Vaeeh& Nicolas [1991] interpret these
(fast) orientations parallel to the mountain belterms of shear flow in the mantle along
the strike of the belt.

Flesch et al. [2005] compared the Central Asiariaser deformation field inferred from
GPS and fault slip rate data with mantle defornmatiderred from SKS splitting. Their
data indicate a complete decoupling between cmdtnaantle in the Yunnan Province,
whereas in Tibet a coupled, vertically coherenbdehtion is proposed. Lev et al. [2006]
found a pronounced shift from NS direction in thehBan province and mostly EW
directions in Yunnan. They suggest a fundamentaingh in deformation regime
throughout the study area, which is consistent widsch et al. [2005].

In the Appalachians the splitting directions follothe geologic trend, indicating

lithospheric origins of anisotropy, with small astlespheric contributions.[Barruol et al.,
1997]. Anomalous trends in the central part of Appalachians are explained by frozen-
in anisotropy as a consequence of a broad uppetlansinike-slip zone, which cause
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vertical foliations. The authors point out, thatlecoupling between crust and mantle is
required for such model.

3.4.4. Oceans
Analyzing anisotropy beneath oceanic plates comstrdundamental ideas of plate

tectonics by mapping mantle flow. Oceanic platesrafatively young (<200Ma) and thus
largely undisturbed. That makes the comparison pldie motion directions straight-
forward. Forsyth [1975] was the first to observaraghal anisotropy in surface wave data
of the Pacific Ocean. These findings have beenigonefl and refined by others for
various oceans: the Indian Ocean [e.g., Montadt®86; Lévéque et al., 1997] and in a
recent study Montagner [2002] analyzed the 3D sirecof anisotropy beneath the Pacific
Plate. The simultaneous inversion for Love and &gyl waves allows to detect both
azimuthal and radial anisotropy and thus infer 3Berdgation of anisotropy. The
correlation with plate motion direction is geneyajbod at depth between 100 and 200km,
with notable exceptions close to hotspots: La Réwand Mauritius [Lévéque et al. 1997]
as well as Hawaii and Polynesia [Montagner, 200ljis can be explained by a
decoupling between plate and asthenosphere.

The lack of permanent ocean bottom seismometerS)@iake representative analysis of
shear wave splitting at the current stage impossiMolfe & Solomon [1998] evaluated a
set of temporary OBS across the East Pacific Ribey found ridge axis perpendicular
splitting orientations, which is in agreement wipreading related mantle flow. Recent
splitting studies on oceanic islands around AfriBahn et al., 2004], the Galapagos
Islands [Fontaine et al, 2005] and Polynesia [Foet&t al., 2007] by and large confirm
the correlation with plate motion, although indwa stations show complex splitting
patterns or no splitting (Null stations). This migteflect multi-layer anisotropy, the
dominance of specific fabric of olivine ([011] fdICPO) or local heterogeneities caused
by plume activities.
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4. Shear-wave splitting

Shear-wave splitting has become a widely used tqubrto analyse anisotropy at depth.
It provides an exceptional possibility to study tbarth in otherwise inaccessible depths.
The asthenosphere and the lower lithosphere ar@lyswt of reach for methods other
than seismology. By studying split shear waves aropic regions can be identified.

Almost vertical ray paths of core refracted pha&isS, SKKS, PKS; Figure 15) enable
an integrated view of anisotropy directly beneatktation, without having to consider

lateral heterogeneities. The interpretation of santsotropy leads ultimately to a better
knowledge of the Earths’ deep interior and undeditay of geodynamic processes.

4.1. Overview

A seismic shear-wave, which passes through an taogso region, experiences the
phenomenon of birefringence. The incident shearew&y split in two orthogonal

components travelling at different velocities: tbemponent polarized parallel to the
orientations of the fast S-wave polarisation plamegins to lead the orthogonal
component. The delay between those two componsrgsoportional to the thickness of
the anisotropic layer and/or strength of anisotrofiyis results in two effects at a station
at the surface:

- The two waveforms are separated by a time delawhith depends on both the
thickness of the anisotropic layer and the strenfjimisotropy
- The polarization is rotated in respect to the ahitiolarization of the wave.

By measuring this splitting of the S-wave it is gpibte to determine the two anisotropy
parametersrientation of the fast S-wave polarisation plabeanddelay timedt. One

crucial factor for this is the knowledge of thetiai polarisation of the wave. In
teleseismic studies this problem can be addresgedsing teleseismic core-refracted
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phases (SKS, SKKS, PKS, ...) or core-reflected ph&SeS, PcS, ...). Figure 15 shows
the travel paths of some of the most commonly pdeses.

These phases have the advantage that their irptiédrisation corresponds to the

backazimuth (i.e. station-earthquake azimuth). ¢are refracted phases, all source side
shear information is usually lost at the S-to-Pvewsion at the core-mantle boundary. It
travels as P-waves in the (fluid) outer core, elmtng any possible source-side

anisotropy contamination of the wave. At the P-toe8version, on leaving the outer core,
the SKS wave is polarised parallel to the backa#imu

upper mantle

similar
sampling
of upper
different \ mantle

lowermost
mantle

Figure 15: Travel paths of generally used seisnhiasps. These phases arrive at the station at
relatively steep angles. Similar parts of the uppemntle is sampled while the waves pass
through different regions close to the Core-Mabibemndary [image courtesy of E. Garnero]

Each of these phases has characteristic sourceegeabstances, at which they can be
recorded. For SKS phases this is at distances bat®8° and 140°. At other distances the
arrival is either superposed by other phases opltlase is non-existent (Figure 16).
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Figure 16: Theoretical phase plot. Core refractegshsphases used for shear-wave splitting occur
at distances between 90° and 145°. Mostly thesevelleseparated from other phases, which
could otherwise contaminate the signal of the ploaseaterest.

4.2. Inversion techniques

Two complementary types of techniques exist fomesting the splitting parameterB
anddt, with each type having two main branches (Figufe The first type (multi-event
technique) analyse simultaneously a set of recaawing from different azimuths.
Kosarev et al. [1984] and Vinnik et al. [1989] posp to stack the transverse components
with weights depending on azimuths. However, thisthad lacks the possibility to
constrain measurement errors. Chevrot [2000] ptojeébe amplitudes of transverse
components to the amplitudes of the time derivativeradial components to obtain the
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so-called splitting vector. When stacked withinsbiof similar backazimuths, the phase
and amplitude of the best fitting curve gives tlieanddt, respectively.

The second type of technigues determines the aofsoparameters on a per-event basis
[Fukao, 1984; Ansel & Nataf, 1989; Silver & Cha®9l; Menke & Levin, 2003]. A grid
search is performed for the splitting parametergiwbest remove the effect of splitting.
Different measures for “best removal’ exist. Bowm&nAndo [1987] search for the
maximum cross-correlation between the two seisnmgramponents, assuming that the
wave form of the leading wave (fast-component)dentical to that of the split-wave
(slow-component). The eigenvalue method discuseeBilver & Chan [1991] can be
visualized by searching for the most linear pagtitiotion.

The arguably most popular method in shear wavdtiggliis to find “Minimum Energy on
Transverse Component” [Silver & Chan, 1991]. Forakeanisotropy (delay time small
compared with dominant period of signal), the tvanse component is identical time
derivative of the radial component. If the initijpblarisation is known, as with core-
reflected and refracted phases (e.g., PcS, SKE&SSIRKS, ...), one can search for a
combination of® anddt, which minimizes the energy on the transverse @apt. This
corresponds to “removing” the effect of the anigpic layer from the data.

Wolfe & Silver [1998] present a post-processingkitag method for shear wave splitting.
Here, the energl(®,dt) on the transverse component of each measuremeaoiniguted
for each candidate set of splitting parameter. $tazking of these (then normalized)
energy distributions gives a global energy at tiaian, whose minimum gives then its
splitting parameters. This method has the advarttzagea formal error can be calculated.
However, it assumes a single layer of horizont@a&ropy. Any possible information on
the backazimuthal variation of splitting parametsrkst. Complex anisotropic structures
cannot be identified.
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[ Shear wave splitting inversion techniques }

Single event techniques Multi event techniques

Cross Eigenvalue Y Minimum energy E.nergy Vinnik et Splitting vector
correlation method method stacking al.[1989] and intensity
[Bowman & [Silver & [Silver & Chan, [Wolfe & [Chevrot, 2000]
Ando, 1987] )| Chan, 1991 1991] Silver, 1998]

Figure 17: Different techniques have been proposedeasure the splitting parameters

All these methods assume a single layer of anipgtrwith fast- and slow polarisation

planes oriented horizontally. This limitation cae bvercome by regarding the obtained
measurements as an “apparent” [Silver & Savage4]19%e backazimuthal variations of

these apparent splitting parameters are then deaistic and can be inverted for two

layers or even dipping layers [Brechner et al, 1998
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4.3.1. Abstract

We present a Graphical User Interface to facilitaéeprocessing of teleseismic
shear-wave splitting observations. In contrast fidlg automated technique, we
present a manual, per-event approach that mairdaussr control during the
sequence of processing. The SplitLab environmenténded to undertake the
repetitive processing steps while enabling the tes@cus on quality control and
eventually the interpretation of the results. Preecpssing modules of SplitLab
create a database of events and link the corresmpadismogram files. The
seismogram viewer tool uses this database to peittoe measurement
interactively. Post-processing of the combinedItesf such a project includes a
viewer and export option. Our emphasis lies inapglication to teleseismic shear-
wave splitting analysis, but our code can be ex@drehsily for other purposes.
SplitLab can be downloaded at http://www.gm.univatp@.fr/splitting/

4.3.2. Introduction

Since the early 1990s shear-wave splitting measemésn are widely applied to
seismological datasets for detecting anisotropghénEarth (e.g. Vinnik et al., 1989; Silver
and Chan, 1991; Silver, 1996; Savage, 1999; Bawmundl Hoffmann, 1999; Currie et al.,
2004; Walker et al., 2005; Heintz and Kennett; 2008hile seismic anisotropy in the
upper crust is primarily controlled by preferredeatations of microcracks (eg, Crampin
and Chastin, 2003), it is dominated in the deepmthi: and particularly in the upper
mantle, by the preferred orientation of anisotrapigstals (eg, Tommasi, 1998).

Similar to birefringence in optics, shear wave tplj occurs whenever a seismic shear-
wave travels through an anisotropic layer. It iditsipto two waves propagating at
different speeds which are polarized in two perjpardr orientations (Figure 18): one
wave is polarized along the seismic fast axis timacand the other perpendicular, along
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the seismic slow axis direction. The delay time suead at the Earth's surface between
the two split waves depends on the strength ofotnoigy and on the thickness of the
anisotropic layer.

Isotropic Anisotropic

Split
shear wave

fast

Figure 18: Shear-wave splitting occurs for a sheave traveling through an anisotropic medium
(shaded). When the incident shear wave arrivesandsotropic medium it splits into two
shear waves of perpendicular polarization, along #eismic fast and slow direction,
respectively. Traveling through the anisotropic medthe two waves accumulate a delay time
dt. The shear-wave splitting techniques invertdtoand the fast polarization directidn

Seismic anisotropy has been observed in many emveats and at many depths in the
Earth, from the crust down to the core-mantle bampdn the upper mantle, anisotropy is
a common feature and isotropy is rather the exaep#nisotropy is widely accepted to
be directly related to mantle deformation alignimgck-forming crystals that are
intrinsically anisotropic. Measuring anisotropy mely from the Earth's surface, is
therefore a way to access present or past manthedt depth. Anisotropy thus offers the
unique possibility to directly observe and meashesth’s properties and geodynamic
processes at depth. In order to characterize giperumantle anisotropy, core shear phase
such as SKS and SKKS are generally used. Thesephas well detectable at distances
between 90° and 130° from the epicenter. They gatpaalong steeply inclined rays
between the core and the surface while the liqaitine of the outer core and the P-to-S
conversion at the core-mantle boundary (CMB) erssthrat only receiver-side splitting is
observed. Reviews of the shear-wave splitting teglenand its applications have been
given by Silver (1996) and Savage (1999).

A number of codes for performing teleseismic sheave splitting measurements exist in
the community. Generally these consist of combamati of FORTRAN, C or C++
programs, which are embedded in SAC, SeismicUmx, SeismicHandler scripts. Such
“command line approach” is feasible for small amswftdata. However, more data have
become available during the last decade, due tontreasing number of stations from
both temporary and permanent networks (like GSNS|RGeoscope, and GEOFON
amongst others).
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Figure 19: The SplitLab workflow with descriptiooEeach module.

To efficiently analyze and interpret these growidaasets, we present the new SplitLab
processing environment. Splitlab is available fieefdownload at http://www.gm.univ-
montp2.fr/splitting. With its intuitive “button appach” we aim to provide a modern,
efficient, flexible and user-friendly workflow (FRige 19). Based on Matlab, this
environment is platform independent. A set of GreghUser Interfaces (GUIs) embraces
the entire splitting workflow, including the selext of appropriate earthquakes and data
requests in various formats. Furthermore, a seisamogviewer is provided for the
selection of the relevant phase window and theltregusplitting diagnostic plots. The
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process for a single station is saved as a ‘Projaaviding for the possibility to conduct
multiple analyses on the same data set, resume at@HKater time, or the easy exchange
of data between researchers.

SplitLab is designed and tested for the use of pK&ses in three-component records in
SAC format of permanent stations. However, the sheave splitting analysis of other
phases, such as direct S or ScS, and the anafytsis\porary networks are also possible.

4.3.3. Modules Description
The SplitLab workflow (Figure 19) can be dividedarseveral steps: 1) Configuration of
the project, data request and database prepar@jigeismogram validation and shear-
wave splitting procedure, and 3) results output amalysis. At each step the database can
be accessed with an integrated viewer which alsgpcises an export option to Microsoft
Excel or plain text format.

A SplitLab project consists of the two Matlab-Stuwre variables “config” and “eq”. Such

format eases the extension of SplitLab with anyriitplug-ins or interaction with user
functions. The “config” structure contains fieldsthwgeneral project configuration (file

locations, event search and station parameterg, atd the “eq” structure contains the
earthquake database (e.g. location, magnitudgmiist corresponding SAC files, results,
etc). See Appendixes B and C for the actual inféiomastored in the structures. A

detailed description of the variable type ‘struetus provided in the Matlab manual.

4.3.3.1. The SplitLab Project configuration (splitlab.m)

To create and manage a SplitLab Project, we proai@dJl (Figure 20) where the user
can setup the parameters of the project. Afterrergténformation concerning the station,
the user can choose between the Harvard CMT caimleagd the NEIC catalogue for
selecting the earthquake window (time period, dista magnitude and depth). A
statistical plot provides graphical information abthe earthquakes matching the given
criteria (Figure 21). Both catalogues exist aslléitas, and an updater helps to download
the newest earthquakes from the corresponding \amgbsp(Figure 20).
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Figure 20: The configuration of SplitLab can be essed interactively. Here for example the
earthquake window selection panel

At this point, SplitLab requires the presence of thaveforms on the local computer.
SplitLtab allows requesting them from the differaddtacenters via email in various
formats such as AutoDRM, BreqFast, netDC or sawed @lain text table. In case the
SAC files are already accessible to the user (aklyais, local/temporary deployments)
this request step can be omitted.

Once the datacenters have provided the seismogaachghese are converted to SAC
format, the “Find Files” panel allows searching &d linking the three files (east, north

and vertical components) to the corresponding gaeke entry of the database. This is
done by comparing, within a variable search toleeanthe hypocentral time in the

catalogue with the start time of the seismogram & provided by the filename or its

header values. A static offset time can also becsed if, for example, the seismograms
are provided relative to P-wave arrival. At the satime, phase arrival times of various
seismic phases are calculated and added to thieadataTlhis processing step is explained
in more detail in the SplitLab User Guide.
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Figure 21: The earthquake distribution statistiotplUpper left displays the backazimuthal
distribution as histogram in 15° bins (in grey thyyed are the cumulated earthquakes within
these bins for 180° periodicity). Lower left is th@me displayed in a rose plot. Right panel
gives an equidistant azimuthal map of the earthguaéations.
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Figure 22: Components of a seismogram in a rightled L-Q-T system. The ray plane, shown in
gray, is given by the L-component (parallel to thg) and the Q-component (pointing towards
the earthquake). The T-component is perpendicaltris ray plane¥ is the backazimuth.
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4.3.3.2. The Seismogram Viewer
The main environment of the shear-wave splittingcpdure is the Seismogram Viewer.
Here, the seismograms are read and stored in tigotary structure variable “thiseq” ,
together with the corresponding earthquake parasefeirthermore, a rotation into the
three dimensional ray system (LQT, Figure 22) $qgreed:

L CcosO -—sinosinfS -—-sindcosf | | Z
Q|=|sind cosdsinf  cosocosfB |IE
T 0 —-cosp sing N

wherep is the backazimuth (positive clockwise from nomgs is the incidence angle of
the wave, measured from verticdl € 0° for vertically incident wavesj = 90° for
horizontally incident waves; Edingeret al, 1986). In this case, the positive (longitudinal)
L-component points along the ray path (from theéheprake towards the station), and the
Q-component is defined positive when pointing ta¥gathe earthquake (Figure 22). The
T-component completes the right-handed coordingttes. The incidence angle of each
phase is calculated from the ray path function lé matTaup toolbox, which is
automatically installed with the Matlab toolboxasgidg the SplitLab installation.

B Preview(6/29): start= 0.010Hz stop= 0.40 Hz (=1
FesEceDmAR/D e CHE B2 5 e »

Event: 23-Apr-1997, [113); Station: ATD; ESKS: 45 1%
M, = B.5 Backazimuth: 73717 Distance: 38.64% Depth: 10Tkm

1000

o -1000

-2000 -

-3000
1000

~ -1000 -

-2000 | . . H -

1‘=1|JD.|3|35 f,=2480s

-3000 L
000

[

o -tooo ! Lo : B

-2000 -

PR

e
2
R

in
i 1
3000 P U R P T S S S PR S S S S S
1400 1450 1500 1550
seconds after 19:44:23.400

SKS e |Status: Calculating Minimum Energy Method

Figure 23 Seismogram viewer with selected winddvaded area). Various menu buttons provide
display options and navigation within the SplitLdbtabase. The phase of interest can be
selected by a menu in the lower left corner.
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By default, SplitLab displays the LQT-seismograros the incidence angle of the SKS
phase, but this can be changed easily in the @esetor menu in the bottom panel of the
Seismogram Viewer (Figure 23). This feature caw #s used to differentiate between
close phase arrivals, e.g. the SKS and the SKKSgshavhich should have different
energy on the L—component when rotated with the@pate incidence angle.

Within the Seismogram Viewer environment, the wawal can be visually inspected
and analyzed by the user before shear wave sglittirasurements. Functions such as
rotations, filters, zooms, particle motion analyaed spectrograms are easily accessible to
help the user in the selection of the seismic plaaskof the time selection for the further
measurement. Several keyboard keys serve as diceess to functions (Table 1). For
example, the keys “0” to “9” provide a suite of gee frequency filters, which apply a
third-order Butterworth filter twice to produce mgrhase distortion. Pressing the “Home”
key zooms directly to the selected phase. The usarsasily add key-press functions by
changing the file seisKeyPress.m. Additional feaguinclude a particle motion viewer and
an export to SAC format of the current view. Thadiwindow on which the user wishes
to perform a splitting measurement is selected bysa clicks.

Key Function
open filter dialog
unfiltered data
0.01- 0.1Hz
0.02 - 0.2Hz
0.02 - 0.3Hz
0.01-0.3Hz
0.01 - 0.4Hz
0.02 - 1Hz
0.01 - 0.15Hz
0.02 - 0.25Hz
0.01- 1Hz
Add 0.002Hz to lower filter frequency
Substract 0.002Hz from lower filter frequency
* | Add 0.02Hz to upper filter frequency
/ | Substract 0.002Hz from upper filter frequency
Space | Switch between ZEN and LQT system

Backspace | Reset zoom state

PageUp | Scroll right
PageDown | Scroll left

Home | Zoom to phase
Enter | Start shear-wave splitting

Table 1: Keyboard presets of SplitLab’'s Seismograiewer. These can be changed or
supplementary functions can be added in the sseigKeyPress.m

+ © 0 N O Ol & W INPEFP O —
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4.3.3.3. The shear-wave splitting measurement

The effect of shear-wave splitting occurs when awaSe propagates through an
anisotropic layer (Figure 18). The wave is splibitwo shear waves, polarized in the fast
and slow direction and accumulating a delay tinengltheir paths (e.g. Savage, 1999).
To remove the effect of splitting (and thus find thst direction and delay time) SplitLab
uses simultaneously three different techniques. Titst is the Rotation-Correlation
method (in the following RC; e.g. Bowman and Anili687), the second is the minimum
energy method (in the following SC; Silver and Chd®91) and the third is the
eigenvalue method (EV; e.g., Silver and Chan, 199§ SC technique can be seen as a
special case of the EV technique, and may be apgli@as for the SKS phase, the initial
polarization of the wave is known. All three tedums perform a grid-search for the
splitting parametersd (fast axis) andt (delay time) that best remove the effect of
splitting, that is, linearize the particle motiom either the E-N or the Q-T plane. As
criterion for best linearization, the RC techniquees the maximization of the cross-
correlation coefficient between the waveforms om ttadial Q and transverse T
components in the selected window. The SC techrsgaeches for the minimum energy

of the displacemerUr on the transverse compone E = ZUTZ ). Silver and Chan (1991)
point out the similarities between the four eigdngebased criteria such as maximizing

or A1/, and minimizingh, or A.* A,. The user of SplitLab can choose between either of
these criteria.

The initial polarization of the wave is assumedéoradial in the case of the RC and SC
method which are thus only applicable to phaseb sa3cSKS, SKKS, PKS etc. For the
EV method, SplitLab provides the option to eitheseuthe backazimuth as initial

polarization or to estimate it from the particle tron after anisotropy correction and

linearization of the waveform. The latter should lmed for phases where the initial
polarization is unknown (direct S, ScS etc.)

The default search grid parameters used in Splirabsteps of 1° and half the sampling
rate for the RC technique and 2° and half the sagypate for the SC and EV technique,
respectively. The determination of the error icdssed in Appendix A (Chapter 4.3.7.1).

For all these calculations the original seismograms used, which are tapered on both
ends. Any existing linear trend is removed from ttaees, the mean is subtracted, and
finally the whole trace is filtered. Then the seigrams are cut according to the picks.
The selection window is extended by 30 secondsréefod after the picks and inserted to
the splitting calculation routines. The result d¢fese calculation is displayed in a

diagnostic plot (Figure 24), containing severalphias allowing the user to quickly

visualize and evaluate the measurement. The gu#litye measurement can be assigned
as proposed by Barruol et al. (1997) via a menthemrmeasurement can be discarded to
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test another time window, another filter, anoth@sisic phase or another seismic event.
An optional remark on each measurement can alsaltbed to the database.
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Figure 24: Diagnostic plot of a single measurem&he center panels displays the result for the
Rotation-Correlation (RC) technique: a) seismogremmponents in fast (solid) and slow
(dashed) direction for the RC-anisotropy systereraRC-delay correction (normalized); b)
radial (Q, solid) and transverse (T, dashed) coraptmafter RC-correction (not normalized);
c) particle motion before (dashed) and after (3oRLC correction; d) map of correlation
coefficients. The lower panels display the resfdtsthe minimum energy (SC) technique: e)
seismograms shown after splitting correction shown SC-fast and slow components
(normalized); f) same on radial and transverse @mapts (not normalized); g) SC particle
motion before and after correction; h) map of mimm energy values on transverse
component. In the upper left an extended sectiothefQ (solid) and T (dashed) components
before anisotropy correction is displayed. In thgper right a stereoplot of the result is
presented. The header gives specifications ofibateas well as splitting parameters resulting
from the three techniques. Depending of the chaggtion, the lower panels e) - h) may
display instead of the SC the results of the EVitégue

4.3.3.4. The Database Viewer

The database of a SplitLab project can easily lmessed with the database viewer. A
table of the events displays some necessary intayma-ere, the user can sort the event
list, for example by backazimuth, depth, distancemagnitude. Selecting one or more
events displays the results of previously perforraplitting measurements in the lower
panel of the database viewer. By selecting ondtresdirect access to the corresponding
diagnostic plot is possible and allows the useedsily manage previous measurements.
Furthermore, the results of the project can be ggddn Excel format or as plain text for
further analysis.
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4.3.3.5. The Result Viewer

The results of a project can finally be presentgthle Result Viewer module (Figure 25).
The user can interactively choose the desired ghaisé qualities to be displayed in the
plot. The backazimuthal variation of fast axis resties and delay time estimates of the
RC, SC and EV methods are plotted. Such a variatiay provide evidence, if any, of the
presence of several anisotropic layers beneathstdmgon. In addition, the theoretical
backazimuthal distribution of the apparent splgtiparameters for two layers of
anisotropy can be calculated and plotted (Silver Savage, 1994). This allows the user to
interactively test numerous models and to visudheg fit to the observations.
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Figure 25: Results of the splitting project fortgta ATD. The horizontal lines indicate the one-
layer solution with parameteds = 48° andit = 1.6 sec

4.3.4. Validation

The SplitLab environment has been tested and veliddorough synthetic tests, but also
by analyzing real data that were already procességablished by different authors.

4.3.4.1. Synthetic tests

We performed synthetic tests to compare the acguaamc behavior of the different
splitting techniques. Wiustefeld and Bokelmann (3@6lain the results of these tests in
detail. In summary, they find that both the RC & technique reconstitute input fast
axes and delay times very well at different nomeels for backazimuths far from input
fast and slow axes, where the energy on the trasswemponent is large. The higher the
Signal-To-Noise ratio (SNR) the wider is the backa#hal range of reliable splitting
parameter estimates.
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However, at backazimuths close to fast and slove &téull directions”) the RC and SC
technique vyield characteristic differences. Thetee fast axes estimates of the RC
technique deviate 45° from the input fast axis wltile fast axis estimates from the SC
technique ®sc, scatter around either the correct fast or the slgis orientation. The RC
delay times estimates,rdt tend towards small values, close to zero secomdie disc
shows large scattering with values above 0.5 secamd often close to the maximum
allowed by the grid search.

The backazimuth range of good estimates is lamgyethe SC than for the RC technique.
These characteristic differences can be used tdifgéNulls in real datasets and to assign
a quality to the measurement. Not explicitly dismds in Wistefeld and Bokelmann
(2006) is the behavior of the various eigenvalughoas. These show however similar
results to the SC method in the synthetic test.

4.3.4.2. Validation on real data: the Geoscope station ATD

We provide with SplitLab a data example from theo&®pe station ATD (Arta Cave,
Djibouti). The choice of this station has been gdity the quality of the data, the clarity
of the fast azimuth, the strength of the delay tiared the broad agreement on the splitting
parameters obtained from various anisotropy stugliegiously performed and published
at this station (Vinnik et al., 1989; Barruol andffinann, 1999) and also at neighboring
stations (e.g., Ayele et al., 2004; Gashaweba.ef@04). The example SplitLab project
file contains the necessary parameters and asendaso that the user can directly test
the program. Within the provided SAC files we daet A and F header variable which
mark the beginning and end of the time window, eetipely. These markers are plotted
in the Seismogram Viewer and thus hint an inexpegd user to the best time window
selection. The selection itself, however, still hasbe done. The splitting parameters
obtained from the three methods provided in Sphtaae presented in Table 2 together
with the results of Barruol and Hoffmann (1999)tfpemed on the same dataset by using
the SC method. Our results are in very good agraewi¢h theirs.

Except for a few events of fair or poor qualitye thbserved difference falls within +3° for
the azimuthd of the fast split shear wave and within £0.20 isthe delay times. For the
measurements qualified as ‘good’ by Barruol and fidahn (1999), the agreement
generally falls respectively within £3° and £0.05T&ie SplitLab results obtained by using
the SC and EV method are similar, indicating fatish ATD splitting parameters df =
45° andbt = 1.6 sec. For the non-Null measurements, tHeréifice is generally less than
3° between the azimuth and less than 0.2 s fodétey times. The RC method compares
fairly well for the ‘good’ measurements with the $@thod but, for ‘fair and ‘poor’
guality measurements, displays large differencesome cases up to 45° in azimuth. As
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demonstrated by Wistefeld and Bokelmann (20063eféutiapplication of the RC method
is for distinguishing true Nulls from small delagnes in case of noisy records.

Barruol & Hoffman Splitlab 2007
1999

event | phase | @ dt | Quality | ®DRC | ®SC | ®EV | dtRC | dtSC | dtEV | AD | Adt
good
93.286 | SKS 50 | 1.35 g 49 51 51 | 1.40 | 1.40 | 1.40 1 |0.05
93.289 | SKS 48 | 1.50 g 43 49 48 | 1.50 | 1.50 | 1.50 1 |0.00
93.298 | SKS 48 | 1.45 g 48 49 48 | 1.50 | 1.40 | 1.40 1 |0.05
94.157 | SKS 47 | 1.60 g 31 47 49 | 1.70 | 1.60 | 1.70 | O | 0.00
94.289 | SKS | -61 | 0.95 g 85 -62 -62 | 0.40 | 0.90 | 0.80 1 |0.05
95.079 | SKS 47 | 1.50 g 39 50 41 | 160 [ 1.50 | 1.60 | 3 | 0.00
95.122 | SKS 44 | 1.65 g 44 44 38 | 1.70 | 1.70 | 1.80 | O | 0.05
95.175 | SKS 46 | 1.70 g 44 46 47 | 1.70 { 1.70 | 1.70 | O | 0.00
95.175 | SKKS | 49 | 1.70 g 49 50 50 | 1.60 | 1.50 | 1.50 1 (0.20
95.353 | SKS 42 | 1.80 g 47 42 42 | 180 [ 1.70 | 1.70 | O | 0.10
96.162 | SKS 48 | 0.70 g 69 49 45 | 0.50 | 0.70 | 0.90 1 |0.00
fair
93.192 | SKS 47 | 1.95 f -1 45 3 090 | 1.80 | 1.20 | 2 | 0.15
94.010 | SKS 35 | 1.35 f 37 38 38 | 150 | 1.50 | 1.50 | 3 | 0.15
94.362 | SKS 44 | 2.35 f 3 42 41 | 0.10 [ 290 | 230 | 2 | 055
95.226 | SKS 58 | 1.30 f 56 59 63 | 1.30 | 1.40 | 1.70 1 |0.10
95.337 | SKS | -55 | 1.40 f 86 -53 -55 | 0.20 | 1.60 | 1.40 | 2 |0.20
96.047 | SKS 44 | 2.05 f 2 44 44 | 0.30 [ 1.90 | 190 | O | 0.15
96.053 | SKS | -53 | 1.65 f 84 -55 -56 | 0.30 | .30 | 1.00 | 2 | 0.35
96.128 | SKS | -53 | 1.45 f 82 -56 -53 | 0.10 | .50 | 1.50 | 3 | 0.05
poor
93.323 | SKS 82 | 1.40 p 68 74 76 | 1.20 | 110 | 1.20 | 8 | 0.30
94.108 | SKS 54 | 1.10 p 49 56 60 | 1.10 | 1.20 | 1.30 | 2 | 0.10
94.231 | SKS 44 | 1.20 p 11 47 45 | 050 | 1.60 | 1.70 | 3 | 0.40
95.211 | SKS 51 | 2.00 p 14 50 51 | 0.80 | 2.10 | 2.00 1 |0.10
95.235 | SKS 49 | 2.20 p 52 49 48 | 250 [ 230 | 220 | 0 | 0.10
95.305 | SKS 52 | 2.30 p 4 51 53 | 0.40 | 2.30 | 2.10 1 |0.00
96.120 | SKS 49 | 1.45 p 40 48 49 | 1.40 | 1.50 | 1.40 1 |0.05
Nulls
95.118 | SKS | -47 | 4.00 g -2 -50 -49 | 0.00 | 230 | 220 | 3 |1.70
96.038 | SKS 40 | 4.00 g -12 34 78 | 0.00 | 210 | 0.00 | 6 |1.90

Table 2: Anisotropy parameter estimates for staldD by Barruol and Hoffmann (1999) and
SplitLab. Barruol and Hoffman used the SC technituebtain the splitting parameters, so a
direct comparison is only possible to this techeiqmarked in gray. The last two columns
represent the difference in fast axis estimateB) (and delay time estimateddt) between
Barruol and Hoffmann (1999) and the SplitLab resaftthe SC technique.

60



4.3.5. Conclusions
We present a code that performs shear-wave sglittimasurements including the entire
workflow from pre-processing to data analysis tsuteng diagnostics. The SplitLab
environment provides an efficient approach to titeractive processing and management
of large seismic datasets. Different from othererécapproaches (Teanby et al., 2003;
Evans et al., 2006), our aim is not to fully autéentae whole process. Instead, the chosen
interactive approach allows the user to focus enctiitical steps such as event selection,
quality control, and phase picking while the congputindertakes less important and
repetitive aspects of the processing. Based ondlda8plitLab is system-independent and
directly portable to different operating systems.hhs been successfully tested on
Windows, MAC and Linux systems. The simultaneousl@ation of three different
splitting techniques provides for the maximum infation to be obtained from a single
measurement.

We encourage users to contact us on modificatibeg propose to the original code or
additional plug-ins. This should enable SplitLabctange and grow dynamically, in the
spirit of the GeneralPublicLicense.
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4.3.7. Appendices

4.3.7.1. Appendix A: Error calculation
We calculate the error of the SC and the EV teamnigllowing Silver and Chan (1991).

In their approach, the ener E(@dt) =Y uZ (@,dt) on the transverse componiUs for a

test fast axis® and test delay timelt is a y*distributed variable witm degrees of
freedom. This assumes a Gaussian noise procesghioh the number of degrees of
freedom can be estimated from the seismogram. Wedkmate the confidence region
of @ anddt that corresponds tas2We use as error bounds the minimum and maximum
range of the confidence region, in contrast to(dystematically smaller) marginal error,
that is often applied.

To obtain the error information for the Rotationffaation technique, one can either
relate the correlation coefficient to the sum-ofiaggs (Bokelmann, 1992), or use the
Fisher transformation (Fisher, 1925). The lattansforms the (normalized) correlation
coefficientr to an approximately Gaussian-distribution. Wesiltate here the Fisher
transformation approach:

Let

z = arctanh(r) = %IogGJr—rj
-r

wherez is a parameter representing the transformed etioal coefficient. Then, as
changes from 0 to Z,will pass from O to infinity. For small values nfz is nearly equal
to r, but asr approaches unityz increases without limit. For negative valuesrpt is
negative. The distribution afis not strictly normal, but it tends to normaligpidly as the
sample number is increased (Fisher, 1925), whatbeevalue of. The distributiorz has

a standard deviation of, =,/-%, from which we can now calculate the-2onfidence

level us.

This value is then transformed back imtgpace, resulting in thesZonfidence level of
the correlation coefficient:

M, =tanh(y,)
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version: 'SplitLab0.9.7"
host: 'SEALAB'
project: 'ATD_example.pjt'
datadir: 'Q:\PhD\_SplitlabExamples\A
projectdir: '‘Q:\PhD\_SplitlabExamples\'
savedir: 'Q:\PhD\_SplitlabExamples\A
calcphase: 1
calcEnergy: 1
showstats: 1
stnname: 'ATD'
netw: 'G'
slat: 11.5300
slong: 42.8470
elev: ]
eqwin: [90 130]
z_win: [0 1000]
twin: [3 1 1997 27 11 1999]
Mw: [5.7500 9.7500]
catalogue: 'Q:\PhD\Matlab\SplitLab0.9.
catformat: 'CMT'
searchstr: *.SAC'
searchdt: 420
offset: 0
request:
label: 'label’
format: 'NetDC'
reqgtime: [-60 2400]
comp: 'BH?'
user: ‘wueste'
usermail: 'wueste@dstu.univ-
institut: 'Institut’
adress: '99 Example Road,
phone: "
fax: "
DataCenters: {5x1 cell}
mailto: 'netdc@fdsn.org’
timestamp: '24-Jul-2006 16:03

phases: {1x20 cell}
earthmodel: ‘iasp91'
exportformat: '.eps'
comment: [9x88 char]
db_index: 1
maxSplitTime: 4
splitoption: ‘Minimum Energy'
UseHeaderTimes: 0
rotation: O
SwitchEN: 0
signE: 1
signN: 1
FileNameConvention: 'RDSEED'
PaperType: ‘A4
tablesortcolumn: 1
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4.3.7.2. Appendix B: Fields of variable “config”

TD_example'

TD_example\Results'

7\harvardCMT.mat'

montp2.fr'

12345 Mytown, Mycountry'

:52'



4.3.7.3. Appendix C: Fields of variable “eq”

date: [1997 1 23 2 15 22.9000 23]
dstr: '23-Jan-1997'
lat: -22
long: -65.7200
depth: 276
azi: 85.7850
bazi: 250.6860
dis: 111.3551
Mw: 7.1118
MO: 5.7900e+026
meca: [85 4 -175]
region: 'SOUTHERN BOLIVIA'
seisfiles: {3x1 cell}
offset: [3x1 double]
index: [1 1 1]
phase: [1x1 struct]
energy: -0.9336
polarisation: 71.7136
results:
SplitPhase: 'SKS'
incline: 6.9695
quality: ‘good'
Null: 'No'
filter: [0.0200 1]
phiRC: [27.6536 38.6860 47.765 4]
dtRC: [1.4000 1.8000 2.2000]
phiSC: [39.4382 42.6860 49.550 6]
dtSC: [1.7000 1.9000 2.1000]
phiEV: [39.4382 43.7136 49.550 6]
dtEV: [1.7000 1.9000 2.1000]
a: 1.4503e+003
f: 1.5012e+003
SNR: [4x1 double]
remark: "
method: 'Minimum Energy'
timestamp: '25-Jul-2006 12:05:55'
resultplot: '1997.023.02_result_SKS .eps’
seisplot: '1997.023.02_LTQseismo_ SKS..eps'
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4.4. Null Detection in Shear-Wave Splitting Measurements

Andreas Wistefeld & Gtz Bokelmann

Geosciences Montpellier, CNRS, Université de Monigell, 34095 Montpellier, France

Bulletin of the Seismological Society of America
August 2007; v. 97; no. 4; p. 1204-1211;
DOI: 10.1785/0120060190

4.4.1. Abstract
Shear-wave splitting measurements are widely useadlyze orientations of
anisotropy. We compare two different shear-wavétsp techniques, which are
generally assumed to give similar results. Usisgrahetic test, which covers the
whole backazimuthal range, we find however charatie differences in fast axis
and delay time estimates near Null directions betwtbe rotation-correlation and
the minimum energy method. We show how this difierzcan be used to identify
Null measurements and to determine the qualithefésult. This technique is then
applied to teleseismic events recorded at stat\én inh northern Scandinavia, for
which our method constrains the fast axis azimoithet 15° and the delay time 1.1
sec.

4.4.2. Introduction

Understanding seismic anisotropy can help to umaedspresent and past deformation
processes within the Earth. If this deformation uwscin the asthenosphere, the
accompanying strain tends to align anisotropic mailse especially olivine (Nicolas and

Christensen, 1987). Seismic anisotropy means thed\e travels in one direction faster
than in a different direction. Shear waves passimgugh such a medium are split into
two orthogonal polarized components which travelddferent velocities. The one

polarized parallel to the fast direction leads tnthogonal component. The delay time
between those two components is proportional tahitoiness of the anisotropic layer and
the strength of anisotropy.

Analyzing teleseismic shear-wave splitting has bez@ widely adopted technique for
detecting such anisotropic structures in the Earthust and mantle. Two complementary
types of techniques exist for estimating the twiittspy parameters, anisotropic fast axis
® and delay timet. The first type (multi-event techniques) utilizemultaneously a set

of records coming from different azimuths. Vinmikal (1989) propose to stack the
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transverse components with weights depending anwths. Chevrot (2000) projects the
amplitudes of transverse components onto the amel# of the time derivatives of radial
components to obtain the so-called splitting veddrase and amplitude of the best-fitting
curve give then fast axis and delay time, respelstiv

The second type of techniques determines the iggliiarameters on a per-event basis
(Bowman and Ando, 1987; Silver and Chan, 1991; Meakd Levin, 2003). A grid
search is performed for the set of parameters whedt remove the effect of splitting.
Different measures for “best removal” exist.

We will focus here on the second type (per-everthous) and will show that they behave
rather differently close to “Null” directions. Sudull measurements occur either if the
wave propagates through an isotropic medium duéfinitial polarization coincides with
either the fast or the slow axis. In these casesitoming shear wave is not split (Savage,
1999). It is therefore important to identify sucdhialled Null measurements. Indeed, Null
measurements are often treated separately (SihekiChan, 1991; Barruadt al, 1997;
Fouchet al, 2000; Currieet al, 2004) or even neglected in shear-wave splitsiuglies.

In particular, Nulls do not constrain the delaydiand the estimated fast axis corresponds
either to the (real) fast or slow axis. In the aageof anisotropy the estimated fast axis
simply reflects the initial polarization, which f&KS waves usually corresponds to the
backazimuth. Therefore, the backazimuthal distrdsubf Nulls may reflect not only the
geometry, but the strength of anisotropy: medidnsttong anisotropy display Nulls only
from four small, distinct ranges of backazimuthsileshpurely isotropic media are
characterized by Nulls from all backazimuths. Snsallitting delay times may also be
observed in weak anisotropic media or in (strongly)sotropic media with lateral and/or
vertical variations over short distances (Saltzex.€2000). Such cases may thus resemble
a Null. Typically, the identification of Nulls andon-Nulls is done by the seismologist,
based on criteria including the ellipticity of tparticle motion before correction, linearity
of particle motion after correction, the signalrtoise ratio on transverse component
(SNRy) and the waveform coherence in the fast-slow ayg®arruolet al, 1997). Such
approach has its limits for near-Nulls, where asistent and reproducible classification is
difficult.

Here, we present a Null identification criteriorsbd on differences in splitting parameter
estimates of two techniques. We apply this to sstnthand real data. Such an objective
numerical criterion is an important step toward$ully automated splitting analysis.
Automation gets more important with the rapid e of seismic data over the past as
well as in future years (Teanby et al., 2003).
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4.4.3. Single event techniques
When propagating through an anisotropic layernaident S-wave is split into two quasi-
shear waves, polarized in the fast and the sloaction. The difference in velocity leads
to an accumulating delay time while propagatingtigh the medium (see Savage, 1999
for a review). Single-event shear-wave splittinghtaques remove the effect of splitting
by a grid-search for the splitting parametérgfast axis) andt (delay time) that best
remove the effect of splitting from the seismograms

Assuming an incident wav, (with radial componentguand transverse componend,u

the splitting process (Silver and Chan, 1991) cardescribed aU(w) =R DRuy(w)
that is, by a combination of a rotation wf about anglex between backazimuth;, and
fast direction®s,s;

cosa -sSina
sing cosa

(1)

and simultaneously a time deléty

eiwc‘f/Z O
D :|: O e—iwd/2j| ' (2)

The resulting radial and transverse displacemURand Ur in the time domain after the

splitting of a noise-free initial wavefolW(t) are thus given by

Ug(a,t) =w(t + & /2)cos a +w(t - & /2)sin*a
0, (a,t) = -1 [W(t - & /2) - w(t + & /2)] sin2a (3)

For the SKS and SKKS phases that are usually studith this technique, the initial
polarization of w(t) is generally in radial diremti. o corresponds therefore to the angle
between radial direction and fast polarization aSigver and Chan (1991) demonstrated
that the splitting parameters can be found fromtitme-domain covariance matrix of the
horizontal particle motion

C,(a,&) = [T (a0 (a,t-&)dt, i, = Radial Transverse )
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Two different techniques of this single event apgio exist: The first is the rotation-
correlation technique (in the following RC), whigbtates the seismograms in test
coordinate systems and searches for the direatiwhere the cross-correlation coefficient
is maximum and thus returning the splitting paraneestimatesd®grc and otrc
(Fukao, 1984; Bowman and Ando, 1987). This techmigan be visualized as searching
for the splitting parameter combinatioa, ©t) that maximizes the similarity in the non-
normalized pulse shapes of the two corrected sgjgmocomponents.

The second technique considered here searchebdanost singular covariance matrix
based on its eigenvaluég andi,. Silver and Chan (1991) emphasize the similaritg o
variety of such measures such as maximiaingr A,/A, and minimizingi, or A*A,. A
special case of this technique can be appliedtifirwave polarization is known (as with
SKS, SKKS) and if the noise level is low. In thiase the energy on the transverse
component

Evans = [T (D)0t )

after reversing the splitting can be minimizedthe following we refer to this technique
as SC, with the corresponding splitting parametén@atesbsc anddtsc.

All of these single event techniques rely on a gsahal-to-noise ratio (Restivo and
Helffrich, 1999). Another limit is the assumptiohteansverse isotropy and one layer of
horizontal axis of symmetry and thus only providggarent splitting parameters. This is
commonly compensated by analyzing the variatiorthese apparent parameters with
backazimuth (e.g. Ozalaybey and Savage, 1994; Bezehal, 1998)

4.4.4. Synthetic test
We first compare the RC with the SC technique 8ymthetic test. Figure 26 displays an
example result for both techniques for a model tuaisists of a single anisotropic layer
with input fast axes obi, = 0° and splitting delay timét;, = 1.3sec at a backazimuth of
10°. Our input wavelet w(t) is the first derivatiséa Gauss function

w(t) = -2° _Uto * exrr(t _UtOJ (6)

For ¢ = 3 the dominant period is ~8sec. This wavelet we used in the splitting

equations (3), given by Silver and Chan (1991)catculate the radial and transverse
components for the given set of splitting paranset@, 6t). We added Gaussian-

distributed noise, bandpass-filtered between Or@R1ddz, and determined the SNR as
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SNR, = max(ty|)/20;
SNR = max(l; |)/20; - (7)

For SNR this is similar to Restivo and Helffrich (1999)here the “signal” level is the
maximum amplitude of the radial component beforgemion. The 2 envelope of the
corrected transverse component gives the noisé. [Eve the example in Figure 26 we
obtain a SNR of 15 and SNRof 3, respectively (compare with the seismogramthé
first panel on the top).

a) b)

Radial component Q Transverse component T
20 0 20 40 20 0 20 40
corrected Fast (--) & Slow(-) corrected Q(--) & T(-) Particle motion before (--) & after (-) Map of Correlation Coefficient
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Figure 26: Synthetic splitting example with fastsaat 0°, delay time 1.3sec and backazimuth 10°
(“near-Null case”) for a Signal-to-Noise Ratio (SRyRf 15. Upper panel displays the initial
seismograms: a) Radial and b) Transverse compoabetht,bandpass filtered between 0.02 and
1Hz. The shaded area represents the selected timdowu The center panel displays the
results for the Rotation-Correlation (RC) technigelenormalized components after rotation in
RC-anisotropy system; d) Radial (Q) and transvéigeseismogram components after RC
correction; e) particle motion before and after &€rection and f) map of correlation. Lower
panel displays the results for the minimum ene®g)(technique: g) normalized components
after rotation in SC anisotropy system; h) corréc{8C) radial and transverse seismogram
component; i) SC particle motion before and aferection and j) map of minimum energy on
transverse component

The backazimuth for the example in Figure 26 is d it thus constitutes a near-Null
measurement. Note that the two techniques prodiffereht sets of optimum splitting
parameter estimates. While the optimum for SC rerowapproximately the correct
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solution, RC deviates significantly. In the followg, we will analyze the performance of
the two techniques for the whole range of backatisu

Rotation correlation method Minimum energy method
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Figure 27: Synthetic test at SNR 15 for the Rotation-Correlation technique (R€ft)land the
Minimum Energy technique (SC, right). Upper parsfiew the resulting fast axes at different
backazimuths, lower panels show the resulting détag estimates. Input valuds, = 0° and
dt, = 1.3sec are indicated by horizontal lines. Thet&®nique yields stable estimates for a
wide range of backazimuths. For lower SNRnd/or smaller delay times (see electronic
supplement) the RC-technique differs even more filmeninput values. Automatically detected
good Nulls are marked as circles, near-Nulls asusggu Good splitting results are marked as
plus signs, and fair results as crosses. Poortsestd indicated as dots.

Figure 27 displays the splitting parameter estismdfast axisbrc and ®sc and delay
times otrc and dtsc) for different backazimuths. This synthetic test shows that both
techniques give correct values if backazimuths safficiently far away from fast- or
slow-directions. Near these Null directions there eharacteristic deviations, especially
for the RC-technique. Values dtizc diminish systematically, whilégc shows deviations
of about 45° near Null directions. Perhaps sumpglyi the ®rc lies along lines that
indicate backazimuth +45° The explanation of trefdviour is that the RC-technique
seeks for maximum correlation between the two lootial components Q (radial) and T
(transverse). However, in a Null case the energyl as negligible and for any test fast

axis F

F| |cos® -sin®|]|Q| [Qcosd ®)

S| |sin® cosd |[T| Qsin®
the test slow axis S gains its energy only from@eomponent. The waveform on both F
and S is identical to the Q-component waveform withdelay time. Consequently, the

F-S-cross-correlation yields its maximum fdr=45°, where sim) = cos(d) (anti-
correlated for® =-45°). For this reason the fast azimuth estichaig the Rotation-
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Correlation technique is off by +45° near Null etitions from the true fast azimuth
direction, whiledtrc tends towards zero.

In comparison, the SC technique is relatively stabtcept for large scatter near Nulls.
Here, the SC fast axis estimatés, deviates around £n*90° from the input fast axid a
the delay time estimate#fsc scatter and often reach the maximum search vdhee

4 sec). This results from energy maps with elongatedidence areas along the time axis
(Figure 26j), probably in conjunction with signad+erated noise. In agreement with
Restivo and Helffrich (1999), it appears tlgic typically is reliable if the backazimuth
differs more than 15° from a Null direction. Wetégsthis result for different input delay
times and noise levels (see electronic supplem&h®.width of the plateau of correbkc
and étgc estimates (Figure 27) is a function of both indatay time and SNR Higher
delay times and/or higher SNResult in wider plateaus. In contrast, for smafiut delay
times and low SNRthe backazimuthal range over whibhc fall onto the +45° lines from
the backazimuth (dotted in Figure 27) becomes widietil it eventually encompasses the
whole backazimuth range. On the other hand, SC stswatter for a larger range but no
systematic deviation.

Comparing the results of the two techniques cas tielp to detect Null measurements.
For a Null measurement, the angular difference betwhe two techniques is

AD = Ogc— Drc = N*45° (9)

where n is a positive or negative integer. For bagkuths deviating from a Null
direction, the difference in fast axis estimatesrdases rapidly depending on noise level
and input delay time. Figure 27 displays that f@NR; of 15 a near-Null can be clearly
identified as having generallj®|> 45°/2. Near Null directions the Rotation-Corredati
delay times are biased towards zero. The backazimitthminimumoétgc is thus a further
indicator of a Null direction (Figure 27). Teleseismon-Null measurements thus require
the following criteria: (1) the ratio of delay tinestimates from the two techniques<
StRCItSC) is larger than 0.7 and (2) the difference letwthe fast axis estimates of both
techniques A®|, is smaller than 22.5°. Events with SNR3 are classified as Nulls.

Wolfe and Silver (1998) remark that waveforms conitey energy at periods (T) less than
ten times the splitting delays are required to iobtagood measurement. However, the
arc-shaped pattern 6fRC persists for smaller delay times. Thus, theattaristics of the
backazimuthal plots (as discussed above) can proxatliable additional information on
the anisotropic parameters.

Detecting Nulls using a data based criterion presithree advantages: first it eliminates
subjective measures such as evaluating initiaigi@rotion and resulting energy map.
Second, by varying the threshold values\df andp, the user can change the sensitivity
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of Null detection. And third, the separation of Nuis necessary for future automated
splitting approaches. Since available data increagiglly, the automation of the splitting
process is a desirable goal in future applicateoms procedures.

4.4.4.1. Quality determination
We furthermore use the difference between resutis the two techniques as a quality
measure of the estimation. Again, such a data basagure is more objective than visual
guality measures based on seismogram shape amdiaigon (Barruoket al, 1997). In
Figure 28 we compare, similar to Levat al. (2004), both techniques by plotting the
difference of fast axis estimated\qJ|) versus ratio of delay time$ € otrc/ dtrc) Of
synthetic seismograms.
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Figure 28: Misfit of delay time and fast axis esiies between Rotation Correlation (RC) and the
Minimum Energy (SC) techniques calculated for 3%8Bthetic seismograms at five different
SNR between 3 and 30 and seven input delay timéseba 0 and 2 seconds from all
backazimuths. The Null criterion helps to identifyll measurements and at the same time
gives a quality attribute. Fair Null measurememéseqquivalent to near-Nulls.

Based on the synthetic measurements (Figure 27), defne as good splitting
measurements if 0.8x< 1.1 andA® < 8° and fair splitting if 0.7 § < 1.2 andA® < 15°,
Null measurements are identified as differencefash axis estimates of around 45° and a
small delay time rati@p. Near the true Null directions the SC fast axisngstes are more
robust than the RC technique (Figure 27). A diifisgion between Nulls and near-Nulls
is useful in the interpretation of backazimuthabtpl (Figure 27). Good Nulls are
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characterized by a small time ratio ((p < 0.2) and, following Equations 9, a difference

in fast axis estimate close to 45°, that is 37¢dx< 53°. Near-Null measurements can be
classified by 0 <p < 0.3 and 32° <A® < 58° Remaining measurements are to be
considered as poor quality (See Figure 28 for &urittustration).

4.4.5. Real data
We apply our Null-criterion to the shear wave s$plg measurements of station LVZ in
northern Scandinavia. The analyzed earthquakegXM) occurred between December
1992 and December 2005. The data were processed th@nSplitLab environment
(Wustefeld, Bokelmann, Barruol, Zaroli; SplitLabkA-shear wave splitting environment in
Matlab; submitted to Computers & Geosciences, 2@&& Chapter 4.3). This allows us
to analyze events efficiently and to calculate diemeously both the RC- and SC-
technique. We mostly used raw data or, where napgsapplied 3-order Butterworth
band-pass filters with upper corner frequenciesrdtw0.2 Hz. Most usable events have
backazimuths between 45° and 100°. Such spars@ahnaunkthal coverage is unfortunately
the case for many splitting analysis, and we ainextract the maximum information
about the splitting parameters from these spastaluitions.

In total we analyzed 37 SKS phases from a widegaidpackazimuths (Figure 29). Many
results resemble Null characteristics by showing kenergy on the initial transverse
component, elongated to linear initial particle motand typical energy plot. Such
characteristics can be replicated in syntheticnseggams with near-Null parameters, i.e.
when the fast axis deviates less then 20° fromdmciuth (Figure 26).

The average fast axis of the good events, as ddtaatematically and manually, is 14.3°

and 14.7° for the SC and RC technique, respectiv@lich orientation implies Nulls at

backazimuths of approximately 15°, 105°, 195° a88°2and favorable backazimuths for
splitting measurements in between. Indeed, good famdsplitting measurements are

found in backazimuthal ranges between 50° and 78blé 1 and Figure 29), where the
energy on the transverse component is expectedaithrmaximum possible values (see
Equation 3) and the splitting can be inverted meksaibly. Also in good agreement are the
detected Nulls at backazimuths between 80° and 4d@‘%round 270°.
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Figure 29: Shear-wave splitting estimates from 88dgand fair measurements from station LVZ.
The upper panels display fast axis estimates faatitm Correlation and Minimum Energy
methods. Note that many Rotation-Correlation edéare situated near the dotted lines that
indicate 45°. The lower panels display the delayetiestimates. The solid horizontal lines
indicates our interpretation of the LVZ with fagisaat 15° and 1.1sec delay time, based on the
mean of the good splitting measurements.

Date Lat Long Bazi D Drc dtsc dtRC SNRsc COIfrge
01-Oct-1994 -17.75 167.63 55.1 19.1 13.1 0.8 0.8 855. 0.89

17-Mar-1996 -14.7 167.3 543 14.3 12.3 1.0 1.0 9.550.93
05-Apr-1997 -6.49 14741 711 17.1 24.1 1.4 1.3 66.1 0.88
06-Feb-1999  -12.85 166.7 54.2 6.2 11.2 1.2 1.2 30.40.97
10-May-1999 -5.16 150.88 67.3 11.3 10.3 1.3 1.3 05.7 0.87
06-Feb-2000 -5.84 150.88 67.5 135 13.5 1.4 14 393091
18-Nov-2000 -5.23 15177 66.5 18.5 18.5 1.0 1.0 45.7 0.90

Table 1: Good events of station LVZ as detectedraatically. SNR¢ is the signal-to-noise ratio
of the SC technique and cggris the correlation coefficient of the RC technique
Simultaneously, RC delay times systematically teted smaller values between
backazimuths of 80° and 110°, mimicking the trapgaioshape in the synthetic RC delay
times (Figure 27). Mean delay time estimates ofdg8€ and RC are 1.2 and 1.1 seconds,
respectively.

74



4.4.6. Discussion and conclusions
We have presented a novel criterion for identifyidgll measurements in shear-wave
splitting data based on two independent and comynased splitting techniques. The two
techniques behave very differently near Null dimts, where the rotation-correlation
technique systematically fails to extract the ccirnealues both for the fast-axis azimuth
®rc and delay timetgc. That technique should therefore not be used asaad'salone”
technique. On the other hand, the comparison ofwtbetechniques is valuable for finding
Null events. The backazimuths of Nulls ambiguousidicates either fast- or slow-
direction. Thus, a Null measurement yields limitgekt important, constraints on
anisotropy orientation, especially if the backazinall coverage of the station is only
sparse. Furthermore, Nulls from a wide range okaacnuths indicate either the lack of
(azimuthal) anisotropy or weak anisotropy, at ihetlof detection. Restivo and Helffrich
(1999) analyzed the splitting procedure for effaddtmoise. They conclude that for small
splitting filtering does not necessarily result nmore confident estimates of splitting
parameters, since narrow band-pass filters leapparent Null measurements. For SNR
above 5 our criterion detects Null measurements daskifies near-Nulls. Good events
can still be obtained but only for exceptionallyopddSNR or with backazimuths far away
oriented with respect to the anisotropy axes (whleeeransverse amplitude is larger; see
Equation 3).

The comparison of the two shear-wave splitting teqples allows assigning a quality to
single measurements (Figure 26). Furthermore, ¢ fwo-technique analysis of all
measurements (Figure 27) yields characteristiatians of splitting parameter estimates
with backazimuth. This variation can be used toaettthe maximum information from
the data, and to decide whether a more complextaosy than a single-layer needs to be
invoked to explain the observations. The practitgps for this should be: First, assume a
single-layer case with the most probable fast tdwacbased on the good measurements.
Second, verify that Null measurements occur neactiresponding Null directions in the
backazimuth plot (Figure 29). In the vicinity ofege Null directions, the splitting
parameter estimateBsc and dtsc should show a larger scatter with a tendency tdsvar
large delays. Fobtrc we expect to find an arc-shaped variation withkaagenuth that
should have its minimums near the assumed Nulttimes. If these conditions are met, a
one-layer case can reasonably explain the obsengatOn the other hand, good events
that deviate from these predictions may requireenomplex anisotropy (multi-layer case
or dipping layer). Applied to station LVZ in nortimeScandinavia, we were thus able to
comfortably characterize the anisotropy by a sinighger anisotropy with a fast axis
oriented at 15° and a delay time of 1.1 seconds.
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4.5. Automatisation of the splitting process

Over the last decades the number of broad banmrstahas increased rapidly. These
seismometers cover a frequency spectrum broad antargthe shear wave splitting
process. These permanent stations record each dagptieshear waves, which should be
processed for a better understanding of anisotrapg thus geodynamic processes.
However, not only grew the number of permanentisgtal but also the availability of
portable stations or even portable networks. Thomglly recording for a limited time,
these data record a reasonable large amount of data

Growing datasets require new approaches to boosegsing efficiency. Furthermore, a
uniform processing for all stations limits ambiguinh results, evoked by processing
technique [Wustefeld & Bokelmann, 2007] or by oth&ses, such as the “human factor”.
Each seismologist has a priori a personal apprd2aisonal biases include:

» experience of the seismologist (Null detection,liqpiassignment, ...)
» time window selection (one phase cycle vs. moregars time window, ...)

» filter selection (uniform for all stations, or vamyg filter with “best recovery of
signal”)

Uniform filtering has the advantage that the saregufency content, and thus wavelength,
is analyzed for all events. In this case, each oreasent renders always the same
sensitivity to a characteristic thickness. On tiieeo hand, variable filtering allows the
recovery of the high frequency contents / short eveangths information. Schmid et al.
[2004] analyzed the variation of splitting parametevith filter frequencies of stations
around the Mediterranean. Systematic studies of #ind can lead to a better
understanding of processes and to new ideas toaiexpcattering of splitting
measurements.

The manual processing furthermore implies shortcgmin the non-uniform distribution
of splitting within the dataset. Though being mosfective during data analysis, a
sequence of poor events followed by an only slighétter measurement, cause inevitably
the assignment of a much better quality class.@nother hand, a series of good events
degrade a subsequent slightly worse event.

A first step to address these problems has beeertak@n by Teanby et al. [2003] and in
a slightly altered version by Evans et al. [2006]e3d authors propose to automatically
vary the phase selection window about the the@epbase arrival time, resulting in
approximately 200 measurements per event. Theisglparameters (fast orientation and
delay time) of these measurements are then evdlirai@ cluster analysis [Teanby et al.,
2003], or a stable plateau of splitting parameiessumed as correct value [Evans et al.,
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2006]. Such approach clearly enhances objectivitthe dataset, though it does not take
into account varying filters.

Here, it is proposed to enhance the automatidisggjiprocess by adding a variation of the
filter. At the same time, Nulls are detected autbca#ly and a quality class is assigned to
each measurement, which allows a weighting to h@iexh A first feasibility study is
performed for station ATD (Djibouti). This stationsheery good backazimuthal coverage,
and shows clear and strong one layer splittindy wifast rientation of 45° and delay time
of 1.5sec [Barruol & Hofmann, 1999; Wistefeld & Bikann, 2007].

The test parameter set presented here serves only lasis for possible further
enhancements. A parameter study should at a laiet plarify the best set, balancing
calculation time and accuracy. The parameters are

» Start time (-10 sec to 22 sec after theoreticavarof SKS, in steps of 4 sec)
» Stop time (-2 sec to 26 sec after theoretical alo¥ SKS, in steps of 4 sec)

» Upper band pass filter frequency (1Hz, 0.4Hz, 0z2 H

* Lower band pass filter frequency (fixed to 0.02 Hz)

Because ATD is located on the hot East African Rifitam [e.g., Nyblade & Robinson,
1994; Ritsema et al., 1999; Kendall et al., 200bhge arrivals are highly delayed in
respect to their global average of standard eadtiets. A static shift of 4 sec is therefore
added to the theoretic arrivals, before determinihieytime windows. Time windows of
less than 10 seconds, approximately the dominaquéncy of SKS, are skipped to ensure
that at least one complete phase cycle is analydad.selection of parameters leads to a
theoretical number of 9 x 6 x 3 x 1 = 162 measurgsie

Each individual measurement is then checked for NMu#nt using the Wistefeld &

Bokelmann [2007] technique by comparing the resafiiRotation-correlation method and
Minimum energy method. In this case, Null simplyansg, that no significant signal on the
transversal component correlates with the signathenradial component. Surely some
windows will lie outside relevant phase informatiand only try to analyze noise. Non-
Nulls of good and fair quality are considered fanttier analysis.

Both methods proposed by Teanby et al. [2003] (etumtalysis) or by Evans et al. [2006]
(plateau) do not address the range of error of @aehsurement sufficiently. Here it is
therefore preferred to modify the approach by Wélf&ilver [1998]. They proposed to

stack the error surface of individual earthquakes then determine the “global minimum
energy” for a station, resulting in a fast orieiaiatand delay time. This approach is only
valid for a single layer of anisotropy. Any backamthal variations, caused by more
complex geometries [Silver & Savage, 1994; Rimgk&ilver, 1998], are smoothed out.
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However, stacking of the error surfaces is compjetalid for measurements of a single
event. Stacking the energy surface of good andraim-Nulls results in a “total event
energy surface”. It is important to filter out N@Vents from stacking. Nulls are usually
characterized by pronounced levels of minimum enesdnich can be best described as a
lying “U”. Stacking such surface would bias theala¢vent surface towards Nulls. Wolfe
& Silver [1998] propose to stack the normalizedrggesurfaces. In this case it is however
more appropriate to stack the energy “as is” ang thaintain the relative topography of
each measurement. High topography gradients ofifgpesingle measurements are
preserved and thus giving it high relative weightin

Having stacked all good and fair non-Nulls it iswngossible to determine the
characteristic event minimum energy, yielding aergfast orientation and event delay
time. Additionally, the errors can be determinedtfe total event surface using the same
statistics as proposed in Silver & Chan [1991].

Figure 30 and Figure 31 show the result of suchalautation for 330 events with
Mw > 6.25, recorded at station ATD between December 1888 January 2006. The
symbol size and color is proportional to the amoahtgood and fair measurements
stacked. The general splitting parameters found &yl & Hofmann [1999] are well
recovered by events with a stacking number highan 40. Some outliers might be the
result of contamination by other phases. An iningufeature of Figure 30 is the
decreasing delay time, when the backazimuth iscgmhing the Null directions. This
might be due to the stacking of near-Nulls eveiiisese show for the SC method
scattering as well to larger- and smaller-then-deddy times (Figure 27). Too large delay
times will be clearly identified as Nulls by the INGriterion. The stacking of many near-
Nulls results then in a bias towards smaller deliaes. Furthermore, the fast orientation
appear to turn towards more E-W directions for baichaths closer to North.

Figure 31 reflects the distribution of results lne result parameter plane. A cluster around
the previously manually determined estimates eragmsg further development of the
technique proposed here. Enhancements includelaatan of parameters (window step
size, filter frequencies) and the exclusion of timexdows containing other phases
(especially S, SS), which contaminate the signakterably. Furthermore, displaying the
results in a different manner might reveal furtiidormation, not yet considered in the
present form. In particular the possible variatdsplitting estimates with filter frequency
remains yet to be addressed.
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Figure 30: Backazimuthal variation for automatedittspg at station ATD. Color and size of
symbol corresponds to the stacking number, i.entivaber of good and fair non-Null events
used for stacking of the energy surface of the Sthod. The splitting parametetsand dt
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Figure 31: Same as Figure 30, exceptdn dt) parameter plane. Size and color of each symbo
represents the amount of non-Null measurementveeed for the corresponding seismogram.
The contour lines represent the stacked energyahalh non-Null measurements. This energy
map has its minimum fob=42° and dt = 1.6sec. This is in very good agre¢mth Barruol
& Hoffmann [1999], who manually determindg=48° and dt = 1.59sec
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4.6. Interactive Shear-wave splitting database

Over the past decades a large number of shear-sydtng studies have been published
in various journals. Some analyse a global stasien [e.g. Silver, 1996; Barruol &

Hoffmann, 1999], while most focus on regional netgoof stations and provide detailed
knowledge on a specific area. All these works mevia great knowledge and
interpretation of the Earth’s anisotropy: benedkhh& continents, at island stations [Behn
et al., 2004] or even beneath the ocean by usiagrobottom seismometers (OBS).

Future studies, either on anisotropy or on geodycgrand geology, will exploit these
interpretations. It is therefore important to faaile the access and to homogenise the
format of these data. A first step has been unklentdy Derek Schutt, who has started a
collection of publications and splitting directioasd provided this list on his homepage.
Matt Fouch continued this list, which can be dovaded at

http://geophysics.asu.edu/anisotropy/upper/

In order to build a more complete and accessibiabdee, their work is used as a basis for
an interactive database. The features of this ptasen are (Figure 32) are:

» Search the database for a specific station

» Search the database within a region

* Download database in plain text format

* Download the database in GoogleEarth format
» Enter new splitting data via a web interface

This database can be accessed with a standard enterowser through the internet
homepage of “Geoscience Montpellier”. It is avaiat

www.gm.univ-montp2.fr/splitting/DB

The results of the searches are presented in thvesbraas a list and the corresponding
references are given. Most importantly, researcbansadd their own data and thus share
the results and extend the database. This proadeantages for the provider (who will
spread his/her results to a large public) as wselloa the user (who will always find the
most “up-to-date” information). A web-interface ¢re 33) assures that the input format
is consistent for all datasets.
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Figure 32: The various options presented by tlearstvave splitting database.

Enter a Tag to your data:
[utharnnon

| (This Tag wilt be used as the faider name in Gesgle earTh™ )

Latitude
[-90 90]

Longitude

Station [-180 180]

fast direction
[-90 90]

delay time Omin

dtmin || dtmax | Phase:

mmax

Reference:

Author(s): |

Title: |

Journal: |

Year:[ |
Volume:[ |
pugesi |

Dol: |

unpublished data V:

Link: |

Comment: |

Figure 33: The web interface for adding new data loa accessed from every computer with a
common internet browser and internet connection.

The splitting data can be downloaded in two differemmats. The first format is plain
ASCII text files, one for the data and one for tleéerences. The various fields are

separated with a pipe symbol “|".

Matlab or GMT is provided on the homepage.

An example dcophow to read the data into either

The second format is “.kmz”, readable by GoogleEarid a growing number of other
geographic mapping applications. This .kmz-file izip-compressed file containing a
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png-icon for the fast orientation and an ASCII textKeyhole Markup Language” style,
which is basically a special xml-format (http:/#agoogle.com/kml/). Once the database
is loaded in GoogleEarth, each measurement is gisghlas a vector (Figure 34), with its
azimuth corresponding to the fast orientation azalesl by the delay time. A small label
indicates the station name. By clicking on a stgtithese anisotropy parameters are
displayed in addition to the reference and posdgibtber remarks.

Supplementary geophysical data sets are also mowa the homepage. These include
plate boundaries [Bird, 2003], global tomographyelpayle et al., 2005], and global

thermal structure [Artemieva, 2006] amongst othdisving these data ready thus
provides the possibility to compare different datasn an easy-to-use environment like
GoogleEarth. As such, it may invite researchersmfroany fields to use the data (Figure
34; Figure 35). This might eventually lead to nevwnbmations of datasets, resulting in

new interpretations and finally in a better undemsing of the Earth’s processes.
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Figure 35: Visitor activity for the splitting datake as of July 13th. Continuous visits from around
the world underlines the broad interest for sudatabase.

4.6.1. Global statistics of shear wave splitting
As of July 2007, the database contains 2286 entfiee delay times show a skewed
Gaussian distribution with a peak at 1 sec (Figg6e This is in agreement with Silver
[1996]. The fast orientations show a preferenceéefd¥ orientations, which might support
speculations of uniform a global plate motion rgkatto the mantle [Steinberger &
O’Connel, 1998; Doglioni et al., 1994; 2003]. Howey this statistics can only be
considered as a first order approach. Most sqijittlata are on continents, where the
azimuth may reflect frozen-in lithospheric anispip not related to the present day
geometry of processes. Furthermore, on the coriinéme stations are not evenly
distributed. Temporary experiments are constraioetther small areas [e.g., Barruol et
al., 1998; Fouch et al., 2004; Walker et al., 20018sh et al., 2005], which causes a bias.
Finally, not every continent is covered equallyusiag a bias of values from North
America and Central Europe.
North-South

400

300

count

200

100

East-West
0 100 200 300 400

delay times (s) azimuth count

Figure 36: Statistics of 2286 shear wave splittmgasurements. Left panel shows delay time
distribution. The right panel shows azimuthal véoia.
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4.6.2. Comparison with surface wave data

The database can be used to study the relation éetweonstraints from

shear-wave splitting with those from other datgseiy. surface waves. Montagner et al.
[2000] devised a method to calculate “predicted”SS$plitting parameters from surface
wave results. This approach is similar to severatliss which discuss the effect of
multiple anisotropic layers on the effective spitt parameters [Silver & Savage, 1994;
Wolfe & Silver, 1998; Rumpker & Silver, 1998; Saltzet al., 2000]. The fast orientation
and delay time accumulated in a (weakly) anisotrdpyer are related to the elastic
parameter6g = Cys, G, =5(Css —Cy4), L =5(Csq+Css), which have been obtained

from surface wave studies:

gD JG2Z +G?2

Vg, L

h is the thickness of the anisotropic layer, ang ig the isotropic (average) shear wave
velocity. Assuming vertical wave propagation in aribontally layered anisotropic

medium Montagner et al. [2000] showed, that thipreaach can be generalized for
multiple layers at intermediate and long periods 1ds; i.e. SKS, SKKS,...) and by

vertically integrating along the travel patn= Xh):

o (et (et

P G
" Io LUz
Grast = Earcta
j pG ©dz
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Predicted continental splitting parameters
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Figure 37: Predicted splitting parameter distribati calculated from surface wave anisotropy
[Debayle et al., 2005] and separated for continéofs) and oceans (bottom). The delay times
are systematically smaller than the observed values

This approach leads to systematically smaller dafags than the observed (Figure 36;
Figure 37), which might be due to the damping aplluring inversion of surface wave
data, low lateral resolution of surface wave andmrincompatibilities between the
assumptions of anisotropy systems inherent to lmogthods. Many of the predicted
continental fast orientations are in contrast te tbserved orientations N-S oriented.
These appear to be the azimuths from Africa, ncait-Asia and Australia (Figure 38),
where station coverage is only poor. Predicted micdast orientations are rather uniform.

It is now possible to perform the comparison withmaich bigger dataset (2286
measurements from 122 references) of the shear sliting dataset presented in the
previous Chapter. These data are compared (Figyrei88the predicted splitting values
based on the recent 1°x1° global surface wave najdeébayle et al. [2005] from depths
of 50-500km.
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Figure 38: Comparison of predicted (upper panefhwneasured (lower panel) shear wave
splitting parameters. The predicted values areutatied using the method of Montagner et al.
[2000] on the 1°x1° anisotropic tomography modeDebayle et al. [2005] at depths between
50 and 500km. Displayed is the 3°x3° resolutiontdNtbe patches of similar predicted splitting
parameters (e.g., Scotia Plate, Himalaya, off-cGadifornia, Central Europe, ...). This might
reflect large scale structures made visible onlgugh the vertical integration.

A mathematical measure of correlation between those models can be obtained by
using the coherence function similar to Griot et{8998a, 1998b]. This function gives a
measure of misfit between two models while takimg iaccount two parameterd,( dt;

&,, dty ) on a sphere (co-latitud®, longitude¥). A correlation factoD¢,,, takes into
account the uncertainty of both datasets. Paranaetenmresponds to the mean angular
misfit of the datasets and varies between -90%4&a4.
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If the shape ofC(«) is pseudo-gaussian, there is an overall coherehttee two models.
The major peak corresponds to the mean rotation dsgtwhe models. IC(a) is
represented by an horizontal line, the two modedsuacorrelated.

Unfortunately, the splitting measurements are rahdgeneously distributed across the
globe (Figure 38). One approach to overcome this k& by interpolating the splitting
measurements on a regular grid. However such sgathénterpolation of very sparse two-
parameter data is not trivial [Bird & Li, 1996]. Tiedéore, here we follow the approach by
Montagner [2000] and interpolate the regular gfithe tomographic anisotropy model to
the location of each splitting measurement. By ddhis, local studies with dense station
coverage are emphasized in the global result.

Montagner et al. [2000] compared splitting paramsetas predicted by a global
tomographic anisotropy model [Montagner & Tanimoi®90] with the shear wave
splitting results compiled by Silver [1996]. Theuksndicated fairly good coherence on a
regional scale (Cascadia Mountains and Central)Abiat only weak coherence on a
global scale. The authors attribute the latter Jdaifferent distribution of sensitivity in the
datasets. Surface waves are best resolved in @ogavironment, where coverage of shear
wave splitting measurements is only sparse. 2) rmigting data are only inverted for a
single layer of anisotropy, which appears to bewrsimplification [Chapter 3.3]. And 3)
a difference in (lateral) resolution: SKS wavededfsmall-scale structures, while surface
waves largely integrate.

Here, the recent tomographic model of Debayle .€f2@l05] is used as basis to calculate
the predicted splitting parameters. Figure 39 shdves coherence of this model (50-
500km depth) with the new splitting database (228 asurements, 122 references).
There is an overall fit, indicating that shear-wapétting measurements and surface wave
anisotropy studies are actually sensitive to sinutanstraints. a) shows the coherence of a
1° grid with itself, while in b) the coherence oflagrid with a 10° grid is displayed. Both
agree well, which indicates that resolution is ofon importance in this sort of
application. This is probably due to the resoluttdd00km of the surface waves used as a
basis of the predicted splitting. However, a défece is apparent when comparing the real
splitting data with a 1° grid (c) and a 10° grid.(@he former shows a rather good fit for
all correlation lengths, which is in contrast to Magner et al., [2000].
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Figure 39: Coherence of splitting database wittdisted splitting values for different correlation
lengths Dcorr. Several combinations of datasetdemsted, such as the effect of a 1° and 10°
grid of predicted values (a-e) and a limited setdafa (e: studies published before 1997,
corresponding to dataset of Silver [1996]). Findllg dataset is limited to certain regions (f-)).
See text for discussion

Montagner et al. [2000] used the splitting datdembion of Silver [1996]. In Figure 39 e)
this dataset is simulated by using only the spbttipublications before 1997. The
coherence function is still rather broad, but hadear maximum around 0° misfit. The
higher correlation of the sub-dataset of Silverd@Rin comparison to the new global set
(e and c, respectively) is probably due to a lasgaount of regional studies with a large
amount of stations over a relatively small areg.(eEifel region; [Walker et al., 2005];
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Pyrenees [Barruol et al., 1998]). Any local dewatirom the predicted value with a high
station coverage biases the global correlation.

The new dataset of this study indicates good cdioeldetween the two models for North
America (g; 70°<Long<125°; 20°<Lat<90°). Montagreral. [2000] observed a rotation
of +30° of the two models against each other in\Western US (-125°<Long<-115°;
30°<Lat<50°). In this region, the coherence ofnlegs datasets has improved (h), due to a
larger amount of splitting data (109 vs. 47 avddah 1996), but perhaps also due to the
different model used in this study. The new resuldécate a slight rotation (-5°) between
the two models in this region. It is somewhat astang that surface waves and shear
wave splitting “see” the same anisotropic strucumben regarding the complex tectonic
in this region.

In contrast, for Central Asia (-140°<Long<-60°; 26at<50°) the new model seems to be
less coherent (f). We have 250 measurements inrégm®n, in comparison with 33
available before 1997. Two peaks can be observed:abnt+25° and another at -45°.
Montagner et al., [2000] used a local high-resoluttomographic model [Griot et al.,
1998] was as basis for calculating predicted spdjitThe models seem to be rotated by
20°. When Montagner et al., [2000] considered dhby depth interval of 80-200km the
coherence improved and the rotation reduced toTI# discrepancy between the datasets
highlights the importance of local high- resolutitmmography. Furthermore, more data
do not necessarily imply better coherence. Localdiss might bias the coherence
function. In future approaches the effect of difetrdata density should be considered in
greater detail, possibly by normalizing per area.

This can be shown for the dataset of Central Eur6peLbng<20°; 45°<Lat<60°). The
whole dataset for this region contains 179 measenesn The coherence is rather weak (i),
although slight maxima can be identified for -358da90°. In general, east of
approximately 12°E the fit is good, while west oattine the two datasets are almost
perpendicular (Figure 40). Apparently, surface vgaaee dominated by an anisotropic
structure not seen by SKS waves. This can be erdrécal anisotropy or shallow features
in the upper mantle. When neglecting local stucliles Eifel region [Walker et al., 2005]
and the French Massif Central [Barruol & Garnet)20Babuska et al., 2002]), the total
of measurements in this region reduce to 92. Thereoite is more pronounced (j) and it
becomes clear now that the predicted splitting rhadéhis region is rotated against the
observed splitting by -40°.
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Figure 40: Predicted (blue) and observed (red)rsiveae splitting data in the Western US (left)
and in Central Europe (right). In the Western Uthi&ates the coherence is rather good. The
fit in Central Europe improves, if local studiestie Eifel Region and the Massif Central are
neglected. In general, east of approximately 1BeHit is good, while west of that line the two
datasets are almost perpendicular.

Figure 41 shows the coherence of predicted witleioesl splitting parameters at various
depth intervals of the tomographic model. On a glatzale (left column), the coherence
shows only slight variations with depth interval.id heflects the various tectonic regimes
and probably also the variety of lithospheric timeks within the continents, where most
splitting data are located. The varying continefhitabspheric thickness makes it difficult
to constrain one (globally valid) depth intervat, vehich anisotropy originates, be it
asthenospheric or lithospheric.

In contrast, by considering only particular regighs possible to constrain the depth at
which splitting probably originates. In the West&i8 (middle column in Figure 41) the
coherence is very good, if only the upper 200km @mesidered. The depth interval of
200-500km shows two distinct peaks at -30° and BfSpectively. This indicates no
correlation with the surface wave tomography madehe observed shear wave splitting
data. Rather, the observed splitting occurs irughger 200km.

For Central Europe (right column in Figure 41) th#herence is only week for the
uppermost 250km. Strongest coherence is founchiadepth interval 200-350km, albeit
with a relative rotation of both models of -35° nagner et al. [2000] attribute a
similarly systematic rotation in Central Asia widlifferent lateral averaging of the two
methods. It might also indicate that the usual mgsions of relatively weak anisotropy
with horizontal axis of symmetry are not fulfilledh certain regions.
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Figure 41: Coherence of predicted with observedtisyg parameters at various depth intervals.

Left columns show global coherence, middle colurohecence for Western US and right
column for Central Europe at the six depth inteimélcated in the panels.

In conclusion, the results of shear-wave splittimgasurements and surface wave
anisotropy are globally consistent in fast oricotat. The vertical integration of upper

mantle anisotropy deduced from surface waves (gedital resolution) reproduces shear
wave splitting measurements (good lateral resallitidhis agreement of two different

methods with different resolutions highlights theality of techniques and data used. If
both methods “see” the same structures, the upperitlenmust be homogeneous over
longer (horizontal) distances. Local tectonic pssas (e.g., Central Europe) may however
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result in substantial systematic deviations. Finallariations with depth of anisotropy
detected by surface waves should be considered witerpreting shear wave splitting
data (multi-layer case). The predicted delay tim@s &e smaller than the observed.
Perhaps lower mantle anisotropy contributes a agligible amount of splitting.

There is still only a limited amount of splitting asirements in the oceans. Future
(continuously recording) Ocean Bottom Seismometéliseventually enhance coverage
with splitting measurements and thus allow for pasate analysis of continents (having a
thick lithosphere, with sometimes ancient anisotropentations) and oceans (having a
much simpler history). It might be also interesttogcompare other datasets (World Stress
Map, various plate motion reference systems, ...l wie predicted shear wave splitting
dataset, but this lies beyond the scope of thidystu
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5. Application: Shear-wave splitting
on the East European Craton

The previous chapters highlighted the technical @spef measuring shear-wave splitting.
The Null Criterion provides an objective measuradistinguish Nulls from non-Nulls,
which is especially challenging in regions with lawisotropy. SplitLab was developed to
handle complex and non-uniform datasets. In thidecd the East European Craton (EEC)
is an ideal area with seismic broadband statiorsaded by several organizations (IRIS,
Geofon, NARS) and data formats. Data are availdslearious time spans, ranging from
15 years (KIEV) to 18 months (NE53). Previous studiitver & Chan, 1988, 1991,
Vinnik et al., 1992; Helffrich et al., 1994; Dricket al., 1999] indicate low anisotropy
beneath the EEC with delay time generally smallem thgecond. Using SplitLab and the
Null Criterion it is possible to obtain consisteesults for this “virtual experiment”.

The choice of the EEC as study area is also motivaeal growing scientific interest in
this region [Bogdanova et al., 1996; Thybo et @032 Grad et al.; 2003; Bruneton et al.,
2004; Matzel & Grant, 2004; Bogdanova et al., 2006¢csey et al., 2007]. Moreover,
cratonic areas are currently getting special atiarfor their shear wave splitting structure
[see Fouch & Rondenay, 2006 for a review]. TheickHithospheric roots are thought to
deviate mantle flow [McKenzie, 1979; Bormann et 4B96, Fouch et al. 2000]. Shear
wave splitting ®s in Europe align both with surface geologic feesuand with the
margins of the EEC, which might reflect (asthenosphenantle flow around the Craton.

Such pattern can also be identified in anisotropgntations inferred from P-wave travel
times [5.4.2; Figure 50]. Bokelmann [2002] used &##s anisotropy to infer dipping
anisotropy in the North American Craton. This dipinserpreted as being related to
shearing at the base of the lithosphere causedelayive motion of lithosphere and
asthenosphere. Detecting dipping anisotropy in rshee splitting is challenging and
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requires good backazimuthal coverage, since itteesua complex backazimuthal pattern
of splitting parameters [see Brechner et al., 1998]

One of the major question in geodynamics remainsvhich depth the measured
anisotropy occurs [for reviews see Montagner, 1998jnprice et al., 2000; Kendall,
2000; see also Chapter 3.3]. In contrast to sunfemee studies, shear wave splitting data
have excellent lateral resolution, but no (direatytical resolution, since the splitting
parameters reflect the integrated anisotropy alibvegtravel path. The depth at which
splitting occurs can however be inferred indirec@ualitatively in the case of multi-layer
anisotropy by assessing the typical backazimuthahtion of splitting parameters [Silver
& Savage, 1994; Rumpker & Silver, 1998; Saltzeraéf 2000]. An argumentative
approach includes correlation with other obsensbke large-scale uniform distribution
of anisotropy orientations which correlate with tplanotion direction strongly support
asthenospheric origins. In contrast, regionalizatentations of anisotropy, which
correlate with surface-geologic features, indicéitbospheric origins (if vertically
coherent deformation throughout the lithosphere andt is assumed [Silver, 1996]).
Conrad et al. [2007] argue, that the former don@sah oceanic environments and thus
reflecting present-day processes [e.g., Montad2@02, Behn et al., 2004; Hammond et
al., 2005; Fontaine et al., 2007], while the lattase appears to be exhibited in (the stable
part of) continents, showing frozen-in anisotroyung et al., [2003] interpret the
presence of ¥>Vsy anisotropy beneath continents at depths betweekn2@hd 400km
as an indicator of present day simple shear. Thigldvbe consistent with some shear-
wave splitting studies, which propose a two-layeisatropy, one frozen-in in the upper
layer, and a deeper layer, related to ongoing psE®[e.g. Levin et al., 1999; Fouch et
al., 2000; Heintz & Kennett, 2006]. Studying seisranisotropy in cratonic regions gives
an almost unique possibility to analyze deformapoocesses in the mantle. It is aimed at
addressing the following major questions of geodyica:

= how is mantle flow affected by such a deep and obktacle to flow

* how did the lithosphere develop and deform

* how does the topography at the base of the crdtect anantle flow

* is there evidence for multi-layer (asthenospheltis ithospheric) anisotropy
* how and to what extent do abandoned rifts affextshlitting measurements?

* Is the whole lithosphere affected, or only parttoé keel (in the case of lithospheric
anisotropy)?

Measuring shear wave splitting can add valuablermétion to answer some of these
guestions.
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In this part of the thesis | will start with an rotluction to the formation of cratons,
followed by a review of shear wave splitting intexfations of the major cratons of the
Earth. The third part of this Chapter summarizeggfwdogy of the East European Craton,
and the fourth part the available geophysical @dsasThe results of the shear wave
splitting measurements for the 16 analyzed statisrompared with other datasets and
then followed by their interpretation in their oesponding regional context. | will
conclude with an outlook for future research.

5.1. Structure of cratons

Cratons are the old, Archean and Proterozoic, paftshe continents. Cratons are
generally found in the interiors of continents ame characteristically composed of
ancient crystalline basement crust of felsic igseoacks. They have a thick crust and
deep roots that extend into the mantle beneathhdept 200 km. The present day
distribution of cratonic regions around the globshown in Figure 42.
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Figure 42: Archean (Ar) and Proterozoic (ePt, eBrgterozoic; m-IPt, middle to late Proterozoic)
regions of the world (based on data compiled frooodwin [1996]) and adjacent tectonic
structures of different ages considered in the gorestudy. A, Atlantic Shield; G, Gawler
Craton; Gr, Grenville Province; I, IndianShield; KKola-Karelian province; K, Kaapvaal
Craton; MI, Mount Isa Orogen; P, Pilbara Block; PBarana Basin; SK, Sino-Korean Craton;
T, Tanzanian Craton; THO, Trans-Hudson [after Aitara & Mooney, 2001].

Cratons are relatively flat, stable regions thatvehaemained undeformed since
Precambrian times, forming the ancient (<1.6Gagsaf the continents. It is clear that a
buoyant root is necessary for the long term sufvofaa craton [Jordan, 1978; 1981].
Moreover, to resist erosion the root must also hkee strong enough to survive
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mechanical erosion [Sleep, 2003], or tectonic neolmélts are required to shield the
cratons from high mantle stresses [Lenardic eRaDQ].

Several basic models exist to explain the strucblireratons: Snyder et al. [2003] image
beneath the Slave Craton (Northern Canada) a deaeflerdiscontinuity that is interpreted
as the continuation of a shallow-dipping ancieridsicted slab. The interpretation leads
to the hypothesis that cratons form as a resuheair-vertical stacking of segments of
subducted lithosphere. Such interpretation is stpgoby Re-Os dating in peridotites
[Shirey et al., 2001].

A second hypothesis assumes progressive coolicg $ie initial formation of first stable
platforms. Such a hypothesis however contradigptiesent keel structure as such model
would implicate a much thicker lithosphere than theserved [King, 2005]. Global
seismic tomography studies find fast seismic vékxibeneath cratons in the depth range
of 200-350km [e.g., Becker & Boschi, 2001; Shag@r&itzwoller, 2002; Debayle et al.,
2005]. Gung et al. [2003] relate discrepancies betwdifferent tomographic models in
the depth range of 250-400km to the different gmmityi of anisotropy to different type of
data. They also stress that temperatures in thigideapge exceed 1000°C, which is too
high to sustain frozen anisotropy and thus impiesdetected ¥,> Vsy anisotropy to be
related to ongoing mantle deformation processessé&locesses are similar beneath
continents and oceans, while for the latter thettdeange is located thinner (80-200km
depth).

The vertically integrated travel times of verticaflglarized shear-waves\5can be seen
as a proxy for the lithospheric thickness. Figudeshows the ptravel time residuals over
the globe [Poupinet et al., 2003]. In orogenic aftdegions, these residuals are positive,
indicating slow (and thus warmer) material. On klseS delays are negative, indicating
cooler material. Figure 43 shows increasing deleys the centre of shields outwards.
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Figure 43: Map of one-wayStravel time residuals deduced from surface-wavaography
[Shapiro & Ritzwoller, 2002] (after Poupinet et,gR003]). The blue color represents early
arrivals (and thus cooler material) and the latevals (warmer). The magnitude of the residual
is inverse proportional to the lithospheric thickaeAll Precambrian shields are fast and the S-
vertical travel time increases regularly outwandsrf the centers of shields.

Artemieva [2006] presents a global thermal modetedaon numerous heat flow
measurements (Figure 44). The surface heat flowngposed of conductive components
(caused by basal heating of the lithosphere dueotovection) and internal heating
(originating from radioactive decay). Approximatdiglf of the surface heat flow in the
continents can be attributed to radioactive dedaydotte & Schubert, 2002].

Figure 44: Global lithospheric thermal thicknes®iipolated with a low-pass filter. The values are
based on typical continental geotherms and theohtiee basement (after Artemieva [2006]).
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Since this heat production decreases with agesuhface heat flow correlates with age.
The cratons are the oldest parts of the lithospaedeshow low heat flow values (Figure
45), indicating cold and thus denser material. Sitltese regions show few signs of
significant subsidence, the upper mantle beneadmtimust be naturally buoyant:

depletion in Fe compensates the effects of thecmaling on density [Jordan, 1981]. King

[2005] argues however that it seems be highly ifbabde that a compositional changes
would exactly balance thermal cooling trough tinhalbdepths.

Xenolith analyses infer a chemically depleted nmea#tending to 175km depth, underlain
by a more fertile mantle [Boyd et al., 1985; Kopsdoet al., 1999]. Other geochemical
observations suggest that cratons are cold, detegend the residue of partial melting
[Pearson et al., 2002; Arndt et al., 2002], whiletasomatic activity could influence
viscosity. The viscosity in turn affects the strdepth profile and thus the re-orientation
of anisotropic minerals [Tommasi, 1998]. From eleealr conductivity measurements
[Hirth et al., 2000] it is known that mantle in 2280km is drier over Archean provinces
than oceanic mantle.

Geochemical and geothermal data can be balancextd®ssing geomagnetic data. The
“Curie Temperature” can be considered as the therbwmindary, above which
magnetization of the material is lost. For rock metgsm, the most important mineral is
Magnetite (FgO4) with a Curie temperature of 578°C. Figure 45 shohe depths to the
550°C isotherm [Artemieva, 2006]. Beneath cratdms transition is relatively deep (40-
70km). This indicates that, if crust and upper neardeform coherently, structures
reflected by magnetic intensity anomalies can fbgsie extrapolated to these depths.

Figure 45: Global thermal model for the continefithbsphere constrained on a 1°x1° grid: depth
to the 550°C isotherm interpolated with a low-piter [Artemieva, 2006].
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5.2. A short review of Shear-wave splitting in stable
continental environments

The following subchapter will briefly summarize irestations of shear-wave splitting
measurements in cratonic environments around thigegiThe terminology used in many
publications for a shear-waves splitting result vigriable: often “fast axis”, “fast
orientation”, “fast direction”, and “fast (S-waveg)olarization” refer to the same
observable, whose exact description would dréchtation of the fast S-wave polarization
plan€. In order to improve readability, in the followgrthis orientation is denoted widh

5.2.1. Australia

The shear-wave velocity pattern beneath the Auatraibntinent is marked by a distinct
velocity contrast. This NS trending contrast is agpnately parallel to the proposed
Tasman line, a contact zone dividing the (relativbiigk) Precambrian western and the
(thinner) Phanerozoic eastern part of Australig.[®ebayle & Kennett, 2000a]. This
feature can be compared to the Trans-European-Satme-(TESZ) [Chapter 5.3.2].
Simons et al. [2002] found good correlation betwsarface wave speed heterogeneities
and lithospheric ages. However, below 250km thrsetation becomes more ambiguous.

Debayle & Kennett [2005] found that Australia isstbnly continent where azimuthal
anisotropy (inferred from surface waves) correlated with present day absolute plate
motion. This correlation is most significant at depbetween 150 and 300km.

Heintz & Kennett [2005, 2006] analyzed two yearssbkar-wave splitting data of a
temporary seismic experiment, covering the wholstfalian continent. Their preliminary

results reproduce the surface geologic featuresinki to fossil deformation as the cause
of anisotropy. However, the whole dataset contamay Null measurements from a
broad range of backazimuths, suggesting apparetrbjs/ at these stations. Silver and
Savage [1994] point out, that apparent isotropyassistent with a simple two-layer

model, where the two layers exhibit the same isicinanisotropy and mutually

perpendiculads. In such a case, Nulls are measured from alldzciuths.

Simons et al. [2002] applied the method of Montageteal. [2002] to predict splitting
parameters from surface wave data of Australia. Toeelation is only weak and
predicted splitting times are considerably largeey inferred furthermore, that the depth
interval of 140 to 400km, presumably the asthenesphcontributes the most to the
predicted splitting parameters.

At some of the Australian stations clear evidenes found for either EW or NS oriented
anisotropic®s. These findings are consistent with a two-layedehaf perpendicular
anisotropy orientation in each layer. The anisotrapi of the lower layer is roughly
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parallel to the (approximately northward) plate imotdirection. This model is supported
by surface wave tomography studies [Debayle & KénrZ000b], with a change in
anisotropy pattern at approximately 150 km deptbreédver, in a study focusing on the
GEOSCOPE station CAN, Girardin & Farra [1998] suggest two-layer model, where
the 140km upper layer has a EW oriende@nd a 40km thick lower layer with a N
parallel to plate motion.

5.2.2. South America
Several studies discuss splitting parameters ofSimeth American Continent. For these
studies show interesting reslts, the following wpter will present not only cratonic and
(and adjacent) stations, but the continent as deavho

Helffrich et al. [2002] analyzed stations in Soutimerica and associated thies to
absolute plate motion (APM). They suggest that dropy originates from basal drag in a
~200km upper mantle flow layer. Mantle flow wouldginate from a stagnant geoid high,
off-coast Peru and this flow is deviated around $weith American Continent, passing
through the Drake Passage in the south and theblé&mm in the North. These
interpretations are consistent with findings of u# Silver [1994] and hypotheses of
global mantle flow of Alvarez [1982]. However, trstudy does not take into account the
South Atlantic mantle flow, which would counteraatch flow pattern.

A detailed analysis of stations in SE Brazil [Heirgk al., 2003] suggests that both
lithospheric and asthenospheric fabrics may coumtigitio anisotropy pattern. Either the
frozen fabric in the lithosphere and the APM redatsthenospheric fabric are close
enough to mimic a single anisotropic layer, or bédbrics originate from the same
tectonic event, and no decoupling occurred sinea.tNeither of these options can clearly
be ruled out. The correlation between structurahdse and APM favors the first

hypothesis, but tomography identifies a low velathannel, possibly related to the
Tristan da Cunha plume, which is regarded as agtaogument supporting the coherent
motion of the whole mantle. A lithospheric conttilon is supported by both short-range
contrasts and very high anisotropy (dt>2sec) aagsedtito transcurrent domains.

In a more recent study, Assumpcéo et al. [2006lyard anisotropy covering the major
tectonic provinces in Central and SE Brazil. Theyfieconthe findings of Heintz et al.
[2003] while determining that thés fan out towards the west. Such fan-shape pattern
would be consistent with asthenospheric flow arothedS&o Francisco Craton, supported
by APM direction. Short range contrasts favor Igpberic contributions, as well as very
high anisotropy (dt > 2 sec) in the transcurremhdms.

In the central Parana Basin, where a possible miatwicleus has been proposed, small
delay times (dt < 1.0sec) but consistently Bd8/are found. This might indicate a different
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origin of anisotropy, related either to pre-Brasilb orogens or to the subsidence and/or
evolution of the Parana Basin. Since however EWaotimupy is not restricted to the
cratonic domain, pre-Brasiliano orogenic structaegear as an unlikely source.

High delay times indicate that both lithospherid @sthenospheric anisotropy is present.
This is in contrast to southern and eastern Africhapter 5.2.4) where only lithospheric
contributions are proposed. One explanation fog ttuntrast in the two related regions
might be the difference in absolute plate velociich is ~15mm/yr for Africa and
~50mm/yr for South America [Gripp & Gordon, 2002]

5.2.3. North America

The oldest portions of the North American Continemained stable for more than 2.5Ga
while regions to the east (Grenville province ~1a3@&ppalachians ~300Ma) and west of
the Rocky Mountains are much younger [Hoffman, 198®mographic studies [Grand,
1994; van der Lee & Nolet, 1997; Debayle et al.03]Orevealed seismically fast
(presumable cold) material extending to depth ofartban 250km. A common feature to
these models is that a wedge, or divot, is missirthe eastern part of the keel [Fouch et
al., 2000]. This divot approximately coincides wihlow velocity corridor found by
Rondenay et al. [2000]. Barruol et al. [1997] pethibut that most shear-wave splitting
directions in the eastern US (adjacent to the njatoincide with geologic trends, also
indicating lithospheric origins of anisotropy. Thegould however not exclude
asthenospheric contribution for some of their etei

Analyzing stations in the central US, Silver & Kahema [1993] found that for stations S
and SE of the keel thés appear to wrap around its lateral margins. Thislavondicate
asthenospheric flow around the keel. However, tlisections are also parallel to the
general trending of orogenic belts, which might mup the hypothesis of vertically
coherent deformation. Stations within a divot ie #eel are roughly oriented E-W, with
lateral variations over short distances. Levin lef¥999] found that a two-layer model
could best fit the complexity of shear-wave spiijtmeasurements in this region. Fouch et
al. [2000] propose a model for anisotropy benehéhdentral US, where asthenospheric
flow around the cratonic keel dominates. A divothwi the keel apparently disturbs the
uniform flow, resulting in variations of splittingarameters of a short spatial scale.
Moreover, some regions (especially those with thiekest portion of the keel) require
lithospheric anisotropy to explain measurementltesu

Anisotropy measurements of the patchwork of Archexah Proterozoic terranes that make
up the Canadian Shield vary as do their buildingcks. The Slave province in the
Canadian north-west is a small Archean craton shatvs®s which are sub-parallel to
current plate motion [Bank et al., 2000]. Snydealef2003] re-analyzed the shear-wave
splitting data beneath the Slave province with m&tegions and longer record periods.
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They found evidence for a two-layer model, one gpoading to plate motion direction
and another thinner layer, possibly aligned witlfioeal crustal folding.

5.2.4. South African Craton complex
The Archean Kaapvaal Craton and the Tanzania Cfatanthe oldest parts of the south-
eastern African continent. The plate motion directaf the African plate is not well
constrained, since the plate speed is slow (~10mm/ysouthern Africa) [Gripp &
Gordon, 1990, 2002].

The Kaapvaal Craton constitutes of several geolagitties, with the oldest parts
generally in the east and younger parts in the yaesWit et al., 1992] all of which were
assembled during late Archean Eon (~3.6-2.6Ga). iKiehal. [1996] analyzed a set of
seven portable broadband stations across the Kab@vaton and founds parallel to the
HS1-NuvellA plate motion direction [Gripp and Gongol1990], with delay times
systematically larger than 1 sec for the south-graesstations and smaller than 1 sec for
the north-eastern stations. This pattern correlaids the number of Jurassic kimberlite
intrusions. Vinnik et al. [1996] suspect that vt could affect both the formation of
kimberlites and intensify the recrystalisation ofivioe and thus anisotropy. They
conclude that seismic anisotropy beneath the Kadp@satons is primarily related to
asthenospheric shear related plate motion.

In contrast, Silver et al. [2001] and Gao et alJ2] analyzed a total of 80 stations. They
point out that thebs do not correlate with newer plate motion diretieof Gripp and
Gordon [2002]. The splitting direction correlateswawer very well with regional
geologic trends, suggesting lithospheric origins amfisotropy. This interpretation is
supported by surface wave studies [Freybourgelr 081; Saltzer, 2002]. Furthermore, a
high-density array of 35 station in the Kimberlygien found small scale variations in
shear wave splitting parameters, which can onleXgained by lithospheric origins of
anisotropy.

The Tanzania region is significantly more complexause it is juxtaposed to the active
East African Rift system and possibly to a plumedagh the Craton [Behn et al., 2004].
Walker et al. [2004] suggest complex origin of akispy owing to the superposition of
active rifting, asthenospheric flow and fossil atispy. Off-craton stations shows
which mimic the shape of the craton boundaries, lavlun-craton stations show
distinctively different directions, parallel to tHENE-WSW structural trend and delay
times vary from O to 2.0 sec. Station within thaton tended to be more complex. Their
results indicate a lithospheric origin of anisofrpput the complexity in some regions
suggests a component of sublithospheric anisotqmpssibly related to plate motion.
Lithospheric origins of anisotropy are also indechtby strongly anisotropic mantle
xenoliths from the Labait volcano [Vauchez et 2005].
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5.3. Geology of the East European Craton

Shear wave splitting data of the East European C(&BEL) are analyzed in this study. In
order to present the reader an introduction toréggon, the geologic framework of the
EEC presented here first.

The ancient core of Europe, the East European Craton)(BBE©®mposed of three major
crustal segments: Fennoscandia, Sarmatia and \(digla (Figure 46). The EEC is today
mostly covered by Phanerozoic sediments. Only ennibrth-west (Fennoscandian Shield)
and parts in the south (Ukrainian Shield and Vorbnklassif) are Proterozoic and older
rocks exposed [Gorbatschev & Bogdanova 1993; Baosnl996].

U-Pb and Sm-Nd ages suggest Palaeoproterozoic @g@d.8Ga) for Fennoscandia
[Huhma et al., 1991; Bogdanova et al., 1994]. Fenandia is formed by an Archean
nucleus, the Karelian province, and flanked in tioetheast by the Palaeoproterozoic
Lapland-Kola mobile belt and in the southwest by Eroterozoic Svecofenninan domain
[Gorbatschev & Bogdanova, 1993]. The crustal evofutapparently started by early
crustal thickening and accretion of lithosphericodidls during late Archean and
Proterozoic times. Nironen et al. [2002] proposeiecession of five orogenies, alternating
with rifting events. Since at least 1.2Ga the admart of Fennoscandia remained stable.
In contrast, the adjacent Sarmatia is a stable @aghCraton, created by late Archean /
early Palaeoproterozoic welding of several Archearnanes with different ages ranging
from 3.8 to 2.8Ga [Shcherback, 1991]. A ca. 2.1Gkanic belt and the East Voronezh
Province mark the boundary between Sarmatia andd/Oralia. The Archean crust of
Volgo-Uralia underwent apparently reorganizatiotoia system of dome-like structures
[Bogdanova , 1996]. Sarmatia is characterized bgvamage crustal thickness of ca 50km.

Between 2.1Ga and 2.0 the oceanic domain, whichseparating Sarmatia from Volgo-
Uralia, closed. Simultaneously, subduction staitethe (present day) northern edge of
Sarmatia and lead to the collision with Fennosaaatliaround 1.8Ga. The accretion of the
two blocks was completed at around 1.75Ga and gganied by underplating.
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Figure 46: Structural units and rift systems in Hest European Craton and their relationships
with Palaeoproterozoic intersegment junction zoswed boundaries [after Bogdanova, 1996].
Letter symbols are for Riphean troughs: B = Bothnida = Kandalaksha, Kr = Krestzy (also
Motokovo), L = Leshukonskoye, La = Ladoga-Pasha; Valday, V-O = Volhyn-Orsha; for
Palaeoproterozoic belts: EVB = East Voronezh MagiBelt, including the Lipetsk-Losev
Volcanic Belt and the East Voronezh Schist Provinmed O-M = Osnitsk-Mikashevichi
Igneous Belt; Kt = the Kotlas intrusion of presuityaRiphean age. Double lines mark the
boundaries and transition zones between crustaheeiy. The Voronezh Massif (VM) is the
part of Sarmatia, north of the Dniepr-Donetz Aulgen. The western margin of the Craton is
marked by the TrasEuropean Suture zone (blackritige west)

5.3.1. Central cratonic rift systems
During the Riphean period (1.25-0.8 Ga) assembtdgbe three entities Fennoscandia,
Sarmatia and Volgo-Uralia was subject of subsequdtihg episodes within the
consolidated crust. These riftings occurred maitdyp@ the old suture zones [Bogdanova,
1996]. All large provinces of high crustal magnatian are situated in the periphery of
the craton, which is related to mafic igneous adtgtivalong the cratonic margin
[Bogdanova et al., 1996]. A suite of small faileddarifts accompany the major rifts,
namely: The late Riphean Volhyn-Orsha trough diviBeanoscandia from Sarmatia and
shows purely extensional features. In contrast, Geatral Russian rift system is ca.
250km wide and comprised of a serieseafechelortroughs, showing dextral strike-slip
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motion with an extensional component. Finally, Bechelma rift system is offset by ca
150km to the northwest of the surface trace of shwure. The Pachelma rift system
features NW strikingen echelongrabens, which can be interpreted as being related

sinistral relative displacement Bogdanova et a@9@] suggest that during that period

Volgo-Uralia acted as a wedge between FennoscaartllaSarmatia. As such Volgo-

Uralia moved to the present west, while Fennoseaesicaped to the present north (Figure
47)

Figure 47: Sketch map of the East European Craiowisig hypothetical kinematics of one-time
interaction between Fennoscandia, Volgo-Uralia, @atmatia during Riphean rifting between
1.4 and 1.1 Ga. [after Bogdanova et al., 1996]

The Dniepr-Donbas aulacogen divided in early Perm lttkrainian Shield from the

Voronezh Massif. It now contains up to 22km of seelts [Zonenshain et al., 1990].
Later profound uplift can be either related to sées built up by the Hercynian/Uralian
orogens or by the activity of an asthenospherigidi@Chekunov, 1994; Wilson &

Lyashkevich, 1996; Grad et al., 2003a; Maystrenkal.€2003].

5.3.2. The Trans-European Suture Zone (TESZ)
The contact between the Precambrian East EuropedaonCaad the Phanerozoic collage
of central Europe terranes (Avalonia) is marked by Trans-European suture zone
(TESZ). It is a broad, complex zone resulting frora ttollision of continental blocks
which lasted until the Variscan orogeny [Berthe|sE902; Ziegler, 1990; Pharaoh et al.,
1997; Grad et al., 2003b]. A deep (up to 10km)mgsarallel to the margin of the EEC, is
filled with Permian and Mesozoic sediments as alted reactivation of the suture in
asymmetric rifting. In addition to being a majowustal feature, the TESZ appears to
sustain in the upper mantle, as seismic tomograpigies separate regions with high S-
wave velocities beneath the EEC from low velocityiorg beneath the younger terranes
[Zielhuis & Nolet, 1994]. The TESZ constitutes of tweparate sections: first, the
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Teisseyre-Tornquist Zone (TTZ) throughout Poland aadsimg along the Carpathian
Mountains. Second, the Sorgenfrei-Tornquist Zone (Si§Zjts northern continuation
throughout the Baltic Sea and southern Scandin&igaire 46, Figure 48).

A seismic profile crossing the central part of fi€Z (POLONAISE’'97, Grad et al.,
[2003b]) allows two tectonic models for the lowemust and upper mantle. First, a
“crocodile-type” collision could have occurred wheahe EEC indented Avalonia,
obducting its upper crust and underplating its loareist / upper mantle. Such model is
supported by the results of other seismic profilBABEL working group, 1993;
Abramovitz & Thybo, 2000]. The second model assurhasupper mantle material from
the EEC underlies the strongly rifted upper crust. ddgibsion would have been relatively
“soft”. Such model is supported by the lack of defation within the EEC.

5.3.3. Polish - Lithuanian - Belarus terrane

Bogdanova [2005, and papers therein] points ousstieng evidence for a terrane in the
area NE of the TTZ and Fennoscandia, comprising NBréplparts of Belarus and the
Baltic states. According to Bogdanova [2005] gesptel data and drillcore materials in
this area identify several tectonic blocks, nantaky Osnitsk-Mikashevichi Igneous Belt
of NW Sarmatia, the Central Belarus Suture Zonarsging Fennoscandia from Sarmatia,
the Belarus-Podlasie Granulite Belt with the Easthdanian Belt, and the West

Lithuanian Domain all continue through NE Polandtlhé way to the TESZ (Figure 48).

The evolutionary histories of these belts allow fwouping them into three different

subterranes though tectonic reconstruction andlaggmination remains imprecise.

The Belarussian-Baltic Granulite Belt and the Ea#ituanina Belt feature both prominent
gravity and (surface) magnetic highs, which tredENthroughout Belarus, Poland and
Lithuania, while swinging EW in Estonia. In contrashe West Lithuanian Belt is
characterized by EW trending gravity and magnetanzalies.

Bogdanova [2005] suggests that the rocks of theoMlaze, Ciechanow, Dobrzyn ect.
domains should be combined with those of the Wéstuanian Granulite Belt into one
single terrane with ages less than 1.85 Ga. Zit¢d?b ages in the West Lithuanian Belt
and in the Mid-Lithuanian Suture Zone [Skridlaiteat, 2003] appear to support such
correlation.
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Predominantly 3.7-2.8 Ga

Predominantly 3.0-2.7 Ga

2.2 - 2.1 Ga orogenic belts

2.0 - 1.95 Ga Osnitsk-Mikashevichi
Igneous Belt, a) middle- and
lower crustal fragments of the Belt

1.90 - 1.85 Ga orogenic belts,
a) 2.0 Ga terranes involved
in the 1.9 Ga orogeny

1.85-1.80 Ga orogenic belts
Maijor terrane boundaries
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1.75 Ga orogenic beits
1.7-1.6 Ga orogenic belts

1.2-1.0 Ga orogenic belts
1.81-1.67 Ga Transscandinavian
Igneous Belt

AMCG- and related rocks:

a) 1.80-1.74 Ga,

b) 1.65-1.40 Ga

Maijor fault/shear zones
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Figure 48: Major tectonic subdivisions of the crimsthe western part of the East European Craton
with approximate station locations (white trianglassed in this study [modified after
Bogdanova et al., 2006]: CBSZ, Central Belarus ®u#tone; KP, Korosten Pluton; LLDZ,
Loftahammar—Linkdping Deformation Zone; MLSZ, Midthuanian Suture Zone; O-J,
Oskarshamn—Jénkoping Belt; PDDA, Pripyat—Dniepr—-&snAulacogen; PKZ, Polotsk—
Kurzeme fault zone. The dashed light yellow lindirdit.s the Volyn—-Orsha Aulacogen. Red
lines show the positions of the EUROBRIDGE (EB'&B'95, EB’'96 and EB’97), Coast and
POLONAISE (P4 and P5) seismic profiles. The inbetvgs the three-segment structure of the
East European Craton.

5.3.4. The Uralides
The Ural Mountains are the topographic and tectteature separating Europe from Asia.
The carboniferous (ca. 350Ma) closure of the Uraledacean combined the East
European Craton and the Siberian Craton, while trevergence continued into early
Triassic (~250Ma). The Urals extend North-South nthesn 2500km, from the Aral Sea
to the Arctic Ocean. All its main features strik& NAlong the western flank, a foreland
basin overlays the EEC, followed to the east by asthand fold belt. Based on the west-
vergent nature of many thrust faults, and the geoeseand locations of island arc
remnants it is generally assumed that the ternmsnhtuction was directed towards the
east [Perez-Estaun & Brown, 1996]. The eastern fimakmosaic of accreted terranes and
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obducted slabs [Brown et al., 1996]. The Main Urali@gault extends for more than
2000km and is the principal suture zone of the ¥Jrlildivides the EEC units from the
Siberian units and is dipping towards the East.

5.4. Geophysical properties of the East European Craton

5.4.1. Plate motion
Plate kinematic models describe the velocitiesahfs at the Earth's surface due to plate
tectonic motions. These absolute plate motion vecfAPM) are either derived relative
plate motion, which can be obtained from (a) geiodgtace techniques like VLBI, SLR
and GPS [e.g. Drewes, 1998; Sella et al., 2002](bdrgeophysically from sea floor
spreading rates, transform fault and earthquake atimuths [e.g., Argus & Gordon,
1991; DeMets et al., 1994; Gripp & Gordon, 19902&Kreemer et al., 2003].

For all these models it is crucial to select th@rapriate reference frame [Kubo &
Hiramatsu, 1998], which changes with applicatiomcdl reference frames are to be
considered in regional analysis. The “no-net-rotdtisame (NNR) assumes that vector
sum over the globe is zero; i.e. there is no umfaret rotation remaining. This is a
mathematical (over-) simplification and these mudiconly approximate the velocity
relative to a fixed mantle. A third category ofeednce frame assumes that the hotspots
are in no significant relative motion [Gripp & Gam, 1990; 2002]. Hotspots are thought
by most to be the surface manifestation of deeptlmalumes [Morgan, 1971]. It remains

a matter of debate if the hotspots can be assusiethonary [Steinberger & O'Connell,
1998; Tarduno et al., 2003; Andrews et al., 2006].

All of these models agree that the APM velocity Edrope is relatively slow. NNR

solutions give an average velocity of 25mm/yr addéthm/year for the REVEL2000

[Sella et al., 2002] and APKIM2000 [Drewes, 1998pdels, respectively. In the older
hotspot reference frame model HS2-NuvellA [Gripga&rdon, 1990], average APM is
10.6mm/yr. This is half the velocity of the latesbael, HS3-NuvellA, which results in
20mm/yr. However, the directions of the NNR andspot reference frames result in
opposite directions of plate motion for Europe. e NNR, Europe moves generally
towards NE and E, while in a hotspot frame this moitsoSW to west.

For geodynamic interpretation the hotspot framinésappropriate choice. The HS3 plate
motion vectors in Europe bend from W in the UralS$W in the Iberian Peninsula (Figure
49). With approximately 20mm/yr [Gripp & Gordon, @] Eurasia is one of the slowest
moving plates. Relative motion between moving pkte underlying mantle aligns the
minerals parallel to the direction of this straMidolas & Christensen, 1987]. This effect
is independent of plate velocity. Slow moving ptatmply require a longer time of
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uniform plate motion to align the minerals. Alignmieof anisotropic minerals causes a
bulk anisotropy, which can be measured (Chapte). 28hen assuming the simple
asthenospheric flow model [Vinnik et al., 1984, Bann et al., 1993, 1996; Silver, 1996;
Chapter 3.3.3], the anisotropic orientations foumd numerous shear-wave splitting
studies (Figure 49) might be interpreted as a raafidw that is deviated by the thick
lithosphere of the EEC. On the other hand, this patiso follows the general Hercynian
structures, which might indicate lithospheric amgjiof anisotropy. The continuation of
this pattern beneath the EEC will be discussed &p@ir 5.5.
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Figure 49: Plate motion vectors in Europe relativdotspot reference system HS3-NuvellA
(black arrows, Gripp & Gordon, [2002]). The averagglocity is 20mm/yr. Also shown
(magenta bars) are the splittinhs obtained from the splitting database. PLB: Pelish
Lithuanian-Belarus terrane, whose south-eastemnextemains unclear.

5.4.2. P-wave anisotropy

The anisotropy inferred from P-wave travel timesspreed by Bokelmann [2002] reveals
a similar anisotropic pattern in Europe (Figure GApublished data, Bokelmann, pers.
com. 2007) as the shear wave splitting resultsepitesl in Figure 49. In central Europe
NW-SE direction dominate. In Scandinavia mostly herty directions are observed.
South of the East-European Craton the anisotropyWs &iented. Remarkably, the TTZ
can be identified as the transition between NWd&Ein the west, and a more complex
pattern on the EEC.
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Figure 50: Results of P-wave anisotropy inversioiurope [after Bokelmann, unpublished data,
2007]. The length of the line represent the diplarfgm horizontal, i.e. long lines render
horizontal and short lines vertical fast axes. Bhekground model is the integrated travel time
residual through the upper mantle from the tomodgyapodel by Grand [1994]. See
Bokelmann 2002 for further explanations.

5.4.3. Magnetics
Magnetic anomalies represent structural and/or ositipnal differences at depth up to
the Curie Temperature isotherm. At higher tempeeattine magnetization of the material
is lost. For rock magnetism, the most importanterahis magnetite (®,) with a Curie
Temperature of 578°C. Depending on the geothernaalignt, this temperature is reached
in the Earth at depth as shallow as 15km at mid rocelges and 30km for continents
[e.g., Turcotte & Schubert, 2002]. In cratonic regiothe isotherm can be even
significantly deeper and reach depths of up to mO(&.g., Artemieva, 2006; see Chapter
5.1; Figure 44; Figure 45). Therefore indicates netigrintensity anomalies reflect largely
structures within the crust. Therefore, observed maaig anomalies reflect only crustal
features. The comparison of magnetic lineaments anikotropicds can yield valuable
information of crust-mantle interaction. In parfexy parallelism of these two independent
datasets indicates that the deformation in crust lahosphere are vertically coherent
(VCD, cf. Silver [1996]).

Bogdanova et al. [1996] point out that the long-elamgth magnetic anomalies of T-
MAGSAT data correspond to first order to the thremanunits of the EEC. Two large
positive anomalies in the south coincide with Sdaraand Volgo-Uralia, respectively. In
contrast, Fennoscandia features more magnetic iageneity, possibly related to the
complex mosaic of crustal provinces. High gradimtes coincide remarkably well with
the ancient suture zones combining the three seignéthe EEC.
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Figure 51 shows the residual magnetic fidd ), in the area of the Former Soviet Union
(FSU). These data are based a compilation of aenmoatiagsurveys during the 1960s. A
mosaic series of 18 sheets at 1:2,500,000 scalgulashed in 1974 by the Ministry of
Geology of the U.S.S.R. The digital version of treadcan be obtained from NOAA
(http://www.ngdc.noaa.gov).

The map can be best described by the division imtorhain types of features: linear and
checkerboard structures. Linear structures reratgely the big faults and contact zones
in this area. Short-scale variations from strongitpe to strong negative values mark
these lineaments, for example the Pachelma Riftedn features also mark the Polish-
Lithuanian-Belarus terrane, curving from NNE-SSWha south to E-W directions in the
northern part of the terrane. The Ural Mountainswshmatches of positive anomalies
largely aligning parallel to the trend of the maintchain. The boundary between the
EEC and Urals is sharply defined as a negative magaebmaly. At 58°N latitude, just
north of station ARU, a lineament of alternatingpioe and negative anomalies aligns E—
W.

Interesting features on this map include

* NNW-SSE trending strong magnetization variation e tUkrainian Shield.
These directions are oblique to the general SW-NHogeotrends [Bogdanova,
pers. com. 2007], which are possibly related tosoidires of subterranes.

e strong magnetization of the northern Karelian bjad&se to LVZ

 E-W trending structures north of ARU (perpendicularthe Ural mountain
chain)

» Good representation of the Pachelma Rift with NWH®Rding structures
» Good representation of the SW part of the Centradsian Rift system (CRRS)

* Wedge-like alignment of negative anomalies in tlegion of the “triple-
junction” of Pachelma, Volhyn-Orsha and CRRS rifts

* Bending structures in the Lithuanian-Belarus-Tegramhese structures bend
from NE-SW trending in the south to E-W trends in tiogth, representing well
the geologic structure in this region [Bogdanovalet2006]

Checkerboard patterns of magnetic intensity aretljndsund in the shield regions. A
zone of an intense non-segmented positive fie[d0s80 mOe can be distinguished in the
central part of the Kola Peninsula, close to stativZ. The central part of the Russian
platform can be characterized by a very complexctire of the magnetic field, by a
combination of systems of checkerboard field anibualy oriented, very extensive linear
anomalies. Sections of the magnetic field corredpanto the Ukrainian Shield, and
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Voronezh Massif, amongst others, can be distinguiskithin its limits. However, these
limits do not always coincide with their surfacepeassion [Zonenshain et al., 1990]. The
magnetic field of the Ukrainian shield can be cherazed by great differentiation, by the

presence of an anomalous zone with steep horizgradients, sometimes as much as 100
mOe/km.

mOe

1000

a—0-= o-——030®3

Figure 51: Residual magnetic field in the territafythe Former Soviet Union. Major structural
units modified from Zonenshain et al. [1990]. Ra&tes: Rifts; white shaded areas: Shield
regions

5.4.4. Gravity
Figure 52 shows the Free Air gravity anomaly of EEC. The data are based on the
NASA EGM360 Potential model. In the dataset sectioh the IGMT page
[http://www.seismology.harvard.edu/~becker/igmtiiere is a conversion of the EGM360
geoid model into the gravity anomaly, since coedfits of the latter can be obtained by
multiplying coefficients of the former by (I+1)/Rvhere | is the order of the expansion,
and R the radius of the Earth. This 0.5degree gagdldeen resampled to 0.2 degrees in the
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region of the EEC. The resolution of theses gravittada much lower than for the
aeromagnetics presented in the previous chaptee siere satellite data are used.

Prominent features on this map are the Urals Maosithe Caucasus, and the Carpathian
arc with the Vrancea subduction zone. The boundafi¢ise three blocks constituting the
EEC, are roughly reflected in the region of the $tetiOBN/MHV as positive anomalies

mGal

<—w303» —~—LOO-T

Figure 52: Free air gravity anomaly in the EECraoted from global NASA EGM360 model.

5.4.5. Tomography
Surface wave tomography provides the unique pdsgikio coherently study the
lithospheric structure of the vast area coveretheyEEC. Here, global model of Debayle
et al. [2005] is used. Figure 53 presents this modthe region of the EEC at 150, 175,
and 200km depth, respectively. The EEC can be welitiiied as a region of relatively
fast material down to depths well below 200km. Nt thinner-than-average lithosphere
beneath Sarmatia.
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Figure 53: Tomographic velocity residuals benedth East European Craton at 150, 175, and

200km depth [after Debayle et al., 2005]. Samairtizhe SW has systematically higher
residuals, indicating a thinner lithospheRefts in red after Zonenshain et al., [1990]
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“Perplexity and discontent are the prerequisites for progress”
(Thomas Alva Edison)

5.5. Anisotropic structure of the East European Craton
inferred from Shear-wave splitting

Over the past two decades the method of shear-gg@iténg has been widely applied in
several geologic settings: Subduction zones [&evin et al., 2004; Margheriti et al.,
2003; Nakajima & Hasegawa, 2004], rifts [Kendaf94; Gao et al., 1997; Kendall, 2005;
Walker et al., 2004], hotspots [Barruol & Grane@02; Walker et al., 2001; 2005],
oceanic islands [Behn et al., 2004] and orogerg,[Barruol et al., 1998; Flesch et al.,
2005].

In contrast to these active tectonic zones, cratomsstitute the old, stable part of
continents. In these environments, a number ofald&iobservational constraints such as
lithospheric flexure are lacking. This renders infation on deformation within the upper
mantle particularly valuable. Cratonic roots mayasobstacles to mantle flow [Bormann
et al., 1993; Fouch et al., 2000]. Analyzing amspy in such environments may help to
distinguish this present day deformation (if aragsociated with plate motion [McKenzie,
1979], from fossil deformation. Several studieslyred anisotropy beneath the various
cratons and their surroundings [Fouch et al., 200€intz & Kennett, 2005; Fouch &
Rondenay, 2006; Assumpcéo et al. 2006].

This study focuses on the anisotropy patterns bertbat East European Craton (EEC).
Several studies analyzed a few of the seismicoststin this region [e.g., Silver & Chan,
1991; Vinnik et al., 1992; Helffrich et al., 199Byicker et al., 1999], however without
discussing the craton as a whole. Growing interestis region [e.g., Bogdanova 1996;
Grad et al., 2003; Bruneton et al., 2004; Bogdanewal, 2006; Vecsey et al., 2007,
Artemieva, 2007] emphasizes the need for addresba@nisotropy patterns of the EEC.
Ongoing work in adjacent Central Europe, west of TH& [Walther et al., 2007] will
eventually add further understanding to the Euraglate tectonic system.

Previous splitting studies of numerous researchéestify characteristic pattern of
splitting directions (Figure 54), which might indte mantle flow around the craton [cf.,
Fouch et al., 2000]. On the other hand, these titmes are also close to the trend of the
Hercynian fold belt and might suggest that anigotras frozen in the subcrustal
lithosphere [Bormann et al., 1993]. Bokelmann [JO0@&entified dipping (P-Wave)
anisotropy within the North American Shield andazssted this with plate-motion related
shearing at the base of the lithosphere. Idenifgmilar patterns in splitting data of the
EEC might put further light on the Eurasian plate exyst
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5.5.1. Data and processing

The EEC is covered by a number of permanent broad-seischographs, maintained by
several data centers. Table 1 gives an overviewefl6 stations analyzed in this study.
The stations are distributed irregularly over theaatHowever, they cover all important
geologic regions of the EEC (Figure 49). The dataityuisl also variable, where the best
signal-to-noise ratios (SNR) were found at statifis/ and ARU. The NARS-network
stations [Muyzert et al.,, 1999] provided only fewents for shear-wave splitting
measurements.

Handling of data from several datacenters couldceasly achieved by using SplitLab
(Chapter 4.3). In total we were able to identifB&BKS shear-wave splitting events. With
Splittab we were able to quickly manage the endjbtting process, and it provides a
comprehensive interface to test various filter-timmdow combinations. This proved
helpful since small delay times make careful datd flter selection necessary. Where
possible, we used either raw data or a weak bass-iger (0.01 — 1Hz). The strongest
filter we applied to the data was a 0.02 — 0.2Hzdyaass.

The dominant frequency of a SKS phase is usuallyret®.125Hz. The signal of the split
wave on the transverse component is approximatagaqgstional to the derivative of the
radial signal [Silver & Chan, 1991]. Filtering ihi$ range not only suppresses the noise,
but also removes important information contentanfrthe signal. In effect, stronger
filtering usually results in a Null event and thiogs a strong influence on the resulting
splitting parameter estimates. Levin et al. [199&4ted the influence of filtering on
synthetic seismograms modeled for a multilayer cd3ey found that the apparent
splitting parameters are most variable for the Eweand pass filter applied, in their case
0.05 - 0.15Hz. We remark that low, narrow filteesg(, 0.01-0.15Hz) may in general be
applied for shear-wave splitting measurements. @ negquire however SNR of above 10.
Here the SNR is defined as the ratio of the maxinamplitude on the radial component
to the standard deviation of the transverse compusnéoth after the removal of splitting
[Restivo & Helffrich, 1999].

The quality of our measurements has been determisgd) the automatic method of
Wistefeld & Bokelmann [2007]. This method reliablgtects Null-measurements and
assigns a quality indicator [Chapter 4.4]. Sucloenattic detection is important to produce
a homogeneous dataset for all stations by elinmgapiossible bias for specific stations.
Such bias can be caused by a low Signal-to-Noise, i@ which case the seismologist
tends to assign a too high quality. Furthermoras loan be caused by a sequence of Null
events followed by a rather poor event (or a segei@i good events followed by a fair
one). A dataset with automatic Null- and qualityed#ion is therefore reproducible with
fixed criteria for each assignment, and thus object
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Most of the usable events have backazimuth betwi&nand 100° (Tonga subduction
zone). Another set of events originate from the éamd subduction zone, having
backazimuths of 240° to 310°. It is intriguing,tttiee latter origin region shows small, but
systematic differences in splitting parameters (g discussion).

5.5.2. Results
We analyzed the shear-wave splitting of 16 broattseismograph stations on the East
European Craton. The observed splitting is generaly, with delay times varying
between 0.4 and 1.1 seconds. As will be discussdbe following subchapters, thies
vary for each tectonic unit, indicating frozen-itithospheric anisotropy. Such
interpretation is supported by a variable correlatof ®s with plate motion direction,
which seems to be parallel only by chance and dogseflect large-scale asthenospheric
processes(see discussion below, Chapter 5.5.3).

70°—

60°—

o
50°— B
|| 1.0 sec upper layerf: -
g == ().5 sec lower layer |/ oY I
\) - ( ﬂ%\ H\ //Z"} e
. N4 N\ My
40 T T T T T T T T T T T T T
-10 0 10 20 30 40 60 70 80

Figure 54: Shear-wave splitting results of thisdgtuBlue and red markers indicate upper and
lower layer respectively. Blue markers, if only gl anisotropic layer has been identified.
PLB = Polish-Lithuanian-Belarus terrane; TTZ = Tage-Tornquist Zone
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0] dt

Upper | Lower | Upper | Lower

Station| Lat | Long | Network | total automatic / manual

AKTK |50.435| 58.02 |Kazachstan| 35 6g + 1f + 10p + 2fN + 16gN 56° 0.5
3g + 6f + 6p + 11N + 9gN

ARU | 5643 | 5856 | GSN | 139 |348+19f+35p +20fN+31gN | 550 | 782 | 05 | 04
49g + 32f + 11p + 26fN + 21gN

KEV | 69.76 | 27.01 | GSN 44 | 4g+3f+12p+ 9N +16gN 0° 0.4
3g +4f + Op + 19fN + 18gN
KIEV* | 50.69 | 2921 | GSN 61 | 3g+4f+24p+3fN+27gN 750 1.1
19g + 14f + 5p + 13fN + 10gN
LVZ | 679 | 3465 | GSN 41 | 10g+8f+6p+7fN+10gN 10° 1.1
16g + 7f + 1p + 9fN + 8gN
MHV | 54.96 | 37.77 | GEOFON | 61 | 48+2f+10p+2fN+13gN 35° 1.1
5g + 6f + 3p + 8fN + 9gN
NES51 |59.881(29.826| NARS | 12 4g +0f + 3p + 2fN + 3gN 47° 0.7
5g + 4f + Op + OfN + 3gN
NE52* |57.819| 2839 | NARS 8 lg +Of + 4p + OfN + 3gN -60°* 08
1g + Of + Op + 5fN + 2gN
NE53 |54.904|26793| NARS | 18 Og +1f+ 5p + 3fN + 9gN NS <05
2g + 1f + 3p + 6fN + 6gN
NE54 [52.568|23.861| NARS 3 lg+0f+ 1p + 0fN + 1gN 60° 0.6
1g + 1f+ Op + 1N + OgN
NE55 |49.716|29.656| NARS 6 Og +1f+ 2p + OfN + 3gN -37° 08
1g + Of + Op + 1N + 4gN
NE56 |46.676|30.899| NARS 6 4g+0f+1p + OfN + 1gN _45° 0.6

3g + 1f+ Op + OfN + 2gN

OBN* | 55.11 | 3657 | GSN | 115 | 128+ 16f+42p + 8N +37gN | 300 | 70° | 08 | 05
26g + 22f + 13p + 24N + 30gN

PUL |59.77 | 30.32 | GEOFON | 20 | 28+1f+5p+0fN+12gN 41° 0.7
4g +4f+ Op + 1N + 11gN
SUW |54.012| 23.18 | GEOFON | 72 | 13g+11f+20p +8fN +20gN 70° 08
19g + 21f + 2p + 15N + 15gN
1g +5f+ 7p + 3fN + 6gN

TRTE | 58.38 | 26.72 | GEOFON | 22 -35° 0.7

6g + 7f + Op + 5{N + 4gN

* More complex geometry possible/beyond resolvability

** for 2 sec dominant frequency
Table 5: Splitting results of the stations on thestEEuropean Craton. Manual and Automatic

quality and Null assignment are given: g=good; iis-fa=poor; fN=fair Null; gN = good Null

5.5.2.1. AKTK
The station AKTK close to the Kazakh town of Aktyutknis located at the southern tip
of the Ural Mountains (Figure 76). We analyzed B%S:vents for our study of which we
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classified 6 good, 1 fair, 10 poor, 16 good Nulisd 2 fair Nulls (Figure A- 4). Westerly
events resulted solely in Null measurements. Evieots the east give ambiguous results
since Nulls and non-Nulls are observed from simblackazimuths. This kind of effect can
be observed if either two layers of anisotropy withtually perpendicula®s are present
[e.g., Silver & Savage, 1994; Heintz & Kennett, 8D0r if the anisotropy is only weak.
Short delay times of non-Null measurements indicaly weak anisotropy, which causes
Null measurements in case of only weak signal enrthial radial component.

We propose for AKTK a one layer model with splittipgrameters ofdb = 60°, dt =
0.6 sec. This is parallel to the upper layer fouad dtation ARU. The lack of usable
Andean events with westerly backazimuths hindeckear interpretation at this moment,
but might become clearer with a growing dataset twe next years.

5.5.2.2. ARU

Upper mantle anisotropy beneath ARU has been pusliostudied by Helffrich et al.

[1994], who report a meah of 68° and a delay time of 1 sec. Levin et al9H]Present a

detailed study of the anisotropy beneath ARU. Havgtheir location (Figure 16 in Levin
et al. [1999]) close to the city of Perm, in thealikn foredeep, is wrong (latitude and
longitude seem to have been confused). The coroeetibn as given by IRIS Station
Query is 56.4302°N, 58.5625°E. This location is closthe front of the Ural Mountains.
They propose a 3-layer model to explain the compattern of shear-wave splitting
results. This model is based on anisotropic recefivection studies by Levin and Park
[1997], who find anisotropic uppermost and lowenstrwith hexagonal symmetry and
strong tilt in symmetry axes.

The parameters of their model are: a 42km crust witllow axis oriented at 230° and
plunging 65° (from vertical), followed by a 58kmpgy mantle layer with & of 50° and
plunging 80° (almost horizontal). The lower man#gdr is 140km thick with & of 90°,
plunging 130°. This is equivalent to a tilting todsthe west, i.e. orientation 270°, plunge
50° and not a plunge of 40° as stated in Levirh. §1899].

During our analysis we processed 139 SKS wavefddhgood, 19 fair, 35 poor, 31 good
Nulls, and 20 fair Nulls). The stereoplot of SC tes(Figure 55) shows consistently ENE
directions, with characteristic variations ®§ and delay times systematically smaller for
steep incident waves. A best fit one layer modslditting parameters @ = 75° and dt

= 1.1sec (Figure A- 2). This model does howeverrantier well the results from westerly
backazimuths, whose appar@rg are systematically closer to E-W directions thaenés
from easterly backazimuths. A two layer model (Fegi- 3) with splitting parameterd

= 55°, dt = 0.5sec for the upper layer d@nd -78°, dt = 0.4sec for the lower layer is only
weakly constrained due to gaps in backazimuthaé@mye. However, comparison with the
theoretical stereo plot (Figure 55) increases camite in that model. The values are
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calculated following the method suggested by Si&keBavage [1994] for backazimuthal
variation. Here, the results of such calculatiom gotted each 7.5° at an incidence of 10°,
which is representative for SKS waves.

Upper Layer: 55°, 0.5s
Lower Layer: -78°, 0.4s
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Figure 55: Stereoplot for station ARU. Left: SKSIa8BKKS results are shown according to their
incident angle and backazimuth, with length of $fimbol correspond to SC delay times. Only
15° sector from vertical is shown, with gridlinegegy 5°. Null measurements are shown as
circles at their corresponding incident and baakath pierce-point. Right image shows
theoretical stereoplot at 10° incidence.

A @ for the lower layer ofd = -78° is approximately perpendicular to the tregaf Ural
Mountains, but parallel to an anomaly in the tatalgnetic field north of ARU (Figure
51).

5.5.2.3. KEV
The station KEV near the town of Kevo in northern I&md operates broadband
instruments since 1987. Digital seismograms areilabla for download from the
IRIS/GSN network since June 1993. By investigafagave first polarisations, we found
that the station is mis-oriented by +10°. We infedrthe IRIS consortium and they will
fix the orientation during the next scheduled sswf the station. Of 901 earthquakes
occurring between June 1993 and July 2006 with madgm My > 6 the seismograms of
750 earthquakes could be retrieved from the datgeceThese resulted in 44 usable SKS
splitting events: 4 good, 3 fair, 12 poor, 16 gdadls, and 9 fair Null measurements. The
large amount of Nulls can be attributed to the gaheweak anisotropy beneath KEV
deduced from delay times of dt=0.4sec of the go@ahes. This is in good agreement with
the study of Silver and Chan [1991], who identifieEV as an isotropic station. We are
confident that our weak splitting is real, due tor anproved splitting methodology by
comparing the results of two techniques [WistegeBlokelmann, 2007]. After correction
for misorientation we find & of ®=5°. An interesting feature of the measurementisat
delay time correlates with incidence angle: theenaertical the incident, the shorter the
delay time (Figure 56). This might be attributedhker lithosphere in the East.
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Figure 56: Stereoplot for KEV with automaticallysagied quality (displayed only good and fair
measurements) and Nulls (circles). Only 15° sefeton vertical is shown, with gridlines every
5° The algorithm of Silver & Savage [1994] has rbassed to calculate the theoretic
distribution. Theoretical splitting parameters displayed at an incident angle of 10° from
vertical. For a single layer model the splittinggraeters do not vary with backazimuth. For a
two-layer case, more complex pattern is expected.

5.5.2.4. KIEV
The GSN/IRIS station KIEV is located on the Ukraintimeld in proximity to the Pripyat
Trough / Dnepr-Donets Palaeorift (Figure 49). The EBRIDGE project provides
detailed geological and geophysical dataset albagtofile (Figure 57).

The Volhyn Block is a Palaeoproterozic gneiss complgh ages ranging between 2.4
and 2.1Ga. The Korosten Pluton appears to extedepths of ~12 km based on seismic
refraction interpretation [Thybo et al., 2003] andhwgty modeling [Yergorova et al.,
2004]. It was formed between 1.8 and 1.74Ga agoetkién this Pluton is a result of
mantle underplating or caused by post-collisiomatdnic events in the NW remains a
matter of debate [see Bogdanova et al., 2006].

Digital data are provided for events dating badafrJanuary 1995. This rich earthquake
database and for Central Europe relatively good dmntuthal coverage makes KIEV an
ideal station location for analyzing shear-wavettspd). A first such study was presented
by Dricker et al. [1999] who reportd of ® = -70° and a delay time of dt = 1.3 sec.

KIEV is a good example of the advantages of theraated quality and Null detection by
Wistefeld & Bokelmann [2007]. Manual quality assiggnt, as described by Barruol et
al. [1997], leads to an assignment of a numberoof-Null. These events showed clear
evidence for signal on transverse and an elonghtedlearly elliptical particle motion. In
total we assigned 61 events manually (19 goodat45 poor, 10 good Nulls, and 13 fair
Nulls). Figure 58 displays the stereoplot of thipmach, showing in a complex pattern,
which can be fitted with a model of two almost margicular layers, with similar delay
times. Such a configuration has been found forAtstralian Craton [Heintz & Kennett,
2005].
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hatching) and the Dniepr-Donets-Palaeorift. Sta®BV is located on the Koroston Pluton
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Figure 58: KIEV stereoplots with manual quality eletination. A complex pattern dfs can be
identified. This pattern can only be fit with a nebaf two almost perpendicular layers, with
similar delay times.
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Figure 59: KIEV stereoplots for automated qualityg aNull detection.

It is however obvious, that for KIEV most tdes of events from the West are parallel to
their according backazimuths, which is a strongcair of Nulls. The assignment of
Nulls for the whole range of westerly backazimushgports this hypothesis. The
automatic Null detection gives a somewhat diffemesult: here, the events are classified
as 3 good, 4 fair, 24 poor, 27 good Nulls, andiBNaills (Figure 59).

A further comparison of the results with the autdmaplitting code by Teanby et al.
[2003] is presented in Figure 60. This approach wislals 7 events (which are divided in
our approach in 3 good + 4 fair) with a similar kemimuthal distribution and similar
distribution.

The combined interpretation of these approache<lisaa anisotropy with @ of ® = -75°
and a delay time of dt = 1.1 sec from the East. @hesves pass through the Ros-Tikich
Domain, between the Ukrainian Shield the Pripyatu@io This unit is composed of
sediments and metamorphosed volcanic rocks of Arclages. If the Ros-Tikich Domain
is considered as heterogeneity to the east of KIEmMjght explain the fact that there are
non-Nulls from easterly backazimuths and Nulls frahe westerly backazimuths.
However, Nulls from the west are common throughbetentire EEC, which indicates a
much more large-scale cause than such heterogeneity

As for most stations on the EEC, the splitting fromesterly directions remains
unconstrained. Such one layer model still doesanobunt for all the Nulls and variations
of @ perhaps indicate a more complex anisotropic enuikent, which may include any
combination of heterogeneity, multilayer and digpamnisotropy.
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Figure 60: Results for KIEV using this study (bldeamonds) and the automated splitting
approach by Teanby et al. [2003] (red circles)gilable at http://www.isc.ac.uk/SKS/ with the
suggested standard parameters. Seven splittingsegenld be retrieved, yielding a scatter in
®s and in delay time estimates.

5.5.25.LVZ

The anisotropy beneath station LVZ close to the tafrLovozero, Russia has been
analyzed in detail by Wustefeld & Bokelmann [20Chapter 4.4]. A total of 40 usable
events yield 10 good, 8 fair, 6 poor, 10 good Nuwdisd 7 fair Nulls. Splitting parameters
indicate ab of ®=10° and a delay time of dt=1.1 seconds. As fdist&KEV (see above),
all Andean events resulted in Null measurementspitke large initial backazimuthal
coverage from this direction (Figure 61). Most Aadesvents arrive from backazimuths
perpendicular to the resultin from the Tonga region events and thus are expetbe t
Nulls, not showing any splitting. The results atstbtation can be explained by a single
layer and do not require a more complex situatiarhsas two anisotropic layers.
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Histogram of back-azimuthal earthgauke distribution around LVZ
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Figure 61: Earthquake distribution statistics f&fZ.in a distance window between 90° and 130°.
Only a fraction of these earthquakes yield meadersflitting.

5.5.2.6. MHV

At 78 km to the east of OBN the GEOFON station MHMerates since May 1995. It is
located close to the NW-SE trending Pachelma riftinghshain et al., 1990], which
divides Sarmatia from Volgo-Uralia (Figure 47; Figu49). In total we measured 31
events: 4 good, 2 fair, 10 poor, 2 fair Null, ar@l dood Null. As for the Baltic Shield
stations, MHV yields mostly Null measurements frémdean earthquakes. The results
indicate a® of ® = +35° with a delay time of dt = 1l.1sec. This di@t is sub-
perpendicular to the adjacent Pachelma rift system.

5.5.2.7. NE51/PUL
The GEOFON station PUL close to St. Petersburg amdN&kRS station NE51 are located
only 30km apart and will be thus presented herettagy. NE51 resulted in 12 usable
measurements (4 good, 3 poor, 3 good Null, 2 fail)Nvhile PUL yielded a total of 20
results (2 good, 1 fair, 5 poor, 12 good Null). &spected both stations yield similar
splitting parametersi{ = 41°; dt = 0.7sec for NE51 add= 47°; dt = 0.7sec for PUL)

5.5.2.8. NE52
At distance of 135km from TRTE the NARS station NE5&gisimilar results. A total of
8 usable events resulted in 1 good, O fair, 5 p@rgood Null, and O fair Null
measurements. The good event gives a single layhraplitting estimates ob = -60°;
0.8sec; Figure 62). This direction aligns well witle magnetic anomaly in this region
(Figure 51). However, the Null measurements scatiber much and backazimuthal
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coverage is too sparse to fix this result (Figurel®). But the similarity with neighboring
TRTE encourages to assume a 1-layer case with thosegeers.
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Figure 62: The only good event for station NE52vehalear results for & of -60° and dt of
0.8sec.

5.5.2.9. NE53
NARS station NE53 is located at the Belarusian-latiian border. Operating since July
1995 until the end of 2000, we retrieved data frivta ORFEUS data center for 166
earthquakes. Many noisy events reduced the nunfhggable data to 22. Examining the
P-wave polarizations we found a misorientationhig station of -15°. However, a number
of events indicate a misorientation of +15°. Thesenat in a continuous time span, which
could indicate an effect of maintenance. We remothexte events from our database
which consists thus of 0 good, 1 fair, 5 poor, i8 full, and 9 good Nulls. The non-Nulls
are characterized by small delay times in the oodait = 0.3 sec. Thé estimates for
such small delay times of teleseismic phases atfgigaimus, due to a large error (cf.
Figure 63).
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Figure 63: Typical event at NE53 with very smallagetimes (<0.5 sec) and larger errorbar for SC
D

The backazimuthal coverage is very poor, with eveaising only from a narrow window
of easterly and westerly directions, respectiveigyre A- 11).

5.5.2.10. NE54
The NARS station NE54 close to the city of Brest estBelarus is operational since July
1995. Data availability and noise level resultedwvéeer only in a total of three
measurements, 1 good, 1 fair, and 1 fair Null. Thdesa suggest @ of ® = -60° and
delay time of dt = 0.6sec. The backazimuth of thdl Measurement (309.3°) coincides
with the expected Null direction, and thus confingnthe result.

5.5.2.11. NE55
The NARS station NE55 is located near Skvira, Ukraik® for NE54, the limited data
availability and quality resulted in only 6 splitj measurements: 1 good, 1 fair Null, and
4 good Nulls. Our “best-fit model” is largely basexh the single good non-null
measurement, but the backazimuths of the Null nteasents are in good agreement with
a® of ® = -37° and delay time of dt = 0.8sec. Such findmglso consistent with the
general NW-SE anisotropic orientation found clostheoTTZ.
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5.5.2.12. NE56
The NARS station NE56 is located close to the citypdessa, Ukraine at the Black Sea
and is the southern most station in this study.iéféatified 3 good, 1 fair and 2 good Null
measurements, indicating splitting parametersbof (45°; dt = 0.6sec).

5.5.2.13. NE57 / NE58
NE57 was located near Gomel, Belarus, at 52.6031IN)83°E and NES58 further south
close to Poltava, Ukraine, at 49.603°N, 34.543°Ee o temporary NARS stations
provided only few useable three-component data. quaity of those seismograms was
poor. Unfortunately no shear wave splitting measwat could be performed for these
two stations.

5.5.2.14. OBN
The IRIS station OBN is located between the NW-SEdireg Pachelma rift in the east,
the SW-NE trending Volhyn-Orsha rift in the northdathe Voronez massif in the south-
west. [Zonenshain et al., 1990; Figure 49]. OBNrafes since September 1988 and thus
theoretically provides fairly good backazimuthalemge. We were able to analyze 114
events, of which the automatic detection classifiddjood, 16 fair, 42 poor, 23 fair Null,
and 37 good Nulls. The SC-stereoplot (Figure 64)jcatds a complex pattern db
estimates, showing approximataby= -25° for events from WNW, +15° from ENE and -
65° from ESE.

This stereoplot distribution is not easily explain@dpossible model with such pattern is
presented in Figure 64. It contains a two-layeed@spper= -30°; Qiower = -70°; dlipper =
0.8 sec; diwer= 0.5 sec) with however a low dominant frequenc® skc, i.e. a relatively
short wave length (see also Figure A- 16). The dantifrequency of SKS phases usually
approximately 8 sec. Our best-fit two-layer mod@éhvBsec dominant period is shown in
Figure 65 and Figure A- 15. The splitting parametérthe upper layer ared(= -15°; dt =
0.6 sec) and of the lower layer aré@ € 35° dt = 0.4 sec). This model does not
appropriately explain thé of ® = 50° for earthquakes from ENE. Note, that both rsode
do not explain the Nulls arriving from the NW. Tidluence of the dominant frequency
on splitting is not yet well studied.
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Figure 64: OBN stereoplot. Theoretical stereoatalculated for a dominant period of 2 sec.
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Figure 65: OBN stereoplot. Theoretical stereoatdlculated for dominant period of 8 sec.

5.5.2.15. SUW
Station SUW in north-east Poland of the GEOFON ngtvathowed many high-quality
SKS phases ready for splitting with generally higNR. We recovered a total of 72
measurements. The manual classification resultet®igood, 21 fair, 2 poor, 15 good
Null and 15 fair Null. However, our automatic cléissition criterion [Wuistefeld &
Bokelmann, 2007] classified 13 good, 11 fair, 20mp@0 good Null, and 8 fair Null. The
automatisation classifies most events from the wedtulls, which is a result of the low
RC delay times. A closer look at the 8G for the events manually classified fair or good,
reveals their proximity to backazimuth (Figure 66&he automatic classification thus
improved the measurement, by preventing unjustifidrts to fit the data to a complex
model.

Our best fit one-layer model witld(= -70°; dt = 0.8sec) does thus only account fer th
eastern hemisphere events (Figure A- 18). Nullanfra large range of westerly
backazimuths might indicate the influence of hejereity. Wiejacz [2001] proposes the
Tesseyre-Tornquist zone, where either the materidh@fcontact zone is crushed into
small clusters of possibly different orientations,East- and West-European structure lay
atop each other. The observédof ® = -70° aligns well with the finding for central
Europe [cf., Brechner et al, 1998; Figure 49]. Thighhindicate a similar mechanisms on
both sides of the Tesseyre-Tornquist, of and orCuiag¢on.
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Figure 66: Comparison of stereoplots at SUW for mganual and b) automatic quality
determination.

5.5.2.16. TRTE
The GEOFON station TRTE close to the Estonian town dfuT@perates since June 1996
and resulted in 22 splitting measurements: 1 gbddjr, 7 poor, 6 good Nulls, and 3 fair
Nulls (Figure A- 19). We interpret the results asirggle layer with splitting parameters of
® = -35% dt = 0.7sec. This NW-SE orientation is adtnperpendicular to those found in
close proximity in the Baltic Shield (cf. statioP and NE51).

5.5.2.17. Nulls from the Andean
Events from the west (Andean) result staggeringigroin Null measurements. This holds
true for most stations over the whole EEC. This figdoould indicate a (supposedly
additional) deeper-than-lithosphere layer, commamntlie whole EEC. Interestingly, the
stations of the German GRSN network in central Eerepow opposite behavior [M.
Walther & T. Plenefisch, pres.com. 2007]: here evdérdm the Pacific subduction in the
East result preferably in Nulls, while Andean evemétd good measurements.

Wiejacz [2001] attributes the effect of Nulls fraime west to a heterogeneity caused by
the Tesseyre-Tornquist zone. He suggests that dlikematerial of the contact zone is

crushed into small clusters of possibly differeneotations, or East- and West-European
structure lay atop each other. That seems a plausiglanation for small scale effects at
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a single station, but does not explain the conststef that finding throughout the EEC.
A continent-scale mechanism seems to be more likely

These findings might be related to opposite incinof the ®s: If the ®s in Central
Europe inclined eastward, this would result in Nuils waves coming from these
directions. Within the EEC the inclination shouldfel from that to explain non-nulls
from the East. First results dfs derived from P-wave travel times cannot constsaich
hypothesis (Figure 50; Chapter 5.4.2)

This is also beyond the resolution of the curreathgilable data for shear wave splitting.
Even with many more years of recordings it seemsrobgble to achieve sufficiently
good backazimuthal coverage to resolve the dippinfast axes beneath the EEC using
shear wave splitting, as the long-running statidR$&) and KIEV show.

5.5.3. Discussion

The major challenge when interpreting shear wavetisgl is to constrain the depth of
anisotropy. Asthenospheric anisotropy is genernaltgrpreted for if the plate motion is
parallel to the observed seismic fast directionividé develops a preferred crystal
orientation (CPO) in association with present defation and flow of the asthenospheric
mantle that accommodates or causes plate motioigchwk the main cause of upper
mantle anisotropy beneath oceanic basins [e.gs,H&64; Tommasi, 1998; Montagner,
1998, 2002; Fontaine et al., 2005, 2007].

On the other hand, lithospheric anisotropy is du@dst tectonic processes. If these are
assumed to be vertically coherent [Silver, 1996ie @ossible supportive argument is
parallelism of seismic fast S-wave orientation auaface geological features. For the
EEC thick sediments cover many structures [Laske &thta, 1997]. Here, the crustal
structure is reveal by regarding magnetic anomakeglifferent approach can be the
correlation between Bouguer gravity anomaly andog¢wgphy in order to identify
“mechanical anisotropy” [Simons & van der Hilst.0G8]. This technique however
requires topography which is often eroded in tlablst continental interiors, as is the case
for the EEC. But first, let us compare the shearewngplitting results with predicted
parameters.
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Figure 67: Overview of splitting parameters in tegion of the East European Craton. The results
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lines represent predicted splitting parametersgutiie surface wave model of Debayle et al.
[2005]. Plate motion vectors are plotted as whitewas.

5.5.3.1. Surface-wave derived splitting parametersg

The almost vertically incident SKS waves used inittapy analyses integrate the
anisotropy along their travel path. Using the anggac layers determined from surface
waves studies, Montagner et al. [2000] devised thogeto calculate predicted splitting
parameters (Figure 67; see also Chapter 4.6.2.xohtinental regions, the geologic
domains are generally smaller than the lateralluésa of surface waves (~400km),
which may thus only reflect lateral integration wérious anisotropic domains. A
comparison of global splitting database of mostintmental stations with the predicted
splitting (Chapter 4.6.2) showed however generhkoence.

The predicted splitting parameters for the EEC shaeetprevailing domains: First in the
west below the Baltic Sea, the predicted fast tivas are oriented ENE-WSE, which is

132



parallel to the TTZ. This behavior has already beisnussed in Chapter 4.6.2. Ths
turn gently southward beneath Romania and the B&ezk This coincides with observed
splitting directions, except for NE51 and PUL. Setciurther to the East large splitting
times with N-S azimuths are observed in the Cawg;gserpendicular to the observations
by Dricker et al. [1999]. These directions turn fp@ximately E-W orientations in the
Urals. This fits rather well with the observatioms AKTK and ARU. At the latitude of
ARU the orientation changes smoothly from ESE-WNWthe south to ENE-WSW
orientations in the North. Interestingly, both bése directions are recovered in the two
layer model.

The third dominant pattern is North of 57°N, whére predicted splitting directions rotate
from E-W in the Urals to N beneath eastern Scandndwihese northerly directions are
consistent with splitting results at KEV and LVZ. Tlaege deviation for LVZ (one of the
best stations in this study) from predicted paramsetmay be attributed to the resolution
capacity of the surface wave model in this northeegion. These three domains
encompass a region of low predicted splitting bédn&armatia. Most notably close to
OBN/MHV the predicted splitting remains ambiguousith virtually no predicted
splitting delay times and orientations which areyiray on a short-scale. This is an
agreement with the observations for these twoastatwith many Null measurements
from nearly all available backazimuths.

The coherence observed between predicted and oHdseplting parameters in large
parts of the EEC indicates that both methods at Isast’ the same anisotropies. This is
in agreement with the global comparison presenme@hapter 4.6.2. Local discrepancies
should be attributed to the relatively low laterasolution of surface waves and thus to
small geologic domains.

Although shear wave splitting represents the degtgrated anisotropy along the travel
path, we compare thés with those recovered at each depth layer of tintace wave
model. Figure 68 shows for each station variatiotih wlepth of the angular difference
between thabs determined by splitting and surface wave tomdagyaplso shown is the
relative magnitude of anisotropy in each layer.tHé main contribution of splitting
originates in the strongest anisotropic layer, dhentations of both methods should be
parallel there. This is the case for KIEV, MHV, N52BN and SUW. For OBN and
MHV, the absolute anisotropy is small, and the goodelation is only in the lower layers
which are only weakly constrained in surface waweeisions. For SUW and NE52 the
results strongly indicate that the observed spiitbccurs in the upper 150 km and 100 km
of the mantle, respectively. At KIEV the differenbetween the two methods is low
(<12°) at the depth interval of 100 — 175km whicmstrains the observed splitting to this
depth interval.
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Figure 68: Variation with depth of anisotropy oti&tion between surface wave and splitting
model at each station of the EEC. The differenagesabetween 0° (orientations are parallel)
and 90° (perpendicular). Dashed line correspondtoweer layer if two a layer model is
identified from splitting. The variation of the &ncolor is only for display purposes.
Background shading is the relative magnitude o$@nbpy. For each station, white represents
the maximum of anisotropy beneath that stationckbls the minimum. This limits the
comparability of each plot, but allows for easitientifying the relative magnitude variation
with depth.

An interesting example is also station NE54. Predic@dnd observed splitting is almost
perpendicular (Figure 67). The depth variation iaths that in the upper 75km correlation
is rather good (<25°). Only below 200km, the diéfece is constantly larger than 75°.
This may suggest the large contribution of the 200kn depth layers to the predicted
splitting, and that the observed splitting at NE®4ults from the upper 75km of the
mantle.

5.5.3.2. Plate motion

The plate motion of the EEC in a hotspot referenceadrgs small (20mm/year, Gripp &
Gordon [2002]), however significantly different fnozero (stagnancy) and might thus in
principle be able to produce a CPO. Only longertoales (with constant plate motion
directions) are required than for fast moving @atether hotspot reference frame models
show also clear evidence for plate motion, but witraller magnitude [L0mm/yr; Gripp &
Gordon, 1990]. NoNetRotation frames have plate emotnagnitude of 25mm/yr but
pointing in opposite directions [Drewes, 1998; &edlt al., 2002]. This is however
expected to produce similar final-stage CPO dubedl80°-symmetry of anisotropy.
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Figure 69 shows the angular difference of the phadéion direction s at each station and
the observed. The difference is limited between 0° and 90°, \Whieflects parallel and
perpendicular orientations, respectively. Indepehddg model, the correlation between
plate motion direction and is poor.

OAPKIM OREVEL2000 mHS2 mHS3
4 —
34 — —
2
) |_|_l |_|_'
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
10° 20° 30° 40° 50° 60° 70° 80°

Angular difference

Figure 69: The splitting directions of the 16 aralg stations on the EEC show no correlation with
any of the 4 plate motion models. Neither a prefeeefor parallelism (0°) nor perpendicular
adjustment (90°) of plate-motion-vector abhatan be observed.

Coherence between observed fast axis and plat@meéctor can only be observed for
ARU, NE51/PUL and NE54. Since plate motion is unifoamd splitting orientations
change over short spatial distances, particularlthe west, this coherence seems to be
only coincidental. At the other stations, plate imotvector and®s are almost
perpendicular. The absence of coherence betwedtingpand plate motion indicates thus
at most only small, if any, asthenospheric contidns to shear wave splitting.
Topography at the base of the lithosphere might @édsse small scale variations.

5.5.3.3. Comparison with magnetic anomalies
Subsurface imprints of tectonic activities are Misiin magnetic maps. As discussed in
Chapter 5.4.3, magnetic anomalies reflect onlytaidsatures. This exclusive constraint
can not be achieved by similar methods, e.g. usipggraphy and gravity anomalies to
detect subsurface features for comparison withosmmigy orientations [Simons & van der
Hilst, 2003]. The gravity field always contains lemgvelength information of the mantle
which can not be filtered out completely.
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Figure 70: Map of magnetic intensity anomaly. Cledo identify are the Ural Mountains and the

Pachelma Rift, south-east of station MH¥s are plotted in magenta and black for the upper
and lower layer respectively.
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Figure 71: a) Magnetic intensity map around stabi&b2. Dashed circle indicates area of largest
test region. A radon transform (b) reveals a me@ntation of magnetic alignments of 135°
(black line in a). This is in good agreement whb® of -60° observed by shear wave splitting
(green line in a). ¢) shows the orientation disttidn for six different test regions. d) The
preferred orientation of a smoothed version okgtable for various radii around the station
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How can we relate magnetic structures to tectoagimmes and, more specifically, to
seismic anisotropy? In collisional regimes foldengd faulting yields magnetic structures
parallel to the collision front [Chapter 3.4.3].i8uic fast S-wave orientations in orogens
are also oriented along the main trend of the nearghain.

Magmatic dikes represent extension. In high-regmiuieromagnetic maps dikes and
dike-swarms can be clearly identified as lineaudtires of alternating positive and
negative anomalies. The associated cracks are fiidd volcanic material of different
magnetic properties than the surrounding rock. Galyethese basalts have a higher iron
contents and thus a higher susceptibility. In thet@ of rift zones, seismic anisotropy is
related to magma (fluid) filled cracks, which rdsuh seismic fast axes oriented parallel
to the rift [Gao et al., 1997; Kendall et al., 20@hapter Rifting].

Bokelmann et al. [in prep, 2007] compare seismst &wave orientations with dominant
alignments in a high-resolution (1km) magnetic nedghe North American Craton. A
Radon Transform of the magnetic intensity revealsnidant orientations of linear
features. The orientations are calculated for séwadraular test regions around each
station with radii between 50 and 100km. The smallescle thus represents
approximately the Fresnel zone in the uppermosttlmdor shear waves with 10sec
dominant period. This ensures that similar regiohsrast and mantle are examined.
Similar azimuths recovered from several test regiodicate the robustness of the result.

The authors find a very good correlation of sheavensplittingds and crustal magnetic
fabric for the North American Shield. Especially the Western superior province,
magnetic anomalies anik are parallel to directions of ancient Suture sanghat region

[e.g., Hoffman, 1989]. Also, the gradual rotatiothin that region is visible in both
datasets. There is little correlation for the moomplex (active) tectonics in western
North America

Magnetic anomalies reflect compositional and/oucttiral contrasts in the crust. A
parallelism betweends (associated with mantle processes) and crustaineta
lineaments thus suggests vertically coherent dedttam (VCD). Applied to the stations
on the EEC, a heterogeneous picture evolves: fast @xehe Polish-Lithuanian-Belarus
terrane (TRTE, NE52, NE53) are sub-parallel to the aitkend of the magnetic anomaly
(Figure 70; Figure 71; Table 6).

More generally, for the whole EEC the difference astfaxis orientation and magnetic
trend has a maximum at around 25°. This remainslif ttends with standard deviations
smaller than 25° are considered. The standard dmvidias been determined from the
different trends of the six test areas around threesponding station. Assuming an error
of 15° in bothds and magnetic alignment, the deviation is stifitreely large. It might be

attributed to (a) the varying tectonic setting asrthe EEC; (b) small amount of available
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seismic stations; (c) the resolution of the avéddabagnetic data (5km in contrast to 1km
in North America) which does not resolve small-ecigatures; (d) contributions of sub-
crustal anisotropy with systematically differenientation.
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Figure 72: Histogram of Table 6. Hatched NE51 5.0° 30.3° 42.0°
columns corresponds to misfits with NE52 140.0° 12.2° 20.0°
magnetic trend standard deviation NE53 1.5° 9.7° 1.5°
smaller than 25° NE54 59.5° 36.5° 0.5°
NE55 135.5° 62.5° 7.5°

NE56 163.0° 0.5° 28.0°

OBN 67.5° 10.3° 82.5°

PUL 16.0° 26.3° 25.0°

SUW 136.5° 30.0° 26.5°

TRTE 118.0° 0.5° 27.0°

Table 6: Difference in (upper layer) seismic
anisotropy fast axis orientatio® and
dominant magnetic alignment¥ for
stations of the EEC. Station KEV is
outside the available aeromagnetic data
of the Former Soviet Union.

Major differences (>45°) are found for AKTK, LVZ, KIEMWMHV and OBN. The latter
two stations are located close to the mutually @edicular Central Russian Rift and the
Pachelma Rift (Figure 47; Figure 54), both of whatiowing clear magnetic signatures.
However, anisotropy in such a rift triple-junctie not yet understood, but is likely to
produce complex overprinting of lithospheric aniepy. Gao et al. [1997] analyzed the
effects of rifts using a profile which crosses tBaikal rift. They determined a
characteristic rotation from rift-parallel to rifterpendicular with growing distance from
the rift (see also Chapter 3.4.1). The effect onahisotropy in a stable shield caused by
two superimposing rifting episodes should be comled cannot be determined from a
single station.
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The observed splitting directions are less well tamsed, showing a complex
backazimuthal pattern and many Nulls, which is alkserved for KIEV. The theoretical
splitting (Chapter 5.5.3.1) predicts in this regwrtually no splitting, in agreement with
the observations. It is therefore plausible to assuthat low anisotropy in Central and
North-Eastern Sarmatia exist, and poorly constrafastidirections thus causing the poor
correlation with magnetic trends.

On the other hand, the 28° difference for the dtation ARU might be explained by (a)
the distance from the deformation front and (b) $t®ng magnetic anomaly north of
ARU, which trends ENE-WSE. The correlation for stationsthe Polish-Lithuanian-
Belarus Craton indicates vertically coherent deftian of crust and lithosphere in this
region.

5.5.4. Interpretation

The comparison of shear wave splittidg with several other datasets give hints for
lithospheric origin of anisotropy, albeit of relatly low strength with delay times
between 0.4 and 1.1 sec. Lithospheric anisotrapgontinental regions is in agreement
with a recent global model of strain orientations @onrad et al. [2007]. They use a
viscous model driven by mantle density heterogewiand (No-Net-Rotation) plate
motion to determine the “infinite strain axis (ISA)This ISA should approximate LPO if
olivine crystals rotate faster towards ISA than B& changes along flow lines [Kaminski
& Ribe, 2002].

Good fit between this model and observed splittingead Conrad et al. [2007] to locate
oceanic anisotropy in the asthenosphere (in agneewith Montagner, [2002] and Becker
et al. [2003]). In continental regions the fit es$ well, indicating lithospheric origins of
anisotropy. Conrad et al. [2007] point out, that ti for their model improves for many
continental regions (particularly eastern and westdS, Africa, South America) when
allowing lateral viscosity variations. This efforowever degrades the fit for Eurasia,
which the authors associated either with the sl@atepmotion velocity or with a bias of
station coverage in orogenic and cratonic areas.

Fouch & Rondenay [2006] suggest that the oceanliensspheric flow model might not
be appropriate beneath continents. Becker et 807R present a stochastic model of
anisotropy, which shows a relatively short cortietatength of splitting parameters of L ~
600km for orogens and volcanic zones. A smooth#epa(L ~ 1600km) is observed in
stable continental regions, which the authors eelatlarge-scale tectonic processes such
as past continent-continent collision and thusoBgrheric anisotropy. In oceanic regions
the correlation length determined from surface wsasemuch longer (L ~ 4500km). This
strongly supports the idea that ongoing large-soeatle convection processes cause the
observed oceanic anisotropy within the asthenogpher
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Supporting this finding, many indicators of anisgiy in the lithosphere of the EEC have
been presented in the previous chapter. Additignttle weak observed anisotropy may
explain the difficulties reported by Conrad et[@D07] to constrain that particular region

within the global model. The shear-wave splittingules of stations on the East European
Craton indicate regional conformity on length ssatemaller than the global average
determined by Becker et al. [2007]. Each tectoniockl seems to have its own

characteristic anisotropy pattern.

5.5.4.1. The Baltic Shield

Figure 73: Anisotropic fast azimuth of a single aheave splitting event in the SVEKALAPKO
experiment region [modified after Vecsey et al.0Z0 The backazimuth of that event is
indicated by the large arrow in the upper left @riThe inversion method of Plomerova et al.
[1996] has been applied, which simultaneously itevéar P-wave and SKS splitting in three
dimensions. Therefore only the results of singlenés can be analyzed at a time. The results of
the station analyzed in this study (solid circlégV, LVZ, NE51, PUL) have been added to
the plot.
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The observed shear-wave splittidg for the Baltic Shield show NS-directions in the
North (KEV/LVZ) and NE-SW directions in the south-gaa part of the Baltic Shield
(PUL/NE51). This discrepancy between the north andhsmight perhaps be interpreted
as different origins of anisotropy. However, obs¢ions by Vecsey et al. [2007, Figure
73] of the dense array of the SVEKALAPKO-98/99 expent in central Finland indicate
a smooth, progressive transition in fast directionghis region from northerly directions
in the North and Central Finland to NE-SW directi@isanisotropy in southern Finland.
Our result indicates that this trend continues alsst of the SVEKALAPKO experiments
region towards the margin of the Baltic Shield.

Seismic tomography shows thinning lithosphere tolwahe west, the rim of the craton
(Figure 53). Shorter delay times therexfdt= 0.4 sec) than further east {gt= 1.1 sec)
thus show positive correlation with lithosphericckmess in this region.

For the two northern stations, a positive correlatbetween delay time and lithosphere
thickness (as determined from surface wave tombgytapigure 53) suggests lithospheric
origins of anisotropy. A missing correlation of @heavith the absolute plate motion [Gripp

& Gordon, 2002; Figure 49] supports this hypothes$ise anisotropy beneath the Baltic
shield seems to be caused by fossil deformaticorded in the lithosphere.

5.5.4.2. Sarmatia

Stations can be divided into two classes: the pamwhstrained three NARS stations and
three stations reflecting complex anisotropy du¢hto tectonic setting. MHV, OBN and
KIEV are located on (or close to) shields and inviognity of two perpendicular rifts. For
KIEV these rifts are the Volshyn rift in the norgeparating Fennoscandia from Sarmatia)
and the younger Pripyat-Dniepr-Donets Aulacogepdgssing the Ukrainian Shield from
the Voronezh Massif). OBN and MHV are located at tfiple-junction of the three units
making up the EEC.

Gao et al. [1997] analyzed the effects of riftsgsa profile which crosses the Baikal rift.
They determined a characteristic rotation from pdtallel to rift perpendicular with
growing distance from the rift. The effect on thesatropy in a stable shield caused by
two superimposing rifting episodes should be compled cannot be determined from a
single station.

The complex tectonic setting appears to be refleatethe shear-wave splitting data.
Yergorova et al. [2004] report several NE-SW and IS®/+{rending major crustal faults,
reflecting a multi-stage tectonic history. The Papyrough and Korosten Pluton might
have played a major role. Shear-wave splitting unshsdomains is not yet understood
[Ozlalaybey & Chen, 1999; Pulford et al., 2003; @pin & Gao, 2006; Heintz & Kennett,

2006].
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The observedb at KIEV aligns well with the general pattern ofesin wave splitting
measurements in central Europe. Comparison withother stations along the TTZ
indicates a certain spatial coherence of sbslat a large-scale (see SUW, NE54, NES5).

One hypothesis to explain the spatial coherencesadhe TTZ might perhaps be current
mantle flow around the EEC causing splitting diretsidoeneath this part of Eastern
Europe. This would however require that the same arésim continues east of the TTZ,
indicating mechanical erosion at the lateral edfi¢ghe EEC lithosphere. Such lateral
erosion would be consistent with thinner lithosghbeneath Sarmatia (Figure 53). This
interpretation is at the limit of resolution of tography available at this moment.

Zielhuis & Nolet [1994] suppose the TTZ as an anciguuth-westward dipping)
subduction zone. In such subduction environmet ottservedbs parallel to the TTZ in
the western part of the ECC would reflect anisotropthe hinterland of the lower plate.
The influence of the subduction process in the Heme is only poorly discussed in
literature. Numerical models suggest strong vametiin the forearc region of subduction
[Lassak et al. 2006; Kneller, 2007]. Nakajima & Egawa [2004] observed a complex
pattern of anisotropy for stations in Japan actbessubduction arc, with forearc stations
oriented arc-parallel and backarc stations arceredjgular®s. Further studies are needed
to clarify the influence of subduction to the amiepy in the hinterland.

To judge whether the spatial coherence within tletotec units of the EEC may be

explained by fossil deformations, we may resorgéological observations of fabrics at
the surface or to spatial trends in geophysica dath as anomalies in the magnetic field
(Figure 51). Unfortunately, the number of studiesblshed in international literature is

only starting to grow now.

5.5.4.3. Polish - Lithuanian - Belarus terrane
The three stations TRTE, NE52, and NE53 are locateldeirPblotsk-Kurzem fault zone
[Figure 48; Bogdanova et al., 2006]. Faults witthis zone are parallel to the observied
Also the magnetic anomalies follow that trend. Findahese directions differ sharply at a
short distance from those observed in adjacentdssamdia. All these arguments support
lithospheric anisotropy, which is coherent througftbe crust.

This region has only recently been proposed as ara&ptectonic unit [Bogdanova,
2005]. The anisotropy studies presented here supimerinterpretation. In future studies
the tectonic history of this block might be revekleventually allowing to further identify
the processes causing the anisotropy orientationsich more detail.
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Figure 74: Magnetic anomaly map in the region & Bolish-Lithuanian-Belarus terrane. Also
shown are the individual good (black) and fair (@hisplitting results (Nulls as crosses, non-
Nulls as vectors with lengths according to delagefi at their projected position at 200km
along the ray path.

5.5.4.4. Volgo-Uralia
Both stations close to the Ural Mountains showtspdj directions perpendicular to the
geologic trend of the mountain chain (Figure 75)rtkermore, the two layer model for
ARU shows directions sub-perpendicular to the mauanthain. Theb of the single layer
determined for AKTK is parallel to the upper layeuhd for station ARU.

Despite a distance of 770km, AKTK and ARU show samgplitting patterns. This might
suggest a common tectonic framework; a similar raeidm causing anisotropy at depth
seems reasonable. Interestingly, the obse@xedbr ARU and AKTK are also parallel to
current plate motion (Figure 49). Nevertheless,aricprocesses seem preferable when
considering the results of SVE (56.8°N, 60.6°E)wittli@ mountain chain of the central
Urals. The model of vertically coherent deformatij@ng., Silver, 1996; Chapter 3.3;
Chapter 3.4.3] associated with the Ural orogemgdists ®s parallel to the mountain
chain. Vinnik et al. [1992] studied analogue seignams of station SVE. They reportba

of ® = 0° and a delay time of dt = 1.4sec. This direci® parallel to the trend of the
mountain chain.
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Figure 75: Geologic map of the Uralides [modifigdnfi the UNESCO Geological world atlas,
1976]. ARU is located in the early Permian foredelpich coincides with a eastward bend in
the general NS-trending Urals. AKTK is located be western front of the mountains

The distance from ARU to the deformation front coirdicate that the region beneath
ARU is beyond the reach of influence of the defdrom mechanisms of the Ural
orogeny, i.e. in the foredeep, other mechanisms dwaginate: a) large-scale thrusting
associated with subduction process or b) that biserwedds reflect ancient plate motions
direction, either during the assemblage of the ddiat blocks [Bogdanova, 1996] or
during collision of the EEC with north-western Asradahus the Uralian Orogeny [Brown
et al., 1996].
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Figure 76: Geological map of the South Sakmaranezfafter Zonenshain et al. 1990].
Autochthon:1. Precambrian; 2. lower Ordovician; 3. middle-eip@rdovician.
Allochthon: 4. ultramafics, gabbro, serpentennite mélange; ibri& oceanic basalts; 6.
Silurian cherts; 7. island arc assemblages; 8.awtoehthon; 9; Middle Devonian oceanic
basalts; 10. Middle Devonian island arcs; 11. Méddpper Devonian rocks; 12. upper
Devonian-Lower Carboniferous; 13. Carboniferous;RRérmian; 15. main thrusts. Basement is
hatched. Encircled nhumbers are: 1. Uralian fored2efakmara Zone; 3. Khabarny ultramafic
massif; 4. Kempirsai ultramafic massif; 5. Ebetitiform ; 6. West Mugodjar zone. Thick line
corresponds to the Main Uralian thrust

5.5.5. Concluding remarks
We analyzed the shear-wave splitting of 16 broatdbseismograph stations on the East
European Craton. The observed splitting is generaly, with delay times varying
between 0.4 and 1.1 seconds. This is in agreeméhtgeneral findings in several other
shield regions (see Chapter 5.2), although sontieedifiighest splitting delay times (>2sec)
on the globe are observed on the Canadian Shield.

In order to constrain the depth of anisotropy wepared the observetis with several
datasets: (1) Thebs vary for each tectonic unit, indicating “frozeni;i lithospheric
anisotropy. Such interpretation is supported bya(@priable correlation abs with plate
motion direction, which seems to be parallel onjydnance at some stations and thus
does not reflect large-scale asthenospheric prese$3) the trend of (crustal) magnetic
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structures aligns relatively well with the observgdlitting orientations at half of the
analysed stations (Figure 72). This indicates valtticcoherent deformation throughout
crust and upper-most mantle and supports the itgacontinental splitting reflects the
last tectonic event. It becomes thus clear thairaagnetic data can be used as a proxy for
crustal fabric orientation. The aeromagnetic data empecially valuable in inaccessible
regions or regions with thick sediments, which eogering the underlying tectonics. (4)
future geological observations of mineral fabricsigmh further constrain these
conclusions.

There appears to be no indicator of present daylenflatv causing the anisotropy. The
spatial coherence dbs across the TTZ is however an intriguing observatibcaused by
current mantle flow, this would however requirettttee same mechanism applies across
the TTZ. Such mechanism might be lateral mechamoagion at the edge of the EEC
lithosphere. Such lateral erosion would be consisteth thinner lithosphere beneath
Sarmatia (Figure 53). Such interpretation is howesat the limit of resolution of
tomography and anisotropy studies available atrttament.

For the remaining stations of the EEC, no indicatanantle flow deviated by the keel of

the EEC can be observed in splitting measuremensgn, Alhe observed delay times are
too small to resolve for any dipping anisotropid& discuss in Appendix (Chapter 7.1)
the implications, if the origin of anisotropy woube located in the D”-layer at the core-
mantle boundary.

The availability of information about the geologytbe EEC in international literature is

only growing by now. Furthermore, the station cager of the vast area of the East
European Craton is only sparse at this moment. ifldéenfys of this study should however

build a central framework for the planning of fuettstudies, focusing of specific parts of
the EEC. Suitable regions for such seismic experimenid be an array over the Polish-
Belarus-Lithuanian Terrane, the Pachelma Rift /@eRussian Rift system junction close
to OBN and MHV and across the Ural Mountains.

Integrating the hitherto largely unidentified anrepy beneath the EEC in the global
geodynamic models might eventually lead to a betteterstanding of processes in the
deep Earth. Later comparison with ongoing work ijaeeht Central Europe, west of the
TTZ [Walther et al., 2007] and the Mediterranean [Bichet al., 2004] will eventually
improve the understanding of anisotropy producingcesses of the large Eurasia-
Mediterranean tectonic plate system.
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7. Appendix

7.1. Deep anisotropy as an alternative explanation?

Tonga earthquakes show good splitting measuremetitts,often strong energy on the

transverse component. In contrast, the Andean qaakes, although coming from almost
opposite directions, often result in Null measuretaeln general, the anisotropy beneath
the EEC can be separated into two regions: In théhseestern part, adjacent Central
Europe, the fast axis orientations are approximd¥#tySW oriented and thus align with

general pattern observed in Europe (Figure 49)hénNorthern and central part of the
EEC the fast axis orientations show N to NNE orieateti Delay times for all stations

vary between 0.4 and 1.1 seconds.

Teleseismic shear-wave splitting measurements haweadlvantage of excellent lateral
resolution. The almost vertical incident of SKS a8KHKS phase guarantee that the
Fresnel zone sensitive to anisotropy is directlyndagh the station. However, this
techniqgue has no vertical resolution as the spijttcould have been caused by an
anisotropic layer anywhere between the CMB and shegace. Candidate anisotropic
layers causing shear-wave splitting are

» The D’-layer just above the CMB [e.g., Kendall &\&it, 1996; Moore et al.,
2004, Restivo & Helffrich, 2006]: In this case, tBgpected fast axis pattern
projected to that depth would be coherent overelamyeas and ignore any
surface geologic structures. It is however not fmbsdo distinguish between
splitting at the CMB or large-scale trends betwstations. This may perhaps
be achieved by simultaneous comparison of SKS &iSPhases [Restivo &
Helffrich, 2006].

* The asthenosphere: Strain between the convectinglenand the overlying
tectonic plate aligns anisotropic minerals, mosiiyine, in the upper mantle
[Nicolas & Christensen, 1987; Tommasi, 1998]. Sudchanism causes the
seismic fast axis to be parallel to the absolué¢epiotion vector (APM), with
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the exemption of flow deflected by the topographly tbe lithosphere-
asthenosphere boundary (subduction zones, rifeors, ...). Bokelmann
[2002] inferred such a mechanism from studying Rd &-wave anisotropy
beneath the Canadian Shield, in addition to asipheric anisotropy.

* The lithosphere: anisotropic directions are “froz@hthe rock after past
tectonics events aligned them. Shear-wave splitgagerns should in such
case show a relation with geologic structures atstirface, if the deformation
between crust and mantle portion of the lithospieoherent.

Figure A- 1: Splitting projected along the ray ptitthe depth of the core-mantle boundary. Good
measurements are in black, fair in white. Circlgresent Null measurements. Triangles mark
the location of seismic stations.

Figure A- 1 shows splitting parameters projectedht receiver-side pierce point of the
ray along at the CMB. A smoothly varying trend gparent. Beneath the North Sea, the
trend is NNW to NW with many Nulls. Beneath the EEGtfaxis orientations are roughly
E oriented. Further to the east, beneath the Uralnit#ons and Siberia the direction fan
out, showing NE-SW directions in the North and ESE-WHNWéctions further south.

It is possible to distinguish such D”-layer anisply from upper mantle anisotropy by
inspecting on le lower hemisphere under each sta#mgular coherence within such
stereoplot would indicate an origin closer to theface. Variations indicate either
complex anisotropy (two-layers or dipping), or deegntle origins.
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7.2. Backazimuthal variation plots
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Figure A- 2: ARU single-layer model fit. Three difent splitting techniques are compared
(Rotation-correlation, Minimum Energy and Eigenwlu For each technique the
backazimuthal variation of fast orientation estiengtbp row) and delay time estimates (center
row) are shown. The bottom row displays a sterdopfogood and fair quality non-Nulls.
Markers are plotted at their according backazimank incident angle (grid lines each 5°).
Marker lengths are according to delay time. Commgathese plots constrains final splitting
parameter estimates [see Wiistfeld & Bokelmann, 007
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7.3. SplitLab - The User Guide

7.3.1. Preface

7.3.1.1. Requirements

SplitLab should run on every computer system (M$idivs, MAC, Linux, SUN) with

Matlab7.0 or higher and theMapping toolboxand for full functionality theSignal
Processing toolbox.

For information on MatLab please visit the homepage

http://www.mathworks.com/store/default.do

7.3.1.2. License:

SplitLab is PostCard ware! If you like it, pleasnd a Postcard of the place you live to:

Andreas Wustefeld
Laboratoire Tectonophysique
Place Eugene Bataillon
34095 Montpellier, France

A selection of the best Postcards will be placeshenSplitLab homepage SplitLab is free
software; you can redistribute it and/or modifyurider the terms of the GNU General
Public License as published by the Free Softwaren#ation; either version 2 of the
License, or (at your option) any later version.

Splittab is distributed in the hope that it will baseful, but WITHOUT ANY
WARRANTY:; without even the implied warranty of MERCHAABILITY or FITNESS
FOR A PARTICULAR PURPOSE. See the GNU General Pubtense for more details.
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7.3.1.3. Bug report:

If you think you found a bug, don't hesitate andevan email tgplittab@gmx.netPlease
include the project file and the 3 SAC files in yamail. This simplifies the search for the
bug. Please also copy and paste the complete rmgssage in the email, i.e. everything,
that Matlab outputs in red...

In general, any comments are welcome, especiaflitipe ones:-)

7.3.1.4. Suggestions:
Please report wishes for additional features or ehgnges in the source codes to
splittab@gmx.net This helps every user and allows for the maximumctionality for
every user.

7.3.2. Installation
After unzipping the SplitLab package, put the $lli directory at your favorite place

1. Start Matlab
2. In Matlab, go in the SplitLab directory

3. The installation of SplitLab is made by running thacro namedifistall_SplitLab.m.
Type 'install_SplitLab " inside Matlab. This macro makes several things

» it installs the matTaup package as a Matlab tooibake Matlab directories.
matTaup is a Java program that allows the calcuatfdhe travel times, of the
hodochrons, and of the ray path through the Earth.

e it also installs in the SplitLab directory the everatalog files, such as the
NEIC epicenter locations and the Harvard Centroidndnt Tensor (CMT).
Either file is used in the following processes fbe tevent selection and to
create the virtual link between the seismogramsthadvents.

4. Restart Matlab
Perhaps Troubleshooting (Chapter 7.3.8) helps dgs®blems

7.3.3. Running SplitLab
In the Matlab environment, type the commar@plitLab ". It opens the Configure
SplitLabl’ window that will allow you to prepare your profece. your data selection, your
data request, and to build your seismic databasentiti allow you to manage easily data
and results in the processes of shear wave sglitti@asurements.

What is aSplitLab projec? A project can be defined as a set of seismic asgaciated to
a set of events derived from a given selection. g§ingn project concerns a single station
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since the selection of data is performed from @taévents epicentral distances. A project
is generally related to a directory where dataséweed. A given project may concern only
part of seismic data in the directory and alten®dyi, several projects may coexist in a
given directory where data are stored: a first ggbmay be focused on SKS splitting
measurements, a second on P-wave analyses, etc.

In order to have the project OK and operationag bas to follow the six steps presented
on the left end side of the "configure” window: gead -> station -> Event -> request ->
phases -> find files.

7.3.4. The Project Configuration Window

7.3.4.1. The "General" panel
"B Configure SplitLab1.0.2 BEL <]

— General

[ Save Preferences ] - - -
default_project pit
) General B Yoln] b

() Station sDocuments and Settingsweusste | Seizmic data directory

(2 Bvent windoy Documerts and Seftingstwusste | Output directary

{7 Request E=Y 7
Ad |} ot s Image output formet

) Phazes

) Find Files
— Comments

L o |

[ Load Project : vJ-

[ Save Project As l

Wienny Seismugrams|
Viewy Database |
Resuts | iv'

The upper window allows you to define your projeatn@ and the directories where the
data are and where the output data will be storéd allows the user to have the data
ready in a directory and to store the results iatlaer place, without affecting the data
directory.

The lower part of the window allows you to storeisas comments related to this project.
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7.3.4.2. The "Station" window:

B Configure SplitLab1.0.2 = E
— atation
[ Save Preferences ]
) General Station Code: 217 [ IRIZ statior oty ]
& B
= e ik Metswork code A I Orfeus station query ]
) Evert windawy
: 2 a .
1:3 Rt Station latituce [ MEIZ =tation boak ]
() Phases Station longitude 0 ’ GoogleEarth Link ]
) Find Files
L o | =
[ Load Project vJ Mizarientation o deq clock wize
[ Save Project As l |:| Swyitch East and Morth components

— Seismugrams| |:| Change East componert zign
|:| Change Marth component sign
Viewy Database |
Results | Wigst - East

South - MNorth

This window summarizes the information related te $tation. The statiokatitude and
longitude are absolutely necessary since they are used l¢ot e event from the
epicentral distance and to calculate the vario@sgh travel times.

If the station has a knowmisorientation the angle can be input in this window. This
allow the user to work on true N, E and Z componeantstherefore, on the true radial and
transverse components. Note that this operatigerformed in Matlab and does thus not
affect in any case your raw data.

Problems of componesignsor polarities may be corrected in this window and may be
combined together with the component misorientati@lne.

Several buttons of the right of the window provileect Internet access &tation query
tools (such as IRIS) or tstation books(such as NEIC). This may be useful when
preparing a request, to look for instance for éigta in a given area or running during a
given period.
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7.3.4.3. The "Event" window:

"B Configure SplitLab1.0.2 BEL <]

— Earthguake windouw
[ Save Preferences ]

start date
0 Geperdd 3 [wllan vl oms [
() Station
® Event window P L
[ | 17 T 1T 1
15 s |&u |%e | 12007 |
) Request T e T | et
) Phazes ; , : _
Magnitude window ——distance window [*]——
) Find Files A PR— O — g RO
500 V == iy == (975 V triri:f 20 [t max;i13|:| V
—— depth window [km]——
[ o |
= = mirg, 0 mae: 1000
Load Project ||
V| =h statistic plot
[ Save Project As l 2 i
l‘-.fiew Seismugrams] | search earthguakes |

Viewy Databasze | Earthiguake Catalogue file
oMT [l (3] | QoPhDwstisbiSpitab! DhareardchT mat Update
Results | {_ R ‘

This window allows to prepare your event selectiathiw the earthquake catalog file
(NEIC or Harvard CMT) combining thstart and end dateghe event magnitudéMw),
the epicentral distanceand theevent depth Click on the SearcH button when the
parameters are OK. It results (if selected) in"8tatistic plot that displays:

- the event location on a map preserving the trugdmmuths,
- the histogram of the backazimuthal distributiorr, 360° in green and for
180° in gray

- arose diagram presenting the same backazimusgtebdtion
The SplitLab package is provided with the earthquztalog covering the period 1976 to
2006 and it may be necessary for the user to kkepacal CMT or the NEIC files
updated in order to search through an updated eatalog. Thetipdaté button provides
a way to automatically update the CMT files (in tase of the Harvard CMT format) or
the information necessary to request to NEIC thea dathe right format (in the case of
the NEIC data format selection). Note that the NE#talog does not allow the calculation
of the phase energy.
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7.3.4.4. The "Request" window:

Configure SplitLab1.0.2 =)o
— lzer info
T Lizer narne:
) General b
() Station In=titut:
() Eventt windoy Adress; 99 Exarple Rosd, 12345 Mytown, Mycourtey
@ Reques’f Phone:
() Phaszes
® Faix:
{7 Find Files
email; wested@

— Diata request info

Q)
" Load Project Toel
: E-bre fasti@iris washington.edu 'v. Al
Save Project As iR, L qfast@ ot L
= = Request start time [sec]: -G0
Wiewy Seismograms

; Reguest stop time [zec]: 2400
“Wiewe Databasze -
Fesutts [753& — ‘ Send reguest mail ‘

Farmat: [MetDC :v-'f Corpanent: BH?

The information that you enter here will allow teepare, format and send the request to
your selected request site. In the case where yready have the data with you (for
instance after a temporary deployment or comingkbat old data that you already
worked on), you do not have to worry about thisdew. If you do not have the data with
you, and if you wish to request them, you havelkdhie full window:

In the upper part of the window, you have to previde information generally requested
by the automatic request systems: yoame your institute your address. Youwmail is
absolutely necessary since you will be contactethly on the status of your request, and
on the availability of the data.

In the lower part of the window, you have to chobséween the various request types
(NetDC, BregFast, AutoDRM or ASCII tapkend to the request server where the request
will be sent to. You have to define the componeni gesire, thestart time' relative to

the event time (0 corresponds to event time) aadetigth of the seismogram seconds
(Figure 1a). There is no way is the present versio8plitLab to prepare request relative
to a phase, such as a starting time 60 secondsebaf®-wave arrival... Perhaps in a
future version! click Send request mdibutton and wait for delivery, few minutes, few
hours or few days depending on the size of theestgand on the activity of the servers.
Multiple short requests (less than 200 eventsparerally handled faster than one big.
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7.3.4.5. The "Phases" window:

B Configure SplitLab1.0.2 BE
— Phases
[ Save Preferences ]
5 | e .
) Genersl Bt fiae]
™) Station PP
C PFF
() Evenit windowy FPch
Pcs
{7 Reduest B0E
................. - j=cF —_—
@ Phases 53 asPat [v|
") Find Files =4
?gg:ff |_ View travel times J
SKP
PHS
7] SHE
Lo J) 2
Load Froject 'vi EKiKE
e 2EKS
pEkS
[ Save Project As l R
Wienny Seismugrams|
[ Wieww Databasze l
[ Resutts l [ !V_.!

This window allows you to select the phases for Wlyiou wish to see the arrival times on
your seismograms. These theoretical arrival timescaiculated by using the PREM or
the IASPEI91 Earth models. Theiéw travel timé button allows you to see

- the travel time of the selected phases as aibmof the epicentral distance

- the travel paths through the Earth
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7.3.4.6. The "Find Files" window

B Configure SplitLab1.0.2 (=]
[ Save Preferences ] — Find files for eatthquakes
© General File search string: *.BAC Calculate phaze artivals
Station Calculste SKS energy
o Offset [zec]: 0 o
) Event window Showy statistic plot
Tolerance [+ sec]; 420
i) Request
() Phases File natne format: ROSEED k4
(%) Find Files (%) Extract file times from filename
{:} Extract file times from SAC-header [slow)
Ej‘ | | Automatically associste SAC-files | | Manually associste SAC-files
Load Project v.

Zave Project Az
Euxport

W Cut the three SAC files to their common tirme windowe, These new SAC files can

then be uzed in external programms. Mot neccesary for SplitLak
Yiewy Databasze

Cut and save as SAC

Results |

It is the final and important step that will allou to make the link between the event list
and the seismogram list that you actually have, @edefore to built a coherent and
effective seismic database. In the present statthefSplitLab package, the filename
format is either

« RDSEED
« SEISAN
*  YYYY.MM.DD-hh.mm.ss.stn.sac.e,
* YYYY.JJJ.hh.mm.ss.stn.sac.e.
e *e;tn *z
See “Create your own Format” for more information

Note: A Java version of rdseed for Windows platferen currently (Sep. 2006) under
development by the IRIS consortium
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Choose thdilename formatcorresponding to your data. This is absolutely sea@ey to
identify the seismogram components. If you seléct

*e:*n; *.z

the last letter of the filename is used to deteentire component of each file and the file
start times are extracted for the SAC header. Adldwomponent descriptors ag,z
orE,N,Z

find the best filesearch stringthat may help the program to go through the wiselkeof
data in the directory where your data are. As wedl * as the ? wildcard is possible. Be
aware that files other than the expected seismtia daay complicate the task. For
instance, the presence o$ac.r or *.sac.t for radial or transverse component of
SAC files will not allow a right linking of eventand seismograms. The safest way to
make this step successful is to have the directoltyof only the sac.e , n andz
components.

The 'offset is the time duration between the event time amal starting time of your
seismograms. Ideally, this offset should be idehtic the Yequest start timedefined in
the previous window but the data management cengégr have sent you data beginning
later than requested. The offset value represeistslifference (Figure 1b).

The "Tolerancé value in seconds will define the time window vifitiwhich the program
will try to associate a seismic file to an eveng,fiby using either its name or the
information contained in the header. It is up te tiser to find the best compromise: a
value too small will let orphans and a value toméawill bring confusion since several
files could be associated to a seismic event (Eigu).

If the name of the sac file is (roughly) the begngntime of the seismogram, then use the
"extract time from filenamédutton else use theXtract times from SAC headér$his
second way is slower since it has to physicallynop&ch file to read the header in order to
find the begin time that will be used to connecatgiven seismic event.

In the best case, the event-to-seismogram linkbeiltreated automatically by pushing the
"Automatically associate SAC filevutton. Otherwise, you can do this association
manually via the Manually associate SAC filebutton. Anyway, at the end of the
automatic association, the system may providetalisrphan events and of seismic files
that it did not succeeded to link together. Thil Wappen when a wide event selection
has been done and will be associated to a ratlmet skisting seismic database. In that
case, humerous events will not be associated songefiles, but that is normal. Orphans
may also happen when two or more events occurshoa time window, smaller than the
"tolerance window In that case the user may terminate manuallyagsociation. At the
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end of this linking process, the seismikatabasé is ready for use. Do not forget to save
it ("Save Projectbutton). This database can then be viewed by uk@gview Databasé
button that provides the list of the events togethi¢h the global map. This database will

be the starting point of the following processeshswas the shear wave splitting
measurements.

a) Request
Earthquake
hypotime:
Request start time: Request stop time:
—\ , : : >
@ @ Y Recording
(%] wv A
o o o
I Q S
o S
= I ~
— 1l
-
b) Association
Earthquake | _Tolerance: +250 sec
hypotime: '
Offset
N i } f f >
ot ot @ o Recording
wv (%] wv wv
o o o o
I A 3 o
= Il I I
— +— +—

Figure 77 : (a) Definition of request start andpstne and (b) their correspondence to the file-
search offset and tolerance

E M»W/\W\»‘/l/M/\/\NV\/\/\AA

N MM/L\,\J\/\}W/\/\MW

Z WNW\./\»NV\/\N‘/\/VWI‘/\AWWW
Figure 78 : The “Cut and save” button searcheshierthree SAC file components (East, North, Z)

for their maximum common time window (here marksdjeay area). Each seismogram is then
cut to this time window and written to new SAC dile

190



A
@tLab

The "Cut and save as SACan be used when the e, n and z componentsastdrénd at
different times and therefore have different naniéss button will cut the beginning of
the triplet at the latest start time and the endinge at the earliest ending time of the
triplet. The triplets are then saved under new nafis provides a way to export data
with coherent lengths and names for other purptsas splitting measurements (Figure
78).

7.3.4.7. The “Save Preferences” button
the current configuration is saved as default Rtagatries for future sessions of SplitLab

7.3.4.8. The “?” button
It provides some help and information that may &eful for the user

7.3.4.9. The "Load Project" button
Allows to load a project that has been already dave

7.3.4.10. The "Save Project As" button
Allows to save a project. It is important to saveraject after having successfully finished
the association between the seismograms and tiksgWféind Files' operation).

7.3.4.11. The "View Seismograms" button
Starts the Seismogram Viewer at the beginning ef database for a newly created
database. If you loaded the project, the last ds¢abase entry will be displayed.

7.3.4.12. The "View Database" button
It provides a way to select and visualize eachhefdeismogram from the database. The
Databaseis defined as the set of seismograms that have seecessfully linked to the
selected events. In other words, the databasesslgirelated to a project and a given data
selection and might not contain all the SAC filles tlata directory.

Clicking the 'View Databasébutton opens theDatabase Viewer winddw
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7.3.5. The "Database Viewer” window
This window lists the events present in the databasd the World viewet
geographically presents the events from the dagabas

B Database Viewer B==

[ Date | JDay | Tlrne [ 1at [ long [ depth [ Mw [ back-azi [distance [E_sks|
: 3.5 -75.8" 19%kn 5 .7 28047 117.0° 16% ||
. 'L-' -d! B i o
-75.85 l?S}m 6.3 2805 117.1° 4s5%
178.9"° 20km 6.6 27.0% 1na.4°  43% -
147.9° 1789km 7.1 92.5° 105.8°  37% Iﬂ

ol e S ‘..." ot -?—
11.12.1997 345 D?:SE:ZB
17.12.19397 351 04:38:52
22, 12,1997 356 02:05:50

Quallt? Hull

ppppp

e oes s sans e e e e r o Z25-Now- 199?

| K3 50° 42° 1.8 1.7  good No  [0.010 0.40]

frosmitoms ot as s s s s S se s S e S e o e P e -

| sHs gz° 787 0.8s 0.8s fair ¥es [0.010 0.40] el
[F‘review] [CleanUpJ [@Expur‘t] [ Statistic J " Remoye Edit

By clicking on one or several events from the §&ty can visualize them as stars on the
map. The user can zoom in and out on the map.

B )

Wurld Viewer Magnitude: *  Depth: *km

The events are sorted by date as default but youcbhanse your sorting criteria by
clicking at the top of the column, the event dis@rdepth or magnitude may be useful in
the process of shear wave splitting measurements.
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The lower part of the window displays the shear wspiting result(s) that have been
saved for a given event. It also present some utto

The button View' allows opening thegreview window to see the 3 components of the
selected seismogram.

The 'Cleanup button allows removing from the database the &s/en which no splitting
measurements are made. After such an operatiorgyitbe a good idea to save the project
under a new name (buttoisdve Project A%, in order to keep the possibility to come
back on data that did not provide splitting measwaets.

The 'Export’ button allows to save the table as an Excel file.

The 'statistic$ button displays:
the event location on a map preserving the tru&dmamuths,
the histogram of the backazimuthal distribution,
a rose diagram presenting the same backazimutstabdition.

The 'Presentatioh button allows to visualize the graphical resutif a splitting
measurement. Indeed, when the user saves a r@solpy of the graph is also saved in the
output directory.

The 'Removeébutton allows the user to remove the result splitting measurement from
the list.

The "Edit" button allows visualizing the numerical values@sated to the splitting
measurements obtained on a seismic event.

7.3.6. The "SeismoViewer" window
By clicking on the Preview button in the Database Viewér one accesses to the
"Preview window, which displays the 3 components of thieded event, together with
the predicted arrival times (calculated at tintl Files' stage). The data can be easily
filtered through a set of prepared filters accdesibrough the keyboard. The list of the
available filters are summarized together withrtlsbortcuts appear by clicking on tH&' "
button at the top of the window.

The basic operations and setups are accessiblesdtyad buttons aligned at the top of the
window:

SFMARXNG QICCHEE | @892 7 e

Figure 79 : the SeismoViewer button bar offers rfwddiioptions...

==
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The 'SAC' button save the seismograms visible at the scieEerSAC files (“SAC
screenshot”). Note that only the length of the winds exported.

The 'Databasé button allows to select a seismic event throughdatabase
The "Rint" button allows to print the window

The 'Togglé button puts and removes grids on the seismogryn.default, each
seismogram is vertically scaled to the maximum ealfithe component.

The "LocK' button allows to present the 3 component at #meesvertical scale

The 'Systerh button allows to switch between the E-N-Z refereifimme to the L-T-Q
reference frame.

The '"Time tablé button allows to plot the arrival times and tmavel paths of one of
several seismic phases selected by the user fot puesent on the screen.

The "Zoom I’ button allows to zoom into a time window definaglthe user by dragging
the mouse along the seismogram.

The 'Zoom Out button remove the zoom.

The "Homé' button allows to zoom directly onto a selecteidséc phase, that is selected
on the rolling menu at the bottom left of the wimddt can be accessed also by typing on
the 'homé key (for the PC) or on theesc¢ key for the Macintosh.

The 'Left Green Arrow allows to visualize the previous seismic eventhef database.

The "Particle Motion' button presents the particle motion diagram @& #hhorizontal
component (EN or QT) for the selected time window.

The 'Options button allows the user to select the type of sheave splitting
measurement: either by calculating the minimum gynen the transverse component or
by using one of the various methods that allowddtermine the minimum eigenvalues.
Furthermore, the maximum delay time for the spigtmeasurement can be set.

The 'Right Green Arrovwallows to visualize the next seismic event in da¢abase.
The "TrasH' button removes the current event from the dabas

The "Seakel button plays the selected time window as sounds.

The 'Camerd button saves the actual seismogram as a grajhic f

The "?" button provides help on shortkeys some usefuigs..
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7.3.7. Performing shear wave splitting measurements through SplitLab
In the "Database Viewer", select your seismic et click on the "View" button; It is
loaded in the "preview" window

Visualize your event in the geographic and seismiierence frame, use different kinds of
filters and zooming options to evaluate the qualityhe data and to locate the core shear
phase on which you wish to make your measurement.

Select the phase-of-interest. The Phase selectdrvecéound in the lower left corner of the
SeismoViewer.

VIR Ta

“wiertica

-2000

Phase Select N

-4000

‘\ 11nnl

SKS - | Status:

Select the time window on which you want to make gplitting measurement. The active
time window will appear in gray whereas the oldesgbn, if any, appears in yellow.

Press the "ENTER" key to start the measurement. WHeemeasurement is finished, then
appear the "Diagnostic Viewer" window that summesizhe results obtained by the
different methods:

* At the top of the window is presented the radiallfiue solid) and transverse
(in red dashed) components at the same verticé,diltered in an extended
section of the previously chosen window without anyrection.

* The upper horizontal panel presents a set of diagminiained by using the
rotation-correlation method. From left to right:

The fast (blue solid) and slow (red dashed) splihgonents corrected from the delay
time. This diagram allows checking the correlatibthe waveforms.

The radial (blue) and transverse (red) componentecied from the anisotropy. This
allows to see if the signal on the transverse camapb has been well removed after
correction for the best phi and dt pair.

The particle motion diagram, before (in blue) angrafin red) the anisotropy correction.
In case of a good measurement, the elliptical @artnotion is well linearized after the
anisotropy (phi and dt) correction.

The map of the correlation coefficients showing qoelity of the correlation between the
fast and slow split waves for phi varying from 4@090° and for dt varying from0to 4 s
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(or any other maximum delay time chosen in therB8e\dewer options Menu). Note that
the program calculates the correlation for stepk’af phi and each sample.

1. The lower horizontal panel presents a set of diagrabtained by using the minimum
energy (or Silver and Chan) method. From left ¢t

» The fast and slow split component corrected forkbst delay time.
e The radial and transverse component corrected fnenanisotropy.

* The particle motion diagram, before (in blue) an@rafin red) the anisotropy
correction.

* The map of the Energy on Transverse components omgehialue (as chosen
in the Option Menu of the SeismoViewer). Here, dhd-search parameters are
2° in phi and 2 samples in time. For a 20 Hz actoms (delta of 0.05 s
between two samples), the time steps will be of @60.15s.

2. The results are summarized in the upper part ofvindow, as numerical values and
the error bars for the different methods and a®larpdiagram on which the fast
direction is plotted with the actual backazimutll amclination.

If you do not like the measurement, go in tiesults menu and chooseDiscard’ to
reprocess another time window, another phase tstaanother filter. If you wish to keep
this measurement, you have to choose a qualityariQuality’ menu, to indicate whether

it is a null or not in thelSNull' menu and to save it in th&dvé menu. Note that the
quality and null information are just comments &age no role in the subsequent process.
In that case, the figure is saved in the formatatel in the Configuratiort panel and the
numerical results are also summarized in Database Viewér linked to the right event.
The “Result Viewer” window

7.3.7.1. The “Options”
The “ResultViewer Options” window allows to selechieh part of the result database
you want to see:

* In the “Phases” panel select the phases of whichwent to see the results

* Select, if you want the “Manual Quality” of the “fFamatic Quality”. The
former uses the Quality assigned to each measutamére “Diagnostic plot”
The latter determines the quality of each measurerbesed on the difference
between th RC and SC results. See Wistefeld & Bodeh, (BSSA 2007) for
details

» Select the Qualities you want to see: good, faiorp
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e Automatically determined Quality includes “Weak'ligmg (both RC and SC
delay times are small). Select the “Weak” optionnidude these events in the
plots and to add the delay time thresholds to deteak as gray area in the
plot.

» Select if you want to see the Nulls or non-Nullst{oth)

» Select “Show Null grid” to display grid-lines indhfast axes plots. The solid
grid-lines indicate where backazimuth and fast-acascide. The dashed grid-
lines indicate a 45° difference between backazirauthfast axes.

* The "Fit to Model panel allows to calculate the theoretical backaghal
variation of the fast axes and delay times (Sav&ggilver, 1994). Set the
delay time slider of second layer to “0” to seelthes for a single layer model.

7.3.7.2. The “Backazimuth distribution”
The results corresponding to the selected optioesdmplayed for each technique (RC,
SC, EV). The fast axis estimates make up the firgt, ithhe delay time estimates the
second row.

7.3.7.3. The “Stereoplots”
In the third row of the result plot, stereoplotstb& non-Null results are displayed. The
lengths of the markers scale with the delay tinhe, ¢entre of the lines correspond to
backazimuth and the inclination of the wave ataef

7.3.8. Trouble shooting
7.3.8.1. Installation problems
In case of problems please check:

The file classpath.txt You can view the file by typing in Matlab:
edit(which(‘classpath.txt’))

This file contains the path to JAVA classes in MatlAt the end of the file should be the
proper path to the file mMatTaup.jar " located by default in
SMATLABROOT/toolbox/matTaup/lib/matTaup.jar

After editing classpath.txt you have to restart lsiat
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The Matlab search path should contain the follovoiders:
SplitlabX.X. X/
SplitlabX.X.X/Tools
SplitlabX.X.X/ShearWaveSplitting
The path to the SacLab Utility
SplitlabX.X.X/SacLab
The path pointing to matTaup (usually at the enthefpath)
$SMATLABROOQOT/toolbox/mattaup

For editing the path use the command: pathtool or edit/create your local

startup.m file. See the Matlab documentation for startupas

7.3.8.2. Preferences problems
During installation, SplitLab preferences are adttedhe Matlab environment (See the
prefdir documentation for further details on preferencése SplitLab Preferences
contain the fields CONFIGURATION (default SplitLalproject configuration),
ASSOCIATIONS (figure export file types and, on ne@s, the system command line to
open the file type) and HISTORY (recently used $plit Projects). These preferences are
only valid for the user, who installed SplitLab. Wever, if a new user runs SplitLab, new
default preferences are automatically createdHat user. In multi-user case be sure that
all users have permission to the SplitLab, SaclabraatTaup path and the paths are set
correctly for each user.

7.3.8.3. Create your own filename format
The association of a SAC seismogram to an evelhieiDatabase is is done in tow steps:

The finding of appropriate file start times corresgimg (within a tolerance and
eventually an offset) to the hypocentral time (Feggd). This is done in the Matlab
function/Tools/getFileAndEQseconds.m

The ordering of three matching files by componentstENorth, Vertical. This ensures
that in the database varialdg.seisfile of your project the first entry corresponds
always to the East component, the second entryetdldith component and the third to te
Vertical. This is done in the Matlab functiéhools/sort_components.m
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config.FileNameConvention is a string corresponding to your selection in
the File-Format Menu (eg 'RDSEED)

Two variables of your project configuration deterenyour choices:

config.UseHeaderTimes is a logical value: 1 mean you wish to use SAC
header times, and 0 means you would like to usdildgm®ame to determine the

start time of the file.
Knowing all this, adding a new Filename format ddawow be straightforward:
edit/Tools/getFileAndEQseconds.m
go to the line which states

switch  config.FileNameConvention

after this line add a newasestatement:

case ‘MyFormat'

state the positon of year, julian_day, hour, minate second in the filename. If not all
these informations are given, make sure you setséaech-tolerance and search offset
appropriately! Please use the existing formatseagplates to your format. If your format
uses day and month instead of julian_day, you hawse the «dayofyear» function, as in
the 'YYYY.MM.DD-hh.mm.ss.stn.sac.e' format.

The given values have to be transformed to secoftds Jan, I' of the corresponding
year. Add something like the following:

Flsec = FISS + FIMM*60 + FIHH*3600 + (FIddd)*8640 0;
Note, that this approach omits any event closartmright, new year».

Save/Tools/getFileAndEQseconds.m

edit/Tools/sort_components.m

go to the line which states

switch  config.FileNameConvention

after this line add a newasestatement:

case ‘MyFormat'
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Define then a variablpos whose value corresponts to the position of théekeh the
filename which determine the Component name. Fgramewple, if the Component
corresponds to the T8etter, use:

pos = 18;
Please use the existing formats as templates.

Save/Tools/sort_components.m

Finally add your format to the file format menu

edit/private/configpanelFINDFILE.m

find the line where the menu entries of the uicorre defined:

str = { 'RDSEED' 'SEISAN', YYYY.JJJ.hh.mm.ss.stn.sac.e'
YYYY.MM.DD-hh.mm.ss.stn.sac.¢' h

add your format to this cell array:

str = { 'RDSEED' 'SEISAN', YYYY.JJJ.hh.mm.ss.stn.sac.e'
YYYY.MM.DD-hh.mm.ss.stn.sac.e' ‘"MyFormat' h

All entries should be in a single line! Furthermaites entry name should be exactly the
same as used before since it determines the valde the variable
config.FileNameConvention

save/private/configpanelFINDFILE.m

restartMatlab
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7.4. Electronic supplement to Null detection (Chapter 4.4)
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Figure B-1: Comparison of RC and SC fast axis extiys for different SNR. Model fast axis at 0°
and delay time 0.0 seconds.
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Figure B-2: Comparison of RC and SC delay timenestigés for different SNR. Model fast axis at

0° and delay time 0.0 seconds.
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Figure B-3: Comparison of RC and SC fast axis extiys for different SNR. Model fast axis at 0°
and delay time 0.5 seconds.
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Figure B-4: Comparison of RC and SC delay timenasties for different SNR. Model fast axis at
0° and delay time 0.5 seconds.
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Figure B-5: Comparison of RC and SC fast axis esttas for different SNR. Model fast axis at 0°

and delay time 0.7 seconds.
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Figure B-6: Comparison of RC and SC delay timenasties for different SNR. Model fast axis at
0° and delay time 0.7 seconds.
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Figure B-7: Comparison of RC and SC fast axis esttas for different SNR. Model fast axis at 0°
and delay time 1.0 seconds.
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Figure B-8: Comparison of RC and SC delay timenestigés for different SNR. Model fast axis at
0° and delay time 1.0 seconds.
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Figure B-9: Comparison of RC and SC fast axis ety for different SNR. Model fast axis at 0°
and delay time 1.3 seconds.
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Figure B-10: Comparison of RC and SC delay timeveges for different SNR. Model fast axis at
0° and delay time 1.3 seconds.
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Figure B-11: Comparison of RC and SC fast axisvestiés for different SNR. Model fast axis at

0° and delay time 1.5 seconds.
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Figure B-12: Comparison of RC and SC delay timeveges for different SNR. Model fast axis at

0° and delay time 1.5 seconds.
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Figure B-13: Comparison of RC and SC fast axisvestiés for different SNR. Model fast axis at

0° and delay time 2.0 seconds.
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Figure B-14: Comparison of RC and SC fast axisresies for different SNR. Model fast axis at

0° and delay time 2.0 seconds.
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7.5 Table of splitting results of stations onthe E ~ ast
European Craton
Manual Automatic
Date | Lat Long Bazi ®SC ®RC | dtSC [ dtRC |isNull [Quality |IsNull Qualitx
Station ATK
01-Oct-94| -17.75| 167.63| 86.67| 88.67| 46.67 4.00 0.20| Yes fair YES GOOD
12-Dec-94| -17.50| -69.65| 288.85| -61.15| -8.15| 2.70f 0.05| Yes poor YES GOOD
29-May-95| -10.14| 163.73| 84.37| -89.63| 46.37 2.90 0.08| Yes fair YES GOOD
14-Jun-95| 12.20| -88.35| 324.61| -53.39| -81.39| 0.15| 0.10| Yes good - POOR
24-Jun-95| -3.98| 153.95| 87.96| 59.96] 59.96 0.75 0.73] No good NO GOOD
25-Jun-95| -3.28| 150.37| 90.28 6.28| 53.28| 3.05| 0.48| Yes fair YES GOOD
29-Jun-95| -19.46| 169.24| 86.68| 44.68] 42.68 0.40 0.38] No fair NO GOOD
14-Aug-95| -4.83| 151.51| 90.39| 84.39] 48.39 3.80 0.53] Yes fair YES FAIR
17-Aug-95| -5.18| 153.40| 89.16| -4.84] 39.16 2.80 0.30| Yes fair YES GOOD
26-Aug-95| -5.80f 153.63| 89.38| 51.38| 56.38] 0.65| 0.68] No good NO GOOD
16-Sep-95| -6.31| 155.25| 88.46| 44.46] 49.46 0.65 0.65] No fair NO GOOD
09-Oct-95( -21.49( 170.13| 87.56| 25.56] 42.56 0.70] 0.55| Yes poor - POOR
25-Feb-96| 16.20| -97.96| 335.40| 69.40| -66.60 4.00 0.30| Yes good YES GOOD
02-May-96( -4.55| 154.83| 87.65| 45.65| 46.65] 0.50] 0.50] No fair NO GOOD
03-Jun-96| -9.31| 157.17| 88.94| 22.94| 43.94 0.95 0.65] No fair - POOR
02-Aug-96| -10.77| 161.45| 86.59| 44.59| 38.59| 0.40] 0.38] No fair NO GOOD
05-Aug-96| -20.69| -178.31| 77.34] 77.34] 31.34 2.55 0.00| Yes good YES GOOD
05-Aug-96| -2.00f -81.00| 310.48| -53.52| -8.52| 3.85] 0.05| Yes good YES GOOD
10-Aug-96| -4.94| 152.13| 89.99| 49.99] 39.99 0.75 0.75] No poor NO FAIR
14-Oct-96| -7.13| 155.57| 88.75| 60.75| 36.75 0.75 0.58] No poor - POOR
31-Dec-96| 15.83| -92.97| 330.43| -45.57| -80.57 1.00 0.45] No fair - POOR
23-Jan-97| -22.00| -65.72| 281.61 3.61| -46.39| 4.00] 0.23] Yes fair YES GOOD
05-Apr-97| -6.49| 147.41| 94.61| 66.61] 45.61 0.70 0.55] No good - POOR
21-May-97| -20.44| 169.29| 87.40f -6.60| 36.40] 4.00] 0.15| Yes good YES GOOD
22-May-97| 18.68| -101.60| 339.63| -24.37| -69.37 3.45 0.10| Yes good YES GOOD
27-May-97| -15.21| -173.33| 68.45] 64.45] 15.45 4.00 0.35| Yes fair YES GOOD
02-Jun-97| -57.78| -25.47| 222.14| 44.14] 72.14 3.90 0.05| Yes poor - POOR
09-Jul-97| 10.60| -63.49| 301.48| 33.48| 73.48] 3.65| 0.05| Yes fair YES GOOD
19-Jul-97| 16.33| -98.22| 335.69| -36.31| -72.31 1.10 0.43| Yes fair - POOR
02-Sep-97| 3.85| -75.75| 308.58| -59.42| 75.58| 3.55| 0.13| Yes fair YES GOOD
16-Jul-98| -11.04| 166.16] 83.05| 55.05| 34.05 0.40 0.33| Yes fair - POOR
04-Aug-98| -0.59| -80.39| 310.65| 34.65| -13.35| 2.65| 0.25| Yes good YES GOOD
23-Aug-98| 11.66| -88.04| 324.09] -43.91| -82.91 0.60 0.15| Yes good YES FAIR
29-Aug-98| -55.74| -27.05| 224.85| 38.85| 78.85| 2.60] 0.23| Yes good YES GOOD
18-Jul-99| -22.55| 179.41| 80.88] 16.88| 44.88 0.50 0.35| Yes poor - POOR
Station ARU
02-May-90( -5.62| 150.15| 91.80f 73.80] 73.80] 1.50] 1.45] No good NO GOOD
30-May-90| -6.03| -77.27| 307.74| 59.74| -89.26 2.00 1.20| Yes poor YES FAIR
12-Aug-90| -19.42| 169.05| 84.11| 66.11] 29.11] 0.90] 0.15] No good YES GOOD
10-Oct-90( -19.34| -66.55| 289.22| 57.22| 58.22 0.50 0.50] No fair NO GOOD
01-Mar-91| 10.80| -84.70| 322.27| 76.27| 83.27 1.20] 1.05] No good NO GOOD
16-Mar-91| 10.19| -85.15| 322.49] 80.49| -89.51 1.40 1.20| Yes fair - POOR
14-Oct-91| -9.05| 158.49| 86.77| 44.77| 39.77 0.80 0.75] Yes fair NO GOOD
07-Mar-92| 10.20| -84.35| 321.72| 79.72| -82.28 1.20 1.00] No fair - POOR
16-Aug-92| -5.39| 146.66| 94.57| 70.57| 75.57 1.40 1.50f No good NO GOOD
30-Aug-92| -17.74| -178.77| 72.04] 68.04| -57.96 4.00 0.10| Yes fair YES FAIR
11-Oct-92| -19.28| 168.91| 84.14| 70.14 39.14|] 0.90f 0.25[ No fair - POOR
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Manual Automatic
Date Lat | Long | Bazi ®sC | oRC | dtsC | dtRC |isNull _[Quality [IsNull _ Quality
15-Oct-92| -14.45| 166.63[ 83.05[ 71.05| 33.05( 0.80f 0.20] No good YES FAIR
18-Oct-92| 7.12| -76.89( 313.38[ 71.38] 82.38] 1.20[ 1.00] No good NO FAIR
06-Mar-93] -10.96] 164.19| 83.05| 73.05[ 38.05[ 1.60] 0.50| Yes good - POOR
16-Apr-93| -17.69| -178.88| 72.11| -13.89 28.11f 3.70] 0.05| Yes good YES GOOD
15-May-93| 16.74| -98.36| 337.21] 71.21| -65.79 1.70| 0.15] Yes good YES GOOD
06-Sep-93 -4.71| 153.21| 88.74] 70.74] 71.74] 1.20] 1.20[ No good NO GOOD
10-Sep-93| 14.73| -92.68| 331.22 77.22| -72.78| 1.40[ 0.55| No good - POOR
22-Sep-93 -6.45| 154.92| 88.29| 66.29] 67.29] 1.20] 1.20[ No good NO GOOD
30-Sep-93| 1551 -94.71] 333.39] 75.39| -72.61| 1.00] 0.35| Yes good - POOR
14-Mar-94( 1598 -92.40] 331.31] 79.31] -81.69] 1.20] 0.70f No fair - POOR
15-Mar-94| 11.19| -88.04| 325.64| 79.64| -84.36] 2.30] 1.65| Yes poor YES FAIR
18-Apr-94| -6.49| 15492 88.31 64.31| 66.31] 1.00f 1.05] No good NO GOOD
21-Apr-94 -5.70( 154.08| 88.57| 70.57] 33.57] 1.20] 0.00f No fair YES GOOD
23-May-94| 18.31| -100.52| 339.62 75.62| -62.38] 1.30[ 0.05[ VYes fair YES GOOD
06-Jun-94| 2.90| -76.09( 310.78 76.78| -87.22| 1.10{ 1.00] No fair - POOR
01-Oct-94| -17.75| 167.63| 84.25| 72.25| 33.25| 1.00] 0.25| Yes fair YES FAIR
27-Oct-94( -25.79 179.35| 79.50| 67.50| 26.50| 1.00] 0.20f No poor YES GOOD
24-Jan-95| -5.93| 154.49( 88.35[ 72.35] 33.35| 0.70f 0.15] No fair YES FAIR
16-May-95| -23.01| 169.89| 85.81| 43.81| 43.81 0.30] 0.30| Yes good NO GOOD
14-Jun-95| 12.20| -88.35| 326.27| 76.27( 83.27 1.40] 1.15| Yes good NO GOOD
24-Jun-95| -3.98| 153.95( 87.71f 69.71 72.71| 1.10f 1.10] No good NO GOOD
29-Jun-95| -19.46| 169.24 83.97 6797 6797 0.90[ 0.90] No good NO GOOD
17-Aug-95 -5.18| 153.40( 88.84| 68.84| 65.84| 1.20[ 1.20] No good NO GOOD
16-Sep-95| -6.31| 15525 87.93| 65.93| 68.93] 0.90] 0.95| No good NO GOOD
21-Oct-95( 16.89 -93.45| 332.56| 78.56] 83.56] 1.20] 1.05[ No good NO GOOD
25-Feb-96| 16.20| -97.96] 336.70| 70.70f -65.30f 3.90] 0.35| Yes good YES GOOD
03-Mar-96| 11.66| -86.86| 324.65| 80.65[ -81.35 1.20] 0.95] No poor - POOR
29-Apr-96 -6.52 155.00| 88.26| 64.26] 66.26] 1.10] 1.10[ No fair NO GOOD
02-May-96( -4.55| 154.83| 87.30f 67.30] 68.30] 0.90f 0.95| No good NO GOOD
03-Jun-96] -9.31) 157.17( 88.03[ 70.03| 37.03] 1.20[ 0.50] No fair - POOR
15-Jul-96| 17.60| -100.96] 339.90| 73.90| -63.10| 1.60] 0.15| Yes good YES GOOD
02-Aug-96( -10.77 161.45| 85.27| 59.27] 48.27] 0.70] 0.55[ No fair NO FAIR
05-Aug-96( -20.69| -178.31] 73.60] 59.60| 25.60| 0.80] 0.20| Yes fair YES FAIR
04-Sep-96( 9.36| -84.27| 321.34| 77.34] -79.66] 1.00] 0.70f No fair - POOR
14-Oct-96| -7.13| 155.57( 88.13[ 70.13| 48.13| 1.20[ 0.60] No poor - POOR
31-Dec-96( 15.83| -92.97| 331.81] 71.81| -62.19] 1.40| 0.10[ No fair YES GOOD
11-Jan-97| 18.22| -102.76| 341.75| -20.25[ -62.25[ 3.10] 0.00| Yes good YES GOOD
05-Apr-97| -6.49| 147.41] 94.56| 68.56) 69.56) 1.20] 1.25[ No good NO GOOD
22-Apr-97( 11.11| -60.89| 300.76( 64.76] 84.76] 0.90[ 0.80[ VYes poor - POOR
21-May-97| -20.44| 169.29| 84.58| 70.58| 33.58| 1.20[ 0.30[ Yes fair YES FAIR
22-May-97( 18.68| -101.60f 340.73( 72.73| -61.27] 1.50[ 0.00[ VYes good YES GOOD
29-Aug-97( -3.56 144.36] 9547| 49.47| 60.47] 1.20] 1.20[ No good NO FAIR
02-Sep-97 3.85| -75.75| 310.87| 72.87| 75.87| 1.30] 1.30f No good NO GOOD
14-Oct-97| -22.10| -176.77| 73.13] 51.13[ 30.13] 0.40] 0.25] Yes fair - POOR
15-Nov-97| -15.15| 167.38| 82.83| -5.17 38.83] 3.40| 0.10| Yes good YES GOOD
28-Nov-97| -13.74| -68.79[ 294.98| 60.98| 79.98| 0.90f 0.80] No good - POOR
04-Jan-98| -22.30| 170.91| 84.44| 68.44( 41.44f 0.80] 0.30| Yes fair - POOR
10-Jan-98| -12.03| -72.07] 299.24| 83.24| 80.24| 1.20] 1.15] No fair NO GOOD
10-Jan-98| 14.37| -91.47| 329.95| 77.95| 83.95/ 1.20] 1.00] No good NO GOOD
07-Jun-98| 15.96| -93.78| 332.62| 74.62( -70.38] 1.30] 0.35| Yes fair YES FAIR
16-Jul-98| -11.04| 166.16] 81.41] 25.41] 35.41] 0.60] 0.55| Yes fair NO FAIR
23-Aug-98( 11.66 -88.04| 325.79] 73.79] -86.21] 1.30] 0.75[ No fair - POOR
27-Dec-98( -21.63| -176.38| 72.42| -11.58| -56.58| 4.00] 0.15| Yes fair YES GOOD
28-Jan-99| -4.58| 153.66( 88.29| 68.29| 18.29] 1.30f 0.30] No good YES FAIR
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31-Mar-99] 5.83| -82.62| 318.38| 86.38[ -80.62| 1.00] 1.00] No fair - POOR
26-Apr-99( -1.65[ -77.78| 310.37| 74.37] 84.37] 1.10] 1.00f No good NO FAIR
05-May-99( 14.36| -94.67| 333.04 75.04] -68.96] 1.30[ 0.35[ VYes good YES FAIR
08-May-99| 14.21| -91.94f 330.36| 78.36| -60.64] 1.60[ 0.45[ VYes fair YES FAIR
10-May-99| -5.16] 150.88( 90.93| 74.93[ 2593 1.30[ 0.30] No fair YES FAIR
06-Jun-99| 13.90| -90.77( 329.14 77.14| -60.86] 1.20[ 0.30] No fair YES FAIR
15-Jun-99| 18.39| -97.44| 336.72| 76.72| -62.28| 1.30] 0.05] No good YES GOOD
09-Jul-99] -6.51) 15494 88.30| 66.30] 81.30 1.00f 1.30] No poor - POOR
11-Jul-99| 15.78| -88.33]| 327.40| 75.40| 85.40| 1.60] 1.25[ No good NO FAIR
26-Jul-99| -5.15| 151.94] 90.04| 62.04 54.04| 1.10] 0.95] No fair NO FAIR
26-Aug-99( -3.52 145.66] 94.36] 7236 61.36) 1.40| 1.05( No fair NO FAIR
28-Aug-99( -1.29( -77.55| 310.31] 80.31| -88.69] 1.10] 1.00f No good - POOR
30-Sep-99( 16.06f -96.93| 335.67| 73.67| -65.33] 1.50| 0.20| Yes good YES GOOD
23-Oct-99 -4.81 153.41| 88.63| 66.63] 79.63] 1.10] 1.20[ No good NO FAIR
06-Feb-00| -5.84| 150.88( 91.31f 67.31 79.31| 120 1.25| No good NO FAIR
12-Mar-00f 14.98| -92.44| 331.06] 83.06] -89.94] 1.20] 1.05] No good - POOR
06-May-00( -11.30f 165.43| 82.19( 64.19] 22.19] 2.00[ 0.40[ VYes fair YES GOOD
16-Jul-00| -7.75| 150.92] 92.35| 58.35| 46.35| 0.60] 0.55[ No poor NO FAIR
21-Jul-00] 9.42] -85.33| 322.39| 78.39 -86.61| 1.00] 0.75] No good - POOR
31-Jul-00| -16.70] 174.54] 77.51] 3151 33,51 0.30] 0.25| Yes poor NO GOOD
09-Aug-00f 18.20( -102.48| 341.48| 75.48| -61.52| 1.20] 0.10| Yes good YES GOOD
09-Aug-00f -15.69 167.99] 82.64] 54.64| 41.64] 0.50] 0.40| Yes fair NO FAIR
11-Sep-00( -15.88| -173.69 65.96 -22.04] 22.96] 3.10f 0.00 VYes good YES GOOD
26-Sep-00f -17.18[ -173.93| 67.02] -26.98| 14.02) 2.80] 0.00| Yes fair YES GOOD
17-Nov-00| -5.50| 151.78( 90.37( 7237 3437 1.30[ 0.20] No poor YES GOOD
18-Nov-00| -5.23| 151.77] 90.23| 74.23] 51.23] 1.30] 0.55] Yes fair - POOR
18-Nov-00| -5.10| 153.18( 88.98| 68.98( 70.98[ 0.90f 0.95| No good NO GOOD
21-Nov-00 -5.49] 152.15[ 90.06f 74.06] 79.06] 1.10f 1.25] No good NO FAIR
23-Nov-00 -4.59| 153.06f 88.80f 70.80| 79.80| 1.20f 1.25| No fair NO FAIR
06-Dec-00f -4.22 152.73| 88.87| 70.87| 23.87| 1.10] 0.20] Yes fair YES GOOD
18-Dec-00( -21.18| -179.12( 74.70f 60.70| 27.70| 0.90f 0.35| No fair - POOR
21-Dec-00f -5.71f 151.12] 91.04] 69.04] 83.04] 1.40] 150 No fair NO FAIR
28-Dec-00( -4.05( 152.31| 89.12| -14.88| -59.88| 2.10|] 0.05| Yes fair YES GOOD
13-Jan-01]| 13.05| -88.66| 326.84| 66.84 -81.16[ 2.90] 0.80| Yes fair YES FAIR
19-Apr-01| -7.31) 155.96( 87.90( 67.90| 69.90f 1.00f 1.00] No good NO GOOD
28-Apr-01f-18.06[ -176.94| 70.52| 60.52] 26.52] 0.80] 0.20f No fair YES FAIR
29-Apr-01( 18.74| -104.54| 343.56( 71.56| -66.44] 3.10f 0.10[ VYes good YES GOOD
20-May-01| 18.82| -104.45[ 343.48| -4.52| 27.48| 0.30[ 0.10[ Yes good - POOR
29-Jun-01| -19.52| -66.25( 288.81 62.81| 71.81| 0.60f 0.60] No good NO FAIR
01-Jul-01] -4.31) 152.96[ 88.72 66.72| 69.72 1.00f 1.05] No good NO GOOD
08-Jul-01| -6.66) 152.11 90.75[ 66.75| 7175 1.10f 1.20] No good NO GOOD
28-Nov-01| 15.57| -93.11f 331.87 79.87| 81.87| 130 1.25| No good NO GOOD
02-Jan-02| -17.60| 167.86( 83.96( 65.96| 39.96] 0.90f 0.40] No fair - POOR
16-Jan-02| 15.50| -93.13| 331.87| 77.87| -69.13] 1.40| 0.45] No good - POOR
28-Feb-02| -5.68| 151.26( 90.91f 6491 7391 130 1.35 No good NO FAIR
06-Jun-02| -0.88) 148.33[ 90.68[ 56.68| 49.68] 1.00f 0.90] No fair NO GOOD
16-Jun-02| 8.78| -83.99| 320.85| 72.85[ -81.15[ 1.20] 0.70| Yes fair - POOR
17-Jun-02] -12.59| 166.38| 82.14| -19.86[ 14.14[ 2.50| 0.05| Yes fair YES FAIR
30-Jun-02| -22.20| 179.25( 76.93( 68.93| 27.93| 1.00f 0.05| No good YES GOOD
03-Jul-02| -5.03] 147.34[ 93.80[ 53.80] 65.80[ 0.90f 1.05] No good NO FAIR
12-Dec-02 -4.79| 153.27( 88.73| 64.73| 62.73| 1.00f 0.95| No good NO GOOD
11-Mar-03| -4.69| 153.24] 88.70| 70.70| 39.70| 1.10] 0.45] No fair - POOR
27-Apr-03( -20.94| 169.77( 84.50( 66.50|] 26.50] 4.00f 0.35[ VYes fair YES GOOD
12-Jun-03] -5.99| 154.76] 88.16] 66.16] 60.16] 0.90] 0.75] No good NO GOOD
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25-Jul-03] -1.53] 149.69] 89.91] 69.91 69.91| 1.10] 1.15] No good NO GOOD
27-Jul-03] -21.08| -176.59| 72.23| 66.23| 24.23| 0.80] 0.10] No good YES GOOD
22-Sep-03| 19.78 -70.67| 313.14| 87.14| 88.14] 0.90| 0.85[ No good NO GOOD
11-Jan-04]| -36.70| 53.35| 184.18| 68.18| 50.18| 0.90| 0.70] No fair - POOR
25-Jan-04| -16.83| -174.20 67.06] -14.94 -62.94 4.00] 0.05| Yes good YES GOOD
29-Apr-04( 10.81 -86.00| 323.53| 79.53] 85.53] 1.20] 1.10f No fair NO GOOD
29-Jun-04| 10.74| -87.04 32451 7251 8751 150 0.95| No fair - POOR
03-Sep-04 -15.25[ -173.34] 65.22] 69.22| -70.78| 0.40] 0.05| Yes fair YES GOOD
08-Oct-04| -10.95| 162.16| 84.77| 62.77| 44.77) 0.70] 0.50f No good - POOR
20-Nov-04( 13.38| -90.06 328.30f 72.30| -57.70] 2.30f 0.25 Yes fair YES GOOD
20-Nov-04 9.60| -84.17| 321.33| 85.33| 88.33| 1.30[ 1.30] No poor NO GOOD
21-Nov-04( 15.68| -61.71| 303.67 49.67| 78.67] 0.90[ 0.50[ Yes fair - POOR
07-Feb-05| -4.53| 153.19 88.65[ 72.65[ 30.65 1.30[ 0.30] No good YES FAIR
11-Apr-05| -21.98| 170.61 84.48( 74.48| 37.48] 0.80[ 0.25] No fair - POOR
Station KEV
12-Jun-93| -4.38| 135.05| 74.48| 8.48( 27.48[ 0.30] 0.20| Yes fair - POOR
04-Sep-93| -9.67 122.57| 88.16] 86.16| 42.16] 3.10] 0.10] Yes good YES GOOD
06-Sep-93 -4.71| 153.21] 56.92| -5.08 1.92] 0.50] 0.45[ No good NO GOOD
29-Sep-93| 0.54 121.56] 85.54] -046| 3854 0.70] 0.10] Yes good YES GOOD
13-Oct-93| -5.93| 146.03| 64.38| 60.38( 16.38[ 3.20] 0.35] Yes good YES GOOD
25-May-94| -4.18| 13545 74.03| 36.03| 28.03] 0.70f 0.70[ Yes fair NO GOOD
13-Jul-94| -7.50 127.92] 82.34] 4.34| 38.34| 0.80] 0.20f No fair YES FAIR
19-Aug-94| -26.65| -63.38 260.50f 74.50| -67.50|] 4.00f 0.10[ Yes good YES GOOD
13-Feb-95| -1.35| 127.52] 80.59] 2.59( 35.59( 1.00] 0.25] Yes fair YES FAIR
14-Aug-95[ -4.83| 15151 58.64f 264| -1.36] 0.40[ 0.40] No good NO GOOD
25-Dec-95( -6.94 129.18| 80.95| 20.95| 33.95| 0.40| 0.35| Yes fair NO FAIR
17-Feb-96] -0.59| 135.87| 72.42] -9.58[ -62.58[ 1.60] 0.20| Yes good YES FAIR
28-Feb-96] 1.73| 126.10f 80.87| -3.13[ 3587 1.20] 0.10| Yes good YES GOOD
17-Mar-96( -14.70[ 167.30] 45.35| -6.65| -0.65| 0.30] 0.25] No fair NO GOOD
02-May-96( -4.55| 154.83| 55.26[ 37.26] 9.26] 0.70[ 0.40 VYes fair - POOR
17-Jun-96| -7.14| 122.59| 87.24] 3.24[ 39.24[ 0.90] 0.10| Yes good YES FAIR
05-Apr-97| -6.49| 147.41] 63.21] 61.21] 11.21] 4.00] 0.20| Yes fair YES GOOD
05-Apr-97| -6.49| 147.41] 63.21] -30.79] 11.21) 3.20] 0.20| Yes fair YES GOOD
02-Sep-97 3.85| -75.75| 283.29| -80.71| 55.29| 3.10] 0.10| Yes good YES GOOD
22-Dec-97 -5.49| 147.87| 62.44| 58.44| 13.44| 3.10] 0.25| Yes good YES GOOD
06-Feb-99| -12.85| 166.70| 45.46] 27.46[ -1.54 0.60] 0.30| Yes fair - POOR
26-Apr-99[ -1.65| -77.78| 283.35[ 83.35| 56.35| 0.40[ 0.20[ VYes good - POOR
17-May-99| -5.16] 152.88| 57.38| 33.38 9.38] 0.50| 0.35| Yes fair - POOR
06-Feb-00| -5.84] 150.88| 59.58| 4558 1158 0.80] 0.30| Yes fair - POOR
23-Apr-00( -28.31| -62.99| 259.44 75.44| 30.44] 4.00f 0.00[ VYes good YES GOOD
09-Jun-00| -5.07] 152.49| 57.74] 41.74 10.74] 0.50] 0.25| Yes fair - POOR
16-Nov-00| -3.98| 152.17( 57.73[ -0.27( 12.73| 0.40[f 0.35| No fair NO FAIR
09-Jan-01| -14.93| 167.17| 45.56] -24.44[ -1.44] 0.20] 0.15] Yes good - POOR
28-Apr-01( -18.06( -176.94| 28.59( 36.59| 71.59] 0.90f 0.15[ VYes fair YES FAIR
25-May-01| -7.87| 110.18[ 99.12 -82.88] 51.12| 4.00f 0.05[ Yes good YES GOOD
29-Jun-01| -19.52| -66.25[ 266.03] 76.03 31.03 1.30] 0.10| Yes fair YES GOOD
01-Jul-01] -4.31) 152.96[ 57.05[ 23.05| 11.05[ 0.30f 0.25] No good NO FAIR
11-Sep-01| -0.58 133.13[ 75.02f 75.02] 29.02] 4.00f 0.10[ VYes good YES GOOD
06-Jun-02| -0.88) 148.33| 60.54| 5454 954 2.20] 0.30| Yes good YES GOOD
03-Jul-02| -5.03| 147.34| 62.81| 36.81| 1581| 0.40f 0.30[ VYes fair - POOR
10-Mar-03| 1.69| 127.30| 79.75| 79.75| 34.75| 3.50] 0.15| Yes good YES GOOD
05-May-03( 0.22| 127.35[ 80.21 74.21] 32.21| 2.80[ 0.20[ VYes fair YES GOOD
11-May-03| -0.99] 126.94] 81.01] 75.01f 34.01] 0.20] 0.05] Yes fair YES FAIR
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26-May-03( 2.35| 128.85[ 78.07f 10.07] 26.07| 0.60[ 0.40[ VYes fair - POOR
12-Jun-03| -5.99| 154.76] 55.76] -24.24 8.76[ 0.90] 0.20| Yes good YES FAIR
25-Jul-03| -1.53| 149.69| 59.42| -20.58 14.42 0.60| 0.15| Yes fair YES FAIR
27-Jul-03| -21.08| -176.59| 28.86] 52.86[ 75.86[ 0.60] 0.40| Yes fair - POOR
23-Apr-04 -9.36[ 122.84 87.79 3.79] 41.79] 0.70f 0.15[ VYes good YES FAIR
25-Jun-04| -6.71) 130.38( 79.73[ 7.73| 36.73] 0.70[ 0.40] No fair - POOR
Station KIEV
13-Feb-95| -1.35| 127.52| 84.41| -89.59 -51.59( 1.70| 0.05| Yes fair YES GOOD
02-May-95 -3.85| -76.96( 280.20 -67.80| -29.80] 0.90f 0.30[ Yes fair - POOR
26-Jul-95| 2.56] 127.69| 81.80| -78.20( -57.20f 1.00] 0.60] No good - POOR
30-Jul-95] -23.32] -70.59| 261.83| -86.17 -47.17| 1.20] 0.30] No good YES FAIR
19-Aug-95( 5.10f -75.69( 284.81 20.81] -25.19] 1.10f 0.10[ Yes fair YES GOOD
14-Sep-95( 16.84| -98.60f 310.13| 36.13| -7.87] 4.00f 0.15[ Yes good YES GOOD
03-Oct-95| -2.82 -77.90| 281.61| -46.39] -28.39] 0.70] 0.65[ No poor - POOR
03-Oct-95| -2.77| -77.88| 281.63| -54.37] -31.37] 0.80] 0.55[ No fair - POOR
21-Oct-95( 16.89 -93.45| 305.92| -42.08| -5.08] 1.10] 0.05[ No good YES GOOD
01-Nov-95[ -28.96 -71.50| 258.12| 86.12| -52.88| 1.20] 0.25| Yes fair YES FAIR
05-Dec-95( -9.28 125.41| 91.15| -82.85| -37.85| 2.50| 0.10| Yes fair YES GOOD
25-Dec-95[ -6.94 129.18| 86.69| -81.31| -44.31] 0.80] 0.25[ No good - POOR
25-Feb-96| 16.20| -97.96] 309.27| 3527 -8.73[ 3.60] 0.30| Yes good YES GOOD
19-Apr-96| -23.94| -70.09( 261.00( -81.00f -53.00f 0.80f 0.40] No good - POOR
02-May-96( -4.55| 154.83| 63.78| 87.78| -67.22| 0.70f 0.50] No good - POOR
09-Jun-96| 17.44| 145.46( 58.89| 64.89| 20.89| 1.60[ 0.00] No fair YES GOOD
15-Jul-96| 18.73| 145.63| 58.02| -19.98| 20.02) 0.50] 0.10f No good YES GOOD
05-Aug-96( -2.00f -81.00| 284.64| -63.36] -29.36| 1.20] 0.40[ No fair - POOR
31-Dec-96( 15.83| -92.97| 304.96] -51.04| 83.96| 1.70] 0.00| Yes good YES GOOD
17-Jan-97| -8.90| 123.54] 92.34] 10.34 -34.66[ 3.10] 0.15| Yes poor YES GOOD
23-Jan-97| -22.00| -65.72| 259.23| 83.23 -54.77 3.10] 0.25| Yes good YES GOOD
23-Apr-97( 13.99 14490| 61.30] 67.30] 21.30] 1.50] 0.00f No fair YES GOOD
22-May-97| 18.68| -101.60{ 313.56 -66.44| 87.56] 0.30f 0.20] No fair - POOR
10-Aug-97 -16.01| 124.33| 96.45| 24.45| 5845| 0.80[ 0.35[ Yes fair - POOR
20-Aug-97( -41.72( 80.13] 143.59| -38.41| 7.59] 3.00] 0.05| Yes good YES GOOD
02-Sep-97 3.85| -75.75| 284.08| -45.92] -40.92) 0.70] 0.65[ No good NO GOOD
28-Nov-97| -13.74| -68.79| 267.27| -82.73| -39.73| 1.30f 0.25| No good YES GOOD
10-Jan-98| 14.37| -91.47| 302.93| -41.07| -14.07| 0.70] 0.35] No fair - POOR
21-May-98 0.21| 119.58 89.58| -80.42| -37.42] 2.10[ 0.10[ VYes fair YES GOOD
23-Aug-98( 11.66( -88.04| 298.61| -43.39] -20.39] 1.00] 0.55[ No good - POOR
02-Sep-98 5.41| 126.76] 80.74] -73.26] -58.26] 1.00] 0.75[ No good - POOR
28-Sep-98( -8.19 112.41] 100.43| 22.43| 62.43] 0.70] 0.25| Yes fair - POOR
08-Oct-98| -16.12| -71.40| 267.63| -82.37| -41.37| 1.30] 0.25| Yes fair YES GOOD
28-Oct-98 0.84 12597| 84.23| -75.77] -44.77] 1.00] 0.50[ No fair - POOR
06-Dec-98 1.25| 126.20| 83.79| -74.21| -60.21) 1.00] 0.75[ No poor NO FAIR
12-Aug-99( -1.72| 122.46| 88.57 -85.43| 53.57] 230 0.00[ Yes poor YES GOOD
28-Aug-99( -1.29( -77.55| 282.30| -57.70| -32.70| 0.70] 0.40[ No good - POOR
15-Sep-99( -20.93| -67.28| 261.14| -82.86| -57.86] 0.70 0.30] No good - POOR
26-Feb-00| 13.80| 144.78( 61.51f 6551 1951 110/ 0.15| No fair YES GOOD
23-Apr-00[ -28.31| -62.99| 252.68( 76.68| -56.32] 2.00f 0.10[ VYes good YES GOOD
12-May-00| -23.55| -66.45| 258.65| -85.35[ -58.35[ 0.90| 0.35| Yes good - POOR
24-Feb-01| 1.27] 126.25[ 83.74| -74.26[ -35.26] 1.20[ 0.60] No fair YES FAIR
13-Apr-01| -59.72| -25.59( 208.09 -49.91| 84.09 2.20f 0.20] No poor YES GOOD
25-May-01| -7.87| 110.18[ 101.95[ 25.95| 61.95| 0.60[ 0.20[ Yes fair - POOR
05-Jul-01| -16.09] -73.99( 269.64| -48.36| -42.36] 0.40f 0.35| No fair NO GOOD
12-Oct-01] 12.69] 144.98| 61.99] 6799 -70.01f 1.50] 0.10] Yes good YES GOOD
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16-Jan-02| 15.50| -93.13| 304.91| -47.09( -6.09 1.10] 0.15| Yes fair YES GOOD
01-Apr-02| -29.67| -71.38| 257.46| -68.54| -57.54| 0.40] 0.35| Yes fair NO FAIR
18-Apr-02| -27.53| -70.59( 258.61| 86.61 -45.39( 2.80] 0.20| Yes fair YES GOOD
26-Apr-02 13.09 144.62| 62.05| 70.05] -72.95| 1.60] 0.15[ No fair YES GOOD
08-Sep-02 -3.30f 142.95| 73.28| 77.28| -60.72) 2.70] 0.25[ No fair YES GOOD
12-Oct-02| -8.30| -71.74[ 273.18 -68.82| -35.82 0.60[ 0.25] No good - POOR
10-Mar-03( 1.69| 127.30] 82.66| -79.34] -70.34] 1.30] 1.00f No good NO FAIR
05-May-03| 0.22| 127.35| 83.54| -74.46] -60.46] 1.00f 0.75] No good NO FAIR
09-May-03( -48.21| 32.27| 177.94( 89.94] -45.06] 2.60[ 0.00[ VYes good YES GOOD
20-Jun-03| -7.61) -71.72 273.62 -62.38| -36.38] 0.50[ 0.30] No good - POOR
18-Oct-03| 0.44| 126.10( 84.38[ -79.62| -46.62| 1.50[ 0.55| No fair - POOR
29-Apr-04( 10.81| -86.00 296.47 -59.53| -14.53] 3.40[ 0.30[ Yes good YES GOOD
29-Jun-04| 10.74| -87.04( 297.27( -44.73| -21.73| 1.20[f 0.60] No good - POOR
30-Jun-04| 0.80) 124.73[ 85.22 -66.78| -63.78] 0.90[ 0.85] No fair NO GOOD
28-Nov-04| -3.64| 13545 79.61| -82.39| -57.39| 0.90f 0.45| No good - POOR
Station LVZ

20-Dec-92 -6.51| 130.39| 87.14| 21.14| 32.14] 1.00] 0.85[ No fair NO FAIR
16-May-93| -15.34| -173.35| 33.30| -32.70f -5.70f 1.20] 0.80| Yes fair YES FAIR
05-Oct-93| -6.14| 128.92| 88.36] 76.36| 41.36) 1.30] 0.30] Yes fair YES FAIR
09-Dec-93| 0.48| 125.98| 88.59| 1859| 61.59] 1.30] 0.30f No good YES FAIR
09-Dec-93[ 0.43| 125.89| 88.69] 12.69] 54.69] 1.50| 0.20[ No fair YES GOOD
19-Jan-94| -3.21| 136.02] 80.64] 4.64( 49.64 2.10] 0.20| Yes fair YES GOOD
21-Jan-94| 1.01) 127.73| 86.77] 10.77f 39.77[ 1.40] 0.55| Yes fair - POOR
13-Apr-94| -3.11) 13597 80.65/ 6.65[ 38.65[ 1.50| 0.45| Yes fair - POOR
18-Apr-94| -6.49| 15492 63.84 9.84| 12.84] 110 1.10] No good NO GOOD
29-Apr-94( -28.30 -63.17| 265.58( -24.42| -53.42] 0.60f 0.35[ VYes good - POOR
10-May-94| -28.50| -63.06] 265.39] 85.39 -53.61| 4.00] 0.25| Yes good YES GOOD
09-Jun-94| -13.83| -67.56| 276.04| -3.96( -42.96] 1.60] 0.30| Yes good YES GOOD
13-Jul-94| -7.50| 127.92] 89.81] 17.81] 66.81] 1.50| 0.15[ No fair YES GOOD
19-Aug-94| -26.65| -63.38| 266.57 -11.43] 34.57] 1.70f 0.00( VYes good YES GOOD
28-Sep-94| -5.77 110.33] 105.42| -62.58| 66.42] 1.40| 0.00] Yes fair YES GOOD
13-Feb-95| -1.35| 127.52| 87.85| 5.85[ 52.85[ 2.10] 0.10| Yes fair YES GOOD
16-Aug-95 -5.42| 153.76] 64.59( 12.59| 1259| 1.00f 1.00] No good NO GOOD
25-Dec-95( -6.94 129.18| 88.43| 12.43| 52.43| 1.60] 0.40[ No good YES FAIR
17-Mar-96( -14.70[ 167.30] 54.28| 14.28| 16.28| 0.90] 0.95] No good NO GOOD
02-May-96( -4.55| 154.83| 63.25[ 5.25| 10.25| 1.10f 1.00] No good NO GOOD
17-Jun-96| -7.14| 122.59] 94.60] 14.60[ 51.60[ 1.40] 0.20| Yes good YES FAIR
05-Apr-97| -6.49| 147.41] 71.11] 21.11] 23.11) 1.40] 135 No good NO GOOD
28-Nov-97( -13.74| -68.79| 277.23| -4.77] -38.77] 1.00f 0.35[ Yes good - POOR
22-Dec-97 -5.49 147.87| 70.30] 4.30| 20.30) 1.30] 0.95[ No fair - POOR
16-Jul-98| -11.04| 166.16] 54.17] 817| 9.17] 0.70] 0.70f No fair NO GOOD
06-Feb-99| -12.85| 166.70( 54.24 10.24( 13.24 110/ 1.10] No good NO GOOD
05-Apr-99| -5.59 149.57| 68.70| 6.70| 18.70| 1.40] 1.20[ No good NO FAIR
13-Apr-99| -21.42| -176.46( 38.67| -37.33| -3.33| 1.40| 0.40| Yes fair YES FAIR
06-Feb-00| -5.84| 150.88[ 67.53| 13.53| 1953 130 1.30] No good NO GOOD
23-Apr-00( -28.31| -62.99| 265.42 -10.58| 33.42] 1.60f 0.10[ VYes good YES GOOD
12-May-00| -23.55| -66.45| 270.84| -13.16] -46.16] 1.10] 0.40| Yes fair - POOR
07-Aug-00f -7.02f 123.36] 93.85| 29.85| 21.85| 1.20] 1.30f No fair NO FAIR
16-Nov-00| -5.23| 153.10( 65.16[ 9.16( 18.16] 1.00f 0.95] No good NO FAIR
18-Nov-00| -5.23| 151.77( 66.45[ 12.45( 1545 1.00f 1.00] No good NO GOOD
21-Dec-00f -5.71f 151.12] 67.25| 9.25| 15.25| 1.40] 130 No good NO GOOD
09-Jan-01| -14.93| 167.17( 54.49( -151| 7.49( 1.00f 0.90] No good NO FAIR
19-Oct-01] -4.10] 123.91| 92.23] 8.23] 46.23] 2.30] 0.25] Yes good YES GOOD
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23-Dec-01| -9.61| 159.53| 60.40| 30.40| 19.40f 0.90] 0.80] No fair NO FAIR
10-Oct-02| -1.76] 134.30] 81.71 3.71] 4471 1.90] 0.55| Yes poor YES FAIR
12-Dec-02| -4.79| 153.27| 64.84 6.84| 16.84 1.40 1.30] No good NO FAIR
07-Jun-03| -5.09] 152.50| 65.70 3.70] 12.70f 1.00] 1.05| No good NO FAIR
Station MHV

06-Feb-00| -5.84| 150.88| 74.06] 30.06f 29.06] 1.30f 1.25[ No good NO GOOD
03-Mar-00| -7.32| 128.49| 93.63| 25.63| 55.63| 0.60] 0.35] No fair - POOR
12-Mar-00| 14.98 -92.44| 311.77| 31.77] -8.23| 0.90] 0.20] No fair YES FAIR
21-Jul-00f 9.42| -85.33| 302.92 -55.08] -8.08] 3.60] 0.10| Yes good YES GOOD
09-Aug-00| 18.20| -102.48| 321.99| -36.01| -82.01| 3.70] 0.05| Yes good YES GOOD
16-Nov-00| -3.98| 152.17| 71.86] 35.86] 39.86] 0.80f 0.85 No good NO GOOD
21-Dec-00| -5.71| 151.12| 73.78| 53.78] 69.78| 1.20] 1.55| No fair - POOR
13-Jan-01| 13.05| -88.66 307.59| -28.41| -4.41| 0.20] 0.15| Yes good - POOR
20-May-01| 18.82| -104.45| 323.99| -34.01| -78.01] 4.00] 0.00| Yes good YES GOOD
05-Jul-01] -16.09| -73.99| 278.45| 24.45| 52.45| 0.30f 0.15| Yes fair - POOR
11-Sep-01| -0.58| 133.13| 85.94 17.94| 43.94] 1.30] 0.75] No fair - POOR
28-Nov-01| 15.57| -93.11| 312.62| 32.62| -3.38] 0.50] 0.15] Yes fair - POOR
16-Jan-02| 15.50| -93.13| 312.61| 38.61| -4.39| 0.80] 0.05| Yes good YES GOOD
01-Apr-02| -29.67| -71.38| 266.46] -9.54| -48.54| 1.50] 0.10| Yes good YES GOOD
18-Apr-02| 16.99| -100.86| 320.08| 44.08( 84.08| 3.80f 0.15| VYes poor YES GOOD
03-Jul-02| -5.03| 147.34| 76.64| 40.64] 47.64 1.30] 1.30] No good NO GOOD
22-Jan-03| 18.77| -104.10| 323.65| -32.35 7.65] 2.00] 0.20] Yes good YES GOOD
25-Mar-03| -8.29| 120.74| 100.50| -71.50f 61.50] 3.20f 0.25| Yes fair YES GOOD
09-May-03| -48.21| 32.27| 183.76| 17.76] 66.76] 2.30] 0.20] Yes fair YES GOOD
07-Jun-03| -5.09] 152.50| 72.21| 36.21f 38.21] 0.80f 0.75] No poor NO GOOD
20-Jun-03| -7.61| -71.72| 281.77| 13.77| 56.77| 2.20f 0.05| Yes fair YES GOOD
25-Jul-03| -1.53| 149.69| 72.62| 38.62| 49.62 0.80] 0.85] No good NO FAIR
05-Feb-04| -3.62| 135.54| 85.71| 21.71| 48.71] 1.20f 0.80| Yes fair - POOR
23-Apr-04| -9.36] 122.84| 99.40| 13.40| -32.60|] 3.40| 0.15] Yes good YES GOOD
29-Apr-04| 10.81|] -86.00| 304.19| -55.81|] -9.81| 4.00/ 0.10|] Yes good YES GOOD
29-Jun-04| 10.74| -87.04| 305.06] 11.06f -7.94] 0.30f 0.20| Yes fair - POOR
08-Oct-04| -10.95| 162.16] 66.94| 36.94] 24.94] 0.80] 0.70] No good NO FAIR
09-Oct-04| 11.42 -86.67| 305.07 27.07] -5.93| 1.70] 0.10| Yes poor YES FAIR
15-Nov-04| 4.70| -77.51| 293.70 1.70] -15.30] 1.10] 0.75] No fair - POOR
20-Nov-04| 9.60[ -84.17| 302.00f -48.00] -2.00] 3.10] 0.20] Yes fair YES GOOD
28-Nov-04| -3.64| 135.45| 85.79| 25.79| 52.79] 0.90] 0.70] No fair - POOR
Station NE51

26-Jul-95| 2.56 127.69| 81.91| -4.09] 44.91| 4.00] 0.00| Yes good YES GOOD
14-Aug-95| -4.83| 151.51| 64.17| 32.17| 17.17] 0.90] 0.75] No fair YES FAIR
23-Sep-95| -10.53| -78.70( 280.84 0.84| -41.16f 2.90] 0.05| Yes good YES GOOD
25-Dec-95| -6.94 129.18| 85.39] 39.39|] 33.39| 0.80] 0.75] No good NO GOOD
31-Mar-96] -11.18| 165.64| 53.22| 35.22 8.22| 1.30] 0.65] No fair - POOR
17-Jun-96| -7.14| 12259 91.21| 39.21| 39.21f 0.70] 0.70] No good NO GOOD
05-Apr-97| -6.49 147.41| 68.82| 42.82 6.82| 1.40| 0.80] No fair YES FAIR
24-Jun-97| -1.92| 127.90| 83.97| 49.97( 28.97| 0.80f 0.70] No good - POOR
31-Jul-97| -6.64| 130.92| 83.72| 31.72] 31.72f 0.50] 0.55| No good NO GOOD
22-Dec-97| -5.49| 147.87| 67.90|] 33.90] 16.90f 1.20] 1.05] No fair - POOR
10-Jan-98| 14.37| -91.47| 304.07| -55.93| 77.07| 4.00] 0.00| Yes good YES GOOD
28-Sep-98| -8.19| 112.41| 100.50| 40.50| 41.50f 0.80] 0.80] No good NO GOOD
Station NE52

30-Ju|-95| -23.32] -70.59| 264.36| -59.64| -61.64] 0.80] 0.85] No good NO GOOD
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03-Aug-95| -23.13| -70.60| 264.49| -31.51| -77.51| 1.40| 1.25| Yes fair - POOR
23-Sep-95] -10.53| -78.70| 278.90 2.90| -38.10f 0.60| 0.10| Yes fair YES GOOD
25-Dec-95| -6.94| 129.18| 84.56( -19.44| -56.44| 0.60f 0.20] Yes fair - POOR
17-Jun-96| -7.14| 12259 90.27( 86.27| -50.73] 2.30f 0.10| Yes good YES GOOD
05-Aug-96| -2.00f -81.00| 285.55| -62.45| -31.45| 0.90| 0.30| Yes fair - POOR
23-Jan-97| -22.00| -65.72| 261.19| -88.81| -59.81| 1.40| 0.45| Yes fair - POOR
23-Apr-97| 13.99| 144.90| 60.30| -33.70f 10.30] 4.00f 0.05| VYes good YES GOOD
Station NE53

30-Jul-95| -23.32| -70.59| 261.81| 25.81| 38.81] 0.30] 0.25] Yes fair NO FAIR
02-Aug-95| -23.15( -70.58| 261.92 79.92] 39.92| 3.80| 0.20| Yes good YES GOOD
19-Aug-95| 5.10| -75.69| 283.15| -86.85| 36.15| 4.00f 0.30] No poor YES FAIR
01-Nov-95| -28.96 -71.50| 258.56( 80.56| -54.44] 4.00f 0.05| Yes good YES GOOD
25-Dec-95| -6.94| 129.18| 83.83] 11.83] 37.83| 0.30] 0.15] No good - POOR
28-Feb-96| 1.73| 126.10| 81.37| -4.63| 39.37| 1.00] 0.05| Yes fair YES GOOD
19-Apr-96| -23.94| -70.09|] 261.00| 85.00] 43.00f 1.60] 0.00| Yes good YES GOOD
17-Jun-96| -7.14| 122,59 89.39( 85.39] 33.39] 4.00f 0.10] Yes fair YES GOOD
12-Aug-96| -0.27| 125.09| 83.35 3.35| 37.35| 0.30] 0.10| Yes good - POOR
10-Aug-97( -16.01| 124.33| 93.33| 81.33| 27.33] 2.80| 0.05| Yes poor YES FAIR
26-Sep-97| -5.39| 128.99| 83.08 1.08] 42.08] 0.50f 0.10] Yes fair YES GOOD
15-Oct-97| -30.93| -71.22| 256.90 0.90(f 37.90] 0.80] 0.30] Yes fair - POOR
28-Nov-97| -13.74| -68.79| 266.49| 56.49| 33.49] 0.30] 0.25] No good - POOR
03-Mar-00| -7.32| 128.49| 84.63 463 37.63] 0.70] 0.20] Yes poor YES FAIR
03-Apr-00| 4.08| 125.61| 80.44| 86.44| -51.56] 0.70] 0.10] Yes good YES GOOD
04-May-00| -1.11| 123.57| 85.08/ -0.92f 38.08] 0.50f 0.05| Yes good YES GOOD
12-May-00| -23.55| -66.45| 258.44| 22.44| 41.44| 0.20] 0.20f No fair - POOR
07-Aug-00| -7.02| 123.36| 88.69| -13.31|] 25.69| 2.20|] 0.10| Yes fair YES GOOD
Station NE54

23-Apr-97| 13.99| 144.90| 56.79| -59.21| -74.21| 0.60] 0.45[ No fair - POOR
22-May-97| 18.68| -101.60| 309.28| -60.72| 80.28| 3.90f 0.00| Yes fair YES GOOD
31-Jul-97| -6.64| 130.92| 80.37| -61.63| -55.63| 0.60] 0.60] No good NO GOOD
Station NE55

14-Sep-95( 16.84| -98.60| 310.39| -47.61| -2.61| 2.20[ 0.10] Yes good YES GOOD
28-Oct-97| -4.37| -76.68| 279.77| -66.23| -31.23| 1.30] 0.45| Yes fair - POOR
21-Jul-00| 9.42| -85.33| 295.35| -48.65| -18.65| 0.60] 0.30] Yes good - POOR
07-Aug-00| -7.02| 123.36f 91.74 -78.26] -31.26] 1.80f 0.10| Yes good YES GOOD
09-Aug-00| 18.20( -102.48| 314.33| -49.67| 87.33| 1.80] 0.10| Yes good YES GOOD
28-Sep-00| -0.22| -80.58| 285.57| -36.43| -27.43| 0.80] 0.80] No good NO FAIR
Station NE56

09-Jun-96| 17.44| 145.46| 60.34| -65.66| -63.66/ 0.90| 0.90| Yes good NO GOOD
17-Jun-96| -7.14| 12259 93.69| -50.31| -46.31| 0.60] 0.60] No good NO GOOD
22-Aug-96| -7.12| 123.28| 93.18| -40.82| -35.82| 0.70| 0.75] No good NO GOOD
23-Jan-97| -22.00| -65.72| 258.98| 84.98| -53.02| 2.90| 0.25| Yes good YES GOOD
28-Nov-97| -13.74| -68.79| 267.37| -42.63| -36.63] 0.50[ 0.50] No fair NO GOOD
28-Sep-98| -8.19| 112.41| 101.77| -50.23] -33.23| 0.50f 0.40] No good - POOR
Station OBN

25-Mar-90| 9.89| -84.89| 301.75| 17.75| -15.25| 0.70] 0.30| Yes good - POOR
08-May-90| 6.95| -82.64| 298.30| -29.70| -11.70] 0.80] 0.65| No poor - POOR
24-May-90| -7.36| 120.33| 99.31| -60.69| -37.69] 0.80f 0.50] No fair - POOR
31-May-90| 17.25| -100.75| 319.03| -32.97| 15.03] 1.50f 0.05| Yes good YES GOOD
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23-Jun-90| -0.63| 146.44 73.84( 23.84| 31.84 0.70f 0.60] No poor NO FAIR
18-Aug-90( -40.21| 78.25[ 148.76] 50.76] 9.76] 1.50f 0.10[ VYes fair YES GOOD
02-Sep-90f -0.12 -80.24| 292.45| -23.55| -15.55| 0.50] 0.50f No fair NO FAIR
17-Oct-90| -10.99| -70.78[ 277.96[ -24.04| -23.04 0.90 0.85] No fair NO GOOD
05-Apr-91| -5.95[ -77.09| 286.40| -17.60| -23.60) 0.60] 0.50f No fair NO GOOD
04-May-91| 9.49| -82.47[ 299.46( -44.54| -12.54] 0.70[ 0.35[ Yes fair - POOR
17-May-91| -4.38| 142.62 79.22 49.22( 36.22 0.80[ 0.65| No fair NO FAIR
24-May-91| -16.48| -70.72| 274.47| -11.53| -1453] 0.80f 0.80] No good NO GOOD
23-Jun-91| -26.82| -63.40( 261.50| -64.50( -50.50f 0.20] 0.20| Yes good NO FAIR
07-Mar-92| 10.20| -84.35| 301.44| 49.44| 87.44 1.60f 0.65| Yes poor - POOR
04-May-92( -6.72| 130.14 90.94 -83.06] 57.94] 3.10f 0.10[ VYes fair YES GOOD
30-May-92| 14.51| -92.90f 310.93| 16.93] -2.07] 0.30f 0.20[ Yes fair - POOR
14-Jul-92| -4.71| 125.43| 93.63| -68.37| -42.37| 0.30] 0.10| Yes fair - POOR
02-Aug-92 -0.90f 127.59| 89.68] 3.68| 49.68| 2.00] 0.10| Yes fair YES GOOD
02-Aug-92( -7.12 121.72| 98.04] -53.96| -40.96/ 0.50] 0.40[ No good NO FAIR
13-Aug-92 -6.13| 14892 74.84 -1.16] 40.84] 2.00f 0.55[ Yes poor YES FAIR
16-Aug-92 -5.39| 146.66( 76.36| 14.36] 28.36] 0.40[ 0.35[ VYes fair NO FAIR
15-Oct-92| -14.45| 166.63| 63.56] 69.56( -68.44 0.40] 0.05| Yes good YES GOOD
18-Oct-92| -6.29] 130.22( 90.62| 4.62( 52.62 1.40] 0.00| Yes good YES GOOD
18-Oct-92| 7.12| -76.89[ 293.45 -20.55| -16.55[ 0.60[ 0.65] No fair NO GOOD
20-Jan-93| -7.24| 128.60f 92.50| 16.50( 48.50f 0.40] 0.15| Yes good - POOR
15-Mar-93| -26.79| -70.91] 267.45| 81.45| -56.55| 3.20] 0.15| Yes fair YES GOOD
15-May-93| 16.74| -98.36( 316.70( -17.30 1.70| 0.50] 0.40| Yes fair - POOR
24-May-93| -23.22| -66.64| 266.59| -17.41] -47.41] 0.70f 0.30[ Yes fair - POOR
12-Jun-93| -4.38| 135.05| 85.54| 37.54| 45.54| 0.70| 0.70] No fair NO FAIR
11-Jul-93| -25.35| -70.18| 267.93| 87.93] 39.93] 4.00] 0.00| Yes poor YES GOOD
04-Sep-93| -9.67 122.57| 98.81| -49.19| -40.19] 0.40| 0.35[ No good NO FAIR
06-Sep-93 -4.71| 153.21] 70.26] -7.74] 27.26] 0.60] 0.15[ No good YES FAIR
10-Sep-93( 14.73| -92.68( 310.84 -45.16] -1.16] 1.00f 0.10[ Yes good YES GOOD
12-Sep-93| 13.81| -90.47| 308.49| 28.49| -951] 0.90f 0.25[ Yes poor YES FAIR
29-Sep-93( -42.57 -18.43]| 219.44] -8.56| 10.44] 1.30] 1.20f No poor - POOR
30-Sep-93| 1551 -94.71] 312.96] -49.04| 86.96| 1.40| 0.00] Yes good YES GOOD
05-Oct-93| -6.14| 128.92| 91.60| -76.40| 64.60| 4.00] 0.50| Yes poor YES GOOD
10-Jan-94| -13.31| -69.39| 275.36| -10.64| -14.64| 0.90| 0.85] No fair NO GOOD
19-Jan-94| -3.21| 136.02] 84.06| 10.06| 46.06f 1.30] 0.50] No fair - POOR
14-Mar-94| 15.98| -92.40| 311.16] -46.84| -0.84] 1.90] 0.05| Yes good YES GOOD
13-Apr-94| -3.11| 13597 84.04 24.04] 44.04] 0.60[ 0.50] No good - POOR
10-May-94| -28.50| -63.06] 260.03] -13.97[ -54.97 1.00] 0.10| Yes good YES GOOD
23-May-94( 18.31| -100.52f 319.25[ 51.25| 6.25| 3.10f 0.10[ VYes good YES GOOD
31-May-94| 7.43| -72.06 289.56 -20.44| 2.56] 0.90f 0.95] No good - POOR
04-Jun-94| -10.77| 113.42( 106.87( -43.13| -34.13| 0.40f 0.35| No fair NO FAIR
06-Jun-94| 2.90| -76.09[ 290.50( -9.50 -24.50[ 0.70[ 0.60] No good - POOR
15-Jun-94| -10.41| 113.54| 106.58| -15.42| -37.42| 0.50| 0.45] No good - POOR
04-Jul-94| 14.94] -97.32[ 315.02 -36.98 1.02] 0.50] 0.10] Yes good YES GOOD
24-Jul-94] -10.72] 113.33| 106.92| -29.08( -31.08/ 0.50| 0.50] No fair NO GOOD
04-Aug-94 -6.32| 131.54] 89.55| 9.55| 53.55| 1.20] 0.20[ No fair YES GOOD
19-Aug-94( -26.65| -63.38( 261.61| -16.39] -53.39] 0.50f 0.10 VYes good YES GOOD
12-Dec-94 -17.50| -69.65 27291 78.91] -61.09] 2.50f 0.15[ VYes fair YES GOOD
13-Feb-95| -1.35| 127.52] 89.99| 9.99| 5299/ 1.00] 0.20] No fair YES GOOD
19-Mar-95| -4.15| 135.09] 85.37| 7.37| 4837| 1.90] 0.30| Yes good YES GOOD
14-May-95| -8.40| 125.08] 96.04| -53.96/ -35.96[ 0.30] 0.25| Yes fair - POOR
14-Jun-95| 12.20| -88.35| 305.88] -36.12 -7.12[ 0.30] 0.15| Yes good - POOR
24-Jun-95| -3.98| 153.95| 69.19] 9.19( 23.19 0.20] 0.15| Yes good NO FAIR
30-Jul-95] -23.32] -70.59| 269.73| -18.27 -52.27 0.50] 0.25| Yes good - POOR
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14-Aug-95( -4.83| 15151 71.83| -8.17] 31.83] 1.70f 0.25[ VYes fair YES GOOD
18-Sep-95| -6.95| 128.90f 92.08 8.08] 54.08] 0.90f 0.00] No fair YES GOOD
03-Oct-95| -2.77| -77.88| 288.91| -31.09] -24.09] 0.50] 0.50f No fair NO GOOD
21-Oct-95( 16.89 -93.45[ 312.47( 30.47] -0.53] 0.40[ 0.15[ Yes good - POOR
25-Dec-95( -6.94 129.18| 91.85| 9.85| 53.85| 0.80] 0.00f No fair YES GOOD
02-May-96( -4.55| 154.83| 68.73] -5.27] 20.73| 0.50[ 0.20[ Yes good - POOR
05-Aug-96( -2.00( -81.00| 292.08] -31.92] -20.92] 0.50] 0.50f No good NO FAIR
22-Aug-96( -7.12| 123.28| 96.77| -71.23| -29.23| 1.20] 0.25[ No good YES FAIR
17-Jan-97| -8.90| 123.54| 97.58| -70.42| -33.42| 1.00] 0.25] No fair YES FAIR
23-Jan-97| -22.00| -65.72| 266.69| -67.31 -44.31| 0.30] 0.25| Yes good - POOR
22-May-97( 18.68| -101.60f 320.34 -37.66] 7.34] 1.60[ 0.05[ VYes good YES GOOD
10-Aug-97| -16.01| 124.33| 101.11f -32.89| -28.89] 0.50[ 0.45| No fair NO GOOD
02-Sep-97 3.85| -75.75| 290.72]| -13.28| -31.28| 0.80] 0.70f No good - POOR
28-Nov-97| -13.74| -68.79| 274.59( -11.41] 47.59| 0.90f 0.10] No good - POOR
03-Apr-98| -8.15| -74.24| 282.63| -13.37| -28.37) 0.70] 0.55[ No good - POOR
20-Apr-98( 18.52| -101.20f 319.93| 51.93| -82.07] 2.20[ 0.05[ Yes good YES GOOD
07-Jun-98| 15.96| -93.78| 312.35| -31.65[ -1.65[ 0.20] 0.10| Yes good - POOR
04-Aug-98 -0.59 -80.39| 292.32| -37.68| -13.68| 0.60] 0.50[ No good - POOR
23-Aug-98| 11.66( -88.04| 305.35| -50.65| -4.65| 1.70] 0.15| Yes good YES GOOD
08-Oct-98| -16.12 -71.40| 275.27| -12.73| -48.73] 0.80] 0.35[ No good - POOR
26-Apr-99( -1.65[ -77.78| 289.45| -28.55| -14.55| 0.50] 0.55[ No good NO FAIR
15-Jun-99| 18.39| -97.44| 316.58| -83.42 -87.42 0.00] 0.00| Yes good - POOR
28-Aug-99( -1.29 -77.55| 289.45| -24.55| -16.55| 0.50] 0.55[ No good NO FAIR
15-Sep-99( -20.93| -67.28| 268.68| -15.32| -52.32| 0.70f 0.20] No good YES FAIR
03-Mar-00| -7.32| 128.49| 92.63| -79.37 -33.37 3.00] 0.05| Yes fair YES GOOD
12-Mar-00| 14.98| -92.44| 310.74] 36.74| -10.26] 1.60] 0.10| Yes good YES GOOD
23-Apr-00( -28.31| -62.99| 260.11 -17.89| -55.89] 0.60f 0.10[ VYes good YES GOOD
12-May-00| -23.55| -66.45| 266.21| -15.79[ -49.79[ 0.60] 0.20| Yes fair - POOR
07-Aug-00f -7.02f 123.36] 96.65| -55.35| -44.35| 0.50] 0.45[ No good NO FAIR
09-Aug-00f 18.20f -102.48| 320.94] 52.94| -82.06| 3.40|] 0.05| Yes good YES GOOD
12-Aug-00( -3.07| 136.11 83.91f 2391| 5091| 0.60f 0.50] No good - POOR
21-Aug-00f -53.02 -45.97| 228.86] -29.14| 17.86) 1.30] 0.20[ No poor YES GOOD
28-Sep-00 -0.22 -80.58| 292.69| -55.31| -14.31] 1.60] 0.40f No poor YES FAIR
09-Jan-01]| -14.93| 167.17| 63.33] 6133 -72.67[ 3.70] 0.30| Yes fair YES GOOD
16-Feb-01] -7.16] 117.49| 101.52| -38.48 -38.48| 0.50| 0.45] No good NO GOOD
19-Jun-01] -22.74| -67.88| 267.93| -10.07( -55.07 1.10] 0.10| Yes poor YES GOOD
29-Jun-01| -19.52| -66.25( 268.78[ -15.22 -50.22| 0.70f 0.25] No good - POOR
05-Jul-01] -16.09] -73.99( 277.49[ -451| 4151 1.00f 0.30] No fair - POOR
11-Sep-01| -0.58| 133.13| 84.94 20.94| 4494| 1.00f 0.70 No good - POOR
22-Sep-01 3.87f -75.97] 290.92] -7.08] 26.92] 1.10] 1.25[ No poor - POOR
28-Nov-01| 15.57| -93.11( 311.59( -18.41] -3.41] 0.20f 0.15[ Yes fair - POOR
16-Jan-02| 15.50| -93.13| 311.58| 15,58 -5.42 0.20] 0.15| Yes good - POOR
19-Mar-02 -6.49| 129.90] 91.00] -79.00] 57.00] 3.80] 0.20| Yes fair YES GOOD
16-Jun-02| 8.78| -83.99| 300.41] -45.59 -12.59 0.60] 0.25| Yes fair - POOR
20-Sep-02 -1.68( 134.23| 84.66| 14.66] 43.66) 1.20] 0.60f No good - POOR
10-Oct-02| -1.48| 134.11 84.65[ 24.65] 29.65 0.90[ 0.80] No good NO GOOD
12-Oct-02| -8.30| -71.74( 280.40 -11.60{ -34.60f 0.70f 0.45] No fair - POOR
21-Jan-03| 13.63| -90.77| 308.67| 42.67 84.67[ 3.50] 0.00| Yes good YES GOOD
27-Apr-03 -8.19 -71.59| 280.34| -55.66| -48.66] 0.50| 0.45[ No fair NO GOOD
05-May-03| 0.22| 12735 89.23 -84.77] 51.23| 2.10[ 0.10[ VYes fair YES GOOD
20-Jun-03| -7.61) -71.72( 280.79( -21.21| -32.21| 0.70f 0.60] No fair NO FAIR
27-Jul-03] -20.13] -65.18| 267.51| -16.49 -59.49[ 0.90| 0.20| Yes fair YES FAIR
29-Jun-04| 10.74) -87.04| 304.04| -37.96 -596[ 0.50] 0.30| Yes fair - POOR
15-Nov-04| 4.70| -77.51| 292.69| -19.31| -531f 0.80] 0.85] No good NO FAIR
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02-Mar-05| -6.53| 129.93( 91.00 9.00|f 51.00f 1.20f 0.15| VYes fair YES GOOD
21-Mar-05| -24.98| -63.47| 262.85| -19.15| -48.15| 0.50] 0.15| Yes poor - POOR
Station PUL

16-Jul-98| -11.04| 166.16| 63.17| 49.17| 11.17| 1.20| 0.15| Yes fair YES GOOD
04-Aug-98| -0.59| -80.39| 293.34| -68.66] 63.34| 4.00| 0.00| Yes good YES GOOD
23-Aug-98| 11.66| -88.04| 306.38| -55.62| -13.62| 3.50| 0.05| Yes good YES GOOD
03-Apr-99| -16.66| -72.66| 276.93| -87.07| -42.07| 4.00f 0.20| Yes good YES GOOD
05-Apr-99| -5.59| 149.57| 75.05| 53.05| 29.05| 1.10f 0.70] No fair - POOR
15-Jun-99| 18.39| -97.44| 317.61| 19.61 2.61] 0.20] 0.15| Yes good - POOR
28-Aug-99| -1.29| -77.55| 290.46| -65.54| 69.46] 2.10| 0.05| Yes good YES GOOD
15-Sep-99( -20.93| -67.28| 269.58| 83.58| 36.58| 1.20| 0.05| VYes good YES GOOD
12-Mar-00| 14.98( -92.44| 311.77| -50.23| 84.77| 3.60] 0.00| Yes good YES GOOD
23-Apr-00| -28.31| -62.99]| 260.95| 64.95| 41.95( 0.30] 0.15] No good - POOR
12-May-00| -23.55| -66.45| 267.10| 75.10f 37.10f 0.50] 0.10] No good YES GOOD
21-Jul-00f 9.42| -85.33| 302.92| -59.08| -15.08] 4.00f 0.05| Yes good YES GOOD
09-Aug-00| 18.20( -102.48| 321.99( 43.99| -87.01| 0.50| 0.00| Yes good YES GOOD
16-Nov-00| -5.23| 153.10| 71.77| 31.77| 26.77( 0.80] 0.80] No good NO GOOD
18-Nov-00| -5.23| 151.77| 72.93| 32.93| 23.93| 1.10] 1.05| No fair NO FAIR
09-Jan-01| -14.93| 167.17| 64.62| 46.62| 12.62 1.00] 0.50|] No fair - POOR
20-May-01| 18.82| -104.45| 323.98| -36.02| -82.02] 4.00f 0.00| Yes good YES GOOD
16-Jan-02| 15.50f -93.13| 312.61| -47.39] -3.39] 2.40] 0.05| Yes good YES GOOD
08-Sep-02| -3.30| 142.95| 79.36| 57.36] 32.36] 0.80| 0.45] No fair - POOR
23-Apr-04| -9.36| 122.84| 99.40| 43.40| 42.40f 0.60] 0.55| No good NO GOOD
Station SUW

25-Feb-96| 16.20| -97.96| 304.54| -59.46| 75.54| 3.90| 0.45| Yes good YES GOOD
28-Feb-96| 1.73| 126.10| 78.48| -65.52| -69.52 0.70| 0.75| No good NO GOOD
02-May-96{ -4.55| 154.83| 56.69| -63.31| -70.31] 1.10f 1.05] No good NO GOOD
09-Jun-96| 17.44| 145.46| 53.89| -80.11| 76.89| 0.60] 0.65| No good - POOR
17-Jun-96| -7.14| 122.59| 86.60| -51.40| -54.40] 0.50| 0.55| No fair NO GOOD
16-Jul-96| 1.02| 120.25| 83.67| -68.33| -54.33] 0.60| 0.50| Yes good NO FAIR
05-Aug-96| -2.00f -81.00| 280.39| -73.61| 58.39|] 2.70| 0.20| Yes good YES GOOD
31-Dec-96| 15.83| -92.97| 300.24| -49.76] -6.76] 1.00] 0.10f No fair YES GOOD
23-Jan-97| -22.00| -65.72| 255.80| 81.80| 29.80f 2.10| 0.05| Yes fair YES GOOD
11-Mar-97| 7.74| 127.65| 73.76| -22.24| -67.24| 3.20] 0.15| Yes good YES GOOD
09-May-97| 13.20 144.70| 56.66| -77.34| -73.34] 0.50f 0.60] No fair - POOR
22-May-97| 18.68| -101.60| 308.79| -83.21| 87.79] 0.50f 0.45] No good - POOR
25-Jul-97| -30.46| -71.91| 254.63| -83.37| -56.37| 0.40f 0.30| Yes fair - POOR
02-Sep-97| 3.85| -75.75| 279.49| 39.49] 59.49| 0.50| 0.40f No fair - POOR
26-Sep-97| -5.39| 128.99| 80.27| -73.73] -26.73| 0.90| 0.50f No fair - POOR
15-Oct-97| -30.93| -71.22| 253.78| 67.78| -57.22| 4.00] 0.25| Yes fair YES FAIR
28-Nov-97| -13.74| -68.79| 263.39| -80.61| -82.61] 1.00f 1.05] No good NO GOOD
11-Dec-97 3.93| -75.79| 279.57| 51.57| 46.57| 0.40f 1.75] No fair - POOR
03-Apr-98| -8.15| -74.24| 271.18| -48.82| -44.82] 0.20f 0.20| VYes good NO GOOD
21-May-98| 0.21| 119.58| 84.69| -57.31| -56.31| 0.40f 0.40] No good NO GOOD
07-Jun-98| 15.96| -93.78| 300.97| -61.03| -17.03| 3.00| 0.15| Yes good YES GOOD
23-Aug-98| 11.66| -88.04| 293.95 7.95| -26.05| 0.50f 0.25| Yes good - POOR
02-Sep-98| 5.41| 126.76 75.82| -50.18| -59.18] 0.50| 0.50f No good NO FAIR
28-Sep-98| -8.19| 112.41| 95.45( 87.45| -4555| 2.40| 0.15| Yes fair YES GOOD
28-Sep-98| 3.84| 126.41| 77.01| -70.99] -58.99] 0.50| 0.45] No good NO FAIR
08-Oct-98| -16.12| -71.40| 263.98| -76.02| -43.02] 0.80f 0.45| Yes fair - POOR
29-Nov-98( -2.07| 124.89| 81.69| -26.31| -54.31] 1.10f 0.60| Yes good - POOR
03-Apr-99| -16.66| -72.66| 264.63| -33.37| -54.37| 0.40f 0.35| VYes fair - POOR
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05-Apr-99| -5.59| 149.57| 62.31]| -69.69| -76.69] 0.80] 0.80f No good NO GOOD
26-Apr-99( -1.65[ -77.78| 277.94| 21.94] 56.94] 0.40] 0.20[ No fair - POOR
17-May-99| -5.16] 152.88( 58.92 -63.08| -82.08 1.10[ 0.85| No fair - POOR
18-Jun-99| 551| 126.64| 75.86| -80.14| -82.14| 0.60] 0.65] No good NO GOOD
12-Aug-99( -1.72| 122.46| 83.48 -54.52| -51.52| 0.50f 0.45| No fair NO GOOD
28-Aug-99( -1.29f -77.55| 277.96] 33.96| 61.96| 0.30] 0.25[ No fair - POOR
15-Sep-99( -20.93| -67.28| 257.69( -88.31| -42.31| 1.10f 0.15| No good YES GOOD
30-Sep-99( 16.06[ -96.93| 303.62| -62.38| 75.62] 3.30] 0.45| Yes fair YES GOOD
06-Feb-00| -5.84| 150.88( 61.22 -74.78( -61.78[ 0.90f 0.90] No good NO FAIR
26-Feb-00| 13.80| 144.78[ 56.29| 80.29 -59.71f 0.80f 0.50] No poor - POOR
03-Apr-00| 4.08| 125.61| 77.52| -68.48| -63.48| 0.60] 0.60[f No good NO GOOD
23-Apr-00f -28.31| -62.99| 249.63| 83.63| 49.63] 1.40| 0.00f No fair YES FAIR
04-May-00( -1.11| 123.57f 82.21| -71.79| -58.79] 0.60[ 0.45] No good NO FAIR
12-May-00| -23.55| -66.45] 255.35| 85.35| -60.65[ 0.90| 0.20| Yes good YES FAIR
21-Jul-00] 9.42] -85.33| 290.49| 18.49 -28.51 3.10| 0.05| Yes good YES GOOD
08-Nov-00f 7.04f -77.83]| 283.03] 23.03] 65.03] 2.60] 0.05| Yes fair YES GOOD
21-Dec-00f -5.71f 151.12] 60.91] -71.09] -80.09] 1.00] 1.05[ No good NO FAIR
25-May-01| -7.87| 110.18[ 97.05[ 87.05| -49.95] 1.70f 0.10] No fair YES GOOD
26-Jun-01| -17.75| -71.65| 263.14| -16.86( -52.86[ 1.30] 0.25| Yes fair YES FAIR
29-Jun-01]| -19.52| -66.25[ 257.79 87.79| -43.21| 1.10[ 0.10] No fair YES GOOD
01-Jul-01] -4.31) 152.96( 58.37 -71.63| -79.63| 1.00f 1.00] No good NO FAIR
05-Jul-01] -16.09] -73.99[ 266.05] -9.95| 39.05| 2.80[ 0.20[ VYes good YES GOOD
11-Sep-01| -0.58| 133.13[ 73.97 -78.03] -65.03] 0.30f 0.25[ VYes fair NO FAIR
28-Nov-01| 15.57| -93.11f 300.22 -47.78] -6.78] 1.00f 0.15[ VYes fair YES GOOD
16-Jan-02| 15.50| -93.13| 300.19| -47.81| -14.81| 0.90| 0.15] No fair YES FAIR
01-Apr-02| -29.67| -71.38| 254.82| 84.82| -58.18| 1.10] 0.30| Yes fair YES FAIR
26-Apr-02 13.09 144.62| 56.78| -73.22| -84.22] 0.60] 0.55[ No good NO FAIR
10-Jun-02]| 10.98| 140.69] 61.19| -60.81| -79.81| 0.60] 0.55] No fair - POOR
16-Jun-02| 8.78| -83.99| 289.03| -72.97 -28.97 4.00] 0.10| Yes good YES GOOD
08-Sep-02 -3.30f 142.95| 67.03] -32.97| -7497] 3.00] 0.75| Yes good YES FAIR
10-Oct-02| -1.76] 134.30( 73.66[ -52.34| -68.34| 0.60[ 0.55| No fair - POOR
12-Oct-02| -8.30| -71.74[ 269.06 -78.94| -39.94 0.60[ 0.15] No fair YES FAIR
10-Mar-03( 1.69 127.30| 77.52| -74.48| -66.48| 0.70] 0.60[ No good NO FAIR
05-May-03| 0.22| 127.35| 78.33| -65.67| -62.67| 0.60f 0.60] No good NO GOOD
26-May-03 6.76] 123.71 77.52| -76.48| -48.48| 0.60[ 0.40] No fair - POOR
20-Jun-03| -7.61| -71.72| 269.46] -80.54 -40.54| 3.20] 0.15| Yes fair YES GOOD
23-Apr-04( -9.36 122.84| 87.74| -64.26] -47.26] 0.50] 0.35[ No fair - POOR
30-Jun-04| 0.80) 124.73[ 80.14 -61.86| -65.86] 0.60[ 0.60] No fair NO GOOD
15-Feb-05| 4.76] 126.42| 76.47| -79.53 -77.53| 0.60] 0.55] No poor NO GOOD
02-Mar-05| -6.53| 129.93| 80.17| -83.83[ -55.83[ 0.40] 0.20| Yes fair - POOR
13-Jun-05] -19.99| -69.20| 259.78| -14.22 -59.22( 4.00] 0.15| Yes good YES GOOD
26-Sep-05 -5.68| -76.40| 274.42] 2.42| -4258| 4.00] 0.10] Yes good YES GOOD
25-Aug-06( -24.32| -66.89| 255.18| 85.18| 33.18| 1.80] 0.15| Yes fair YES GOOD
Station TRTE
04-Sep-96 9.36| -84.27| 292.75| -69.25| -28.25| 1.00] 0.10| Yes fair YES GOOD
23-Jan-97| -22.00| -65.72| 260.03| -29.97( -60.97 0.80] 0.50| Yes fair - POOR
05-Apr-97| -6.49| 147.41] 66.44| -63.56] -56.56) 1.60] 1.55[ No fair YES FAIR
22-May-97( 18.68| -101.60f 311.95[ -52.05| 81.95| 1.60[ 0.05[ VYes fair YES GOOD
02-Sep-97 3.85| -75.75| 282.65| -25.35| -38.35| 0.60] 0.60[ No good NO FAIR
28-Nov-97| -13.74| -68.79| 267.33| -34.67| -45.67| 0.90f 0.80] No good NO FAIR
03-Apr-98| -8.15| -74.24| 275.05| -16.95| -31.95| 1.00] 0.70f No good - POOR
30-Aug-98( 17.09 148.13| 54.67| -17.33| 14.67) 1.10] 0.55[ No fair - POOR
28-Oct-98( 0.84| 12597 81.67| 85.67| -43.33] 2.10f 0.10[ Yes good YES GOOD
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03-Apr-99| -16.66 -72.66| 268.95| -15.05| -46.05| 1.90] 0.55[ No fair - POOR
17-May-99| -5.16| 152.88] 60.59] -27.41| 459 1.10] 0.00| Yes good YES FAIR
18-Jun-99| 5.51| 126.64| 78.68| 76.68( 35.68[ 1.50| 0.00| Yes good YES GOOD
28-Aug-99( -1.29| -77.55| 281.55| -20.45| -31.45| 0.80] 0.75[ No good NO FAIR
21-Dec-99( -6.84| 105.56]| 103.07] -6.93| -56.93| 1.10] 0.45[ No fair - POOR
12-Mar-00| 14.98 -92.44| 302.45| -256.55| -2.55| 0.40] 0.30f No fair - POOR
23-Apr-00f -28.31 -62.99| 254.00| -44.00| -56.00] 0.60] 0.50f No good NO FAIR

21-Jul-00] 9.42] -85.33| 293.69| -16.31| -27.31| 0.30] 0.30| Yes fair NO FAIR
25-May-01| -7.87| 110.18[ 99.68 -40.32| -38.32| 0.20f 0.20] No fair NO GOOD
16-Jan-02| 15.50| -93.13| 303.28| 27.28[ -18.72 1.10] 0.15| Yes fair YES GOOD
08-Sep-02 -3.30f 142.95| 68.90| 72.90| -67.10| 1.50] 0.15| Yes good YES GOOD
12-Oct-02| -8.30| -71.74[ 272.82 -31.18| -53.18] 0.80[ 0.70] No good - POOR
10-Mar-03| 1.69| 127.30] 80.09] 2.09] 41.09] 1.00] 0.25] No fair YES FAIR
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RESUME en francais
La mesure du déphasage des ondes de cisaillemtst laf possibilité de caractériser

I'anisotropie sismique présente dans les difféseenteuches de la Terre, qui résulte
généralement des orientations préférentielles de¥raux anisotropes induites par la
déformation. Le nouveau logiciel SplitLab présedais cette thése, simplifie le traitement
des données depuis la requéte des données juaquaslre de déphasage et l'interprétation
des résultats. La comparaison de trois techniquéépendantes pour mesurer ce déphasage
permet de quantifier la qualité des résultats edé@ecter automatiquement les mesures sans
déphasage apparent. Ce critéere est appliqué auxresesle déphasages des ondes SKS
enregistrées en 16 stations situées sur le Crabilropeen. Les résultats indiquent que les
directions rapides refletent les structures ancigngei constituent le Craton Est Européen.
En outre, les directions rapides dans le Sud-alakgnent avec la bordure du craton et sont
en continuité avec la tendance générale définielgmrstations éloignées du Craton. Les
stations dans les unités externes de I'Oural muinties directions rapides perpendiculaires a
la tendance générale de la chaine de montagne.

TITRE en anglais
Methods and applications of shear-wave splittinge East European Craton

RESUME en anglais
The method of shear-wave splitting provides a unigussibility to identify seismic

anisotropy, which is a result of the preferred miadions of the anisotropic minerals by
deformation. The novel software SplitLab, presentedthis thesis, simplifies the data
processing. The comparison of three independehhigaes makes it possible to associate an
objective quality to the results and also to defineriterion to automatically detect events
without splitting (“Nulls”). This criterion is appd to shear-wave splitting measurements at
16 stations located on the East European Cratonrdhats indicate that the fast directions
reflect the ancient blocks, which constitute thestEauropean Craton. The fast directions in
south-west are aligned with the margin of the eratod continue the general tendency of off-
craton stations. The stations in the Ural foredslepw fast directions perpendicular to the
general tendency of the mountain chain. Variougcatdrs give reason to assume lithospheric
origins of anisotropy
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