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Resumo

A zona de subduccdo do Peru é uma das regides mais complexas e ativas da América
do Sul. Grandes processos tectonicos ocorreram ao longo desta margem, que ainda
permanecem pouco estudados, com destaque para as regides norte em centro do Peru, onde
encontra-se uma complexa e grande subduccao de tipo sub-horizontal (flat-slab) da Terra. O
objetivo desta pesquisa é estudar e caracterizar as variacoes da estrutura e dinamica da crosta
e do manto superior sob norte e parte do centro do Peru. Para esse fim, este estudo
desenvolveu a aplicacdo de dois métodos sismolégicos: (1) Estudo da anisotropia sismica a
partir da divisao de onda cisalhantes (Shear Wave Splitting — SWS), para estudar a dinamica
do fluxo de manto e as deformacdes na parte superior da placa sub-horizontal de Nazca e sua
influéncia com a orogénese andina; (2) A tomografia de ruido ambiental (Ambient Noise
Tomography — ANT), para estudar a estrutura da crosta sob a porcdo norte e parte da por¢ao
central do Peru.

Para o estudo da SWS foram utilizados fases SKS, SKKS e PKS de eventos
telessismicos registrados em 45 estacOes sismograficas de banda larga das redes permanentes
e temporarias do Instituto Geofisico do Peru e de outras redes com dados disponiveis como
CTBTO, RSBR-Brasil e RENSIG-Equador. Os resultados revelam um padrao de anisotropia
complexo com variagOes distintas na divisdo da onda cisalhante ao longo da trincheira da
zona de subduccdo. Na regido norte, os tempos médios de atraso variam entre 1,0 £ 0,2 se 1,5
+ 0,2 s com direcOes de polarizacdo rapida e orientadas predominantemente ao ENE-WSW
aproximadamente perpendicular a trincheira, paralela ao movimento absoluto da placa de
Nazca. Na regido central do Peru, as direcGes de polarizacao rapida mudam para uma
orientacdo SE-NW que é obliqua com a trincheira. Essas direcdes de divisdo rapida sdo
consistentes com os padrdes observados em estudos prévios ao longo da porg¢do sul da placa
sub-horizontal de Nazca, e se correlacionam bem com o movimento do Bloco Peru Sliver
Oeste inferidos a partir de dados por posicionamento por satélites, mostrando uma evidencia
da deformacao significativa na parte superior da placa de Nazca.

Na aplicagdo de ANT usamos as ondas Rayleigh que foram extraidas das Funcdes de
Green empiricas obtidas a partir da correlacdo cruzada das componentes verticais dos
registros de 29 estacOes sismograficas. Os mapas de velocidade de fase para as ondas

Rayleigh foram medidas no intervalo de 8 a 50 s no conjunto de dados total, e invertidas
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tomograficamente para produzir mapas de velocidade para ondas S numa grade de 0.1° x 0.1°.
Nossos resultados mostraram boa correlacdo das anomalias com as principais unidades
morfoestruturais. Observamos duas caracteristicas crustais proeminentes: uma crosta de alta
velocidade na Zona Costeira e na Cordilheira Ocidental com uma orientacio NW-SE e a
presenca de uma extensa zona de baixa velocidade (ZBV, 20-30 km de profundidade) mais ao
leste, sob a Cordilheira Oriental e Sub-Andes. Interpretamos que a ZBV é a expressao da
crosta intermediaria superior com composicdo félsica com presenca de alguns fluidos,
enquanto a crosta de alta velocidade provavelmente representa a raiz mafica do Batolito
peruano ou embasamentos de um terreno acrecionado Ordoviciano.

Pela primeira vez, se apresenta um estudo completo sobre a anisotropia sismica na
zona de subduccao sub-horizontal, contribuindo assim ao conhecimento da tectonica do Peru

e da América do Sul.

Palavras-chave: Anisotropia Sismica, Divisdo de ondas cisalhantes, Tomografia de Ruido de

Ambiente, Subduccao sub-horizontal, Bloco Peru Sliver, Norte e Centro do Peru.



Abstract

The subduction zone of Peru is one of the most complex and active regions in South
America. Major tectonic processes have occurred along this margin that remain poorly
studied. In the northern and central regions of Peru, there is the largest example of flat-slab
subduction on Earth. The aim of this research is to study and characterize variations in the
structure and dynamics of the crust and upper mantle under northern and central Peru. To this
end, we applied two seismological methods: (1) Study of seismic anisotropy using Shear
Wave Splitting (SWS) to infer the dynamics of mantle flow and deformation in the upper-
plate of the flat-slab subduction region and their influence on the Andean Orogen; and (2)
Ambient Noise Tomography (ANT) to study the crustal structure under the northern and
central parts of Peru.

For the SWS study, we used SKS, SKKS and PKS phases of teleseismic events
recorded by 45 broadband seismic stations from the Geophysical Institute of Peru and other
permanent and portable seismic networks, as well as from international networks TBTO,
RSBR-Brasil and RENSIG-Ecuador. The results reveal a complex anisotropy pattern with
distinct variations in shear wave splitting along strike. In the northern region, the mean delay
times range between 1.0 £ 0.2 s and 1.5 + 0.2 s with fast directions predominantly oriented
ENE-WSW, approximately perpendicular to the trench and parallel with the absolute motion
of the subducting Nazca plate. In the central region of Peru, the predominant fast directions
change to a SE-NW orientation that is oblique to the trench. These fast splitting directions are
consistent with the pattern seen previously over the southern extent of the flat-slab and
correlate well with the current geodetically derived motion of the overriding forearc, implying
significant upper plate deformation of the Peruvian Sliver.

The ANT application focused on Rayleigh waves that were extracted from the
empirical Green's Functions obtained from the cross-correlation of vertical component
waveforms recorded at 29 broadband seismic stations. The phase velocities for Rayleigh
waves were measured in the period range of 8 to 50 s and inverted tomographically to create
phase velocity maps for Rayleigh waves in a 0.1° x 0.1° grid. Our results show correlations of
anomalies with the main morphostructural units. We observed two prominent crustal-scale
features: the high-velocity crust in the forearc and Western Cordillera with a NW-SE trend

and the presence of an extensive mid-crustal low-velocity zone (LVZ, 20-30 km depth) further
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east beneath the Eastern Cordillera and the Sub-Andes. We suggest that the LVZ is the mid-
upper crustal expression of felsic crust with some fluids, while the high-velocity crust in the
forearc and Western Cordillera likely represents the mafic root of the large Peruvian Batholith
in the region and/or the basement of an Ordovician accreted terrane.

This is the first complete study of shear-wave splitting in the flat-slab subduction zone,

contributing to the knowledge of the Peruvian and South American tectonics.

Keywords: Seismic Anisotropy, Shear-Wave splitting, Ambient Noise Tomography, flat-slab

subduction, Peru Sliver Block, Northern and Central Peru.
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Figura 1.1: Mapa do Peru mostrando as estagOes sismograficas dos principais projetos
realizados no centro e sul. O quadrado vermelho representa a area do estudo, e os quadrados
nas cores amarelo, verde e rosa representam as estacOes sismograficas dos projetos: Peru
Subduction Experiment (PeruSE), Central Andean Uplif and Geodynamics of High
Topography (CAUGHT) e Peru Lithosphere and Slab Experiment (PULSE). Os triangulos
vermelhos representam os vulcdes do Holoceno. As linhas pretas tracejadas sdo os contornos
da placa de Nazca do modelo Slabl.0 de Hayes et al. (2012). A linha tracejada cinza
representa os limites do bloco Peruvian Sliver (Villegas-Lanza et al.,, 2016). Siglas: DG
(Dorsal Grijalva); DA (Dorsal Alvarado); DS (Dorsal Sarmiento); ZFV (Zona de Fractura de
Viru); ZFM (Zona de Fractura de Mendafia)..........cccceerveerieinieensieenieniieeseessieessneessseneesssnnesennns 2

Figura 1.2: Mapa tectonico mostrando a localizacdo da area de estudo. Os triangulos
invertidos indicam a distribuicao de 47 estacOes sismograficas de banda-larga utilizadas neste
estudo. Siglas: DG (Dorsal Grijalva); DA (Dorsal Alvarado); DS (Dorsal Sarmiento); ZFV
(Zona de Fractura de Viru). Maiores detalhes sobre as estacoes sismograficas no Apéndice

Figura 1.3: Mapa topografico mostrando as principais caracteristicas tectdnicas e
geomorfologicas do norte do Peru. As linhas tracejadas de cor preto sdo os contornos da placa
de Nazca determinadas por (Hayes et al., 2012). Os poligonos representam as principais
unidades geomorfologicas da area de estudo (modificado de Audebaud et al. (1973;
Dalmayrac et al. (1980) e Tavera and Buforn, (1998)). Siglas: DC (Dorsal Carnigie); DG
(Dorsal Grijalva); DA (Dorsal Alvarado); DS (Dorsal Sarmiento); ZFV (Zona de Fratura de
Viru); ZFM(Zona de Fratura de Mendafa); DH (Deflexdao de Huancabamba); SNA(Sliver
Nor-Andino); PSO (Peru Sliver Oeste); PSES (Peru Sliver Este Sub-Andino) (Villegas-Lanza
BL AL, 2006). eiiiiiieieeteete ettt ettt e et e et e et e et e et e e s at e et e e st e e bt enseeebeesataesseensseenseennns 8

Figura 1.4: Esquema com as principais unidades tecténicas e geomorfolégicas da regido
norte e centro do Peru (Modificado de Mattauer, 1976)........ccceeeueeriieenireeeniieeenieeeeiieeeeeenns 10

Figura 1.5: Mapa Sismico mostrando a distribuicdo espacial da sismicidade com magnitudes
iguais ou maiores que 4.0 Mw no periodo 1960-2020. Os Perfis sismicos A-A' e B-B' sdo
MOSIrados NA FIGUIA 1.6.....coiuiiiiiiiiiieeieeteete ettt et ettt et e et e e s 13

Figura 1.6: Perfis verticais mostrando a distribuicdo espacial da sismicidade em funcdo da
profundidade. Os circulos em colores (vermelho, verde e azul) indicam os intervalos de
profundidades classificados como: sismicidade rasa (0-61 km de profundidade), sismicidade
intermedidria (61-300 km de profundidade) e sismicidade profunda (maiores a 301 km de
profundidade). A linha vermelha representa a geometria da Placa de Nazca tomado do modelo
Slab1.0 de Hayes et al. (2012). a) Perfil sismico A-A' na regiao norte. b) Perfil sismico B-B'
NA TEGIA0 COMETO. ..ceiurieeureeeiureeeiteeetteeetteeeseeessteesastesssseesasseesasteessaeeasteesstesaastesaseessnsaeeeessanns 14

Figura 1.7: Representacao esquematica dos blocos Sliver Nor-Andino (em amarelo), Peru

Sliver Oeste (em magenta) e Peru Sliver Este Sub-Andino (em verde) que sdo separadas pelo
limite entre a Cordilheira Ocidental e a Cordilheira Oriental. Adaptada de Villegas-Lanza et
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Capitulo 2

Figura 2.1: Representacdo grafica de um material com propriedades isotropicas (a) e
anisotrépicos (b). As propriedades fisicas do meio variam de acordo na direcdo analisada
(Adaptada de Rueda et al. (2010))...cccueeeeiiieeeiieeeieeecieeceteeeeeeeeereeeesreeesaeeeereeeeessnsesaeesssnsnnes 18

Figura 2.2: Esquema que mostra uma onda cisalhante (fase SKS), com polarizacdo qualquer,
se divide em outras duas ondas cisalhantes quando atravessa um meio anisotrépico. As ondas,
em diferentes polarizacoes se propagam com velocidades diferentes (modificado de Kendall
BL AL. (2004)). ettt ettt ettt st a e et sa e bttt he et eeat e bt e ae e e aeeenaee 20

Figura 2.3: Diagrama esquemadtico mostrando os diferentes modelos que explicam a
anisotropia sismica em uma zona de subducg¢dao como: modelo de fluxo de canto 2-D gerado
pela subduccdo da placa e modelo de fluxo toroidal 3-D gerado em torno da borda da placa,
fabrica de olivina de tipo B e fluxo paralelo & trincheira. Adaptada de Long (2016)............... 22

Figura 2.4: Exemplo de uma medi¢cdo “non nulls” da divisdao de ondas cisalhantes em uma
fase SKS na estagdo sismografica HUAC usando trés métodos no programa SplitLab
(Wiistefeld et al., 2008). Os métodos geram os seguintes parametros de divisdao de melhor
ajuste: ¢=62°, dt=1,1 s (Rotagdo Correlagdo); ¢= 55°, dt=1,2 s (Minima Energia). Os dois
métodos de medicdo concordam muito bem; no entanto, conforme indicado pelos graficos de
contorno e pelos erros formais nas medicoes, a medicdo de Minima Energia é muito melhor
restringida do que a medicdo de Rotagao Correlagao.........cocueeeeeeveenieriiieniieenienieeeeeee e 25

Figura 2.5: Exemplo de uma medicdo “nulls” da divisdo de ondas cisalhantes em uma fase
SKS na estacdo sismografica FIC usando trés métodos no programa SplitLab (Wiistefeld et
AL, 2008). .eeeeeeieieetert ettt et et e b e st e bt et e e a e e bt et e eae et e enteeae e teensenseenteennenreens 26

Figura 2.6: Sismograma mostrando o ruido sismico ambiente e um evento sismico na estacao
sismografica NINA (NAfa - PETU). ..cceevcverriiirieeiiienieeiieeste et esieeeteeseeesaeesseessseessaessseeessseasnnes 28

Figura 2.7: Explicacdo esquematica do principio da funcdo de Green. a) Um par de estagdes
(triangulos vermelhos) rodeado por varias fontes (S), que enviam uma frente de onda para
dentro e para fora. b) O método de interferometria sismica transforma um dos receptores (r1)
em fonte virtual a partir da qual um sismograma real é obtido. c) As fontes dentro da area
cinza sdo as que mais contribuem para o calculo da funcao de Green. Modificado de Nicolson
LY I 20 2 RS USPR 29

Figura 2.8: Exemplo 1D de recuperacdo da funcdo de Green de onda direta. a) Uma onda
plana viaja em direcdo ao lado direito do eixo x, emitida por uma fonte impulsiva em zg e
t = 0. b) A resposta observada por um receptor em x4, isto é, u(xa,xp,t). ¢) A resposta
observada por um receptor em x g, isto é, u(xp,xg,t). d) Correlacdao cruzada das respostas
em x4 e Tp, que é interpretada como a resposta de uma fonte em x 4 observada em xp, ou
seja, u(zp, r4,t) (Wapenaar et al., 2010).......cccevueieerieeeieieeeieteereeee et saese e e sae e s 31

Figura 2.9: Exemplo 1D de recuperacdo da funcdo de Green de onda direta. a) Uma onda
plana viaja em direcdo ao lado esquerdo (negativo) do eixo x, emitida por uma fonte de ruido
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em z's e t = 0. b) A resposta observada por um receptor em z 4, isto é, u(za,z,t). ¢) A
resposta observada por um receptor em zp, isto é, u(zg,x's,t). d) Correlagdo cruzada das
respostas em x4 e g, que é interpretada como a resposta de uma fonte em x5 observada em
T 4, 0u seja, u(zp, xg, —t) (Wapenaar et al., 2010)......c.ceceruerererreerieeriereeereesseesesesessesessesenns 34

Figura 2.10: Correlagdo cruzada entre as estacoes MANZ e STPO para o més de Outubro. O
poligono vermelho mostra as ondas Rayleigh............ccocoiiiiiiiiiniiieeeeee 36

Figura 2.11: CorrelagOes cruzadas assimétricas (a) e simétricas (b) empilhadas em funcao da
distancia entre as estacdes. Sao mostradas a componente vertical dos registros, filtradas com
um passa banda de 0.04-0.06 HzZ.........ccccuueeiieioiieieiiecteecte et ree e ere e e e e ae e e aeeenneaeas 37

Figura 2.12: a) Exemplo de diagrama de analise de frequéncia-tempo (FTAN) mostrando a
velocidade de grupo (linha continua em azul) e velocidade de fase (linha tracejada em azul) de
ondas Rayleigh. b) Caminho entre as estagdes NNA e STPO (253 Km)......ccccceeveervieeneeneennne. 40

Figura 2.13: a) Mapa de velocidade de fase para o periodo de 20 s. b) Mapa de resolucdo
estimada em funcdo da cobertura de raios. c) Mostra de cobertura das correlacdes cruzadas
entre pares de estacoes. d) Densidade da cobertura de raios (mais exemplos no Apéndice C).

Figura 2.14: Exemplo de inversdo de dispersdao para um perfil 1D de velocidade de onda S
para uma célula na Cordilheira Ocidental (-76.5°W -8.0°S). a) Perfil de velocidade de onda S
do modelo inicial (linha tracejada em azul) e do modelo invertido (linha sélida em vermelho).
b) Curva de dispersao regionalizada (puntos para cada periodo), curva calculada com modelo
INECIAL (AKL35). ettt ettt et e s e sa et e e e s bt et e st e s bt e ebaesnnaeesnneenns 45

Figura 2.15: Etapas de processamento dos dados para gerar a ANT. Figura modificada de
Bensen et al. (2007). ..ueeeceeieiieeeiieeeieeeeitee et e et e esteeesaeessaaeessaaeeeaae e e bt e eeaaeeasbaeensaeeennaeeennreann 46

Figura 2.16: Histogramas do nimero de Funcdes de Green analisados em cada periodo.
Testados para comprimentos de onda de 1(em vermelho), 2(em azul) e 3(em verde). ............ 48

Figura 2.17: Teste de resolucdo dos dados (Checkerboard) e modelos sintéticos para a
tomografia de 20 s, com parametros de regularizacao de 300 150 e 150 com um tamanho de
grade de 1.75°X1.75° (@) € 2.5°X2.5% (D). ueeevueeriieiierieeiieeiteeteeieeereesteesteesreesteeeenreeesnreaeenns 49

Capitulo 3

Figure 3.1: Main tectonic setting and compilation of previous XKS splitting measurements in
Peru and adjacent regions from different authors as denoted in the legend. Northern Peru and
the northern end of the flat-slab subduction zone are presently lacking in such measurements.
Thin black dotted lines represent contours from the Slab1.0 model (Hayes et al., 2012).
Abbreviations: FA: Forearc; HD: Huancabamba Deflection; WC: Western Cordillera; EC:
Eastern Cordillera; SA: Sub-Andes; AB: Amazonian Basin; AC: Amazonian Craton. The main
quaternary faults are from Macharé et al., (2003). Bathymetry from Topo30s highlights the
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main tectonic structures of the subducting Nazca Plate, GB: Grijalva Ridge; AR: Alvarado
Ridge; SR: Sarmiento Ridge; VFZ: Viru Fracture Zone; and MFZ: Mendafia Fracture Zone.
The brown arrows indicate the absolute plate motion (APM) of the Nazca Plate in the hotspot
reference model HS3-NUVEL-1A (Gripp and Gordon, 1990). Convergence rate values are
relative to the stable South America reference frame (Kendrick et al., 2003). The convergent
plate boundary from Bird (2003) is represented by solid black line. The greenish-yellow
triangles indicate Holocene volcanoes and the thick orange dashed line indicate the motion
direction (yellow arrows) of the North Andean forearc Sliver (NAS), Western Peruvian Sliver
(WPS), and the Eastern Peruvian Sliver — Subandean (EPSS) (Villegas-Lanza et al., 2016)..

Figure 3.2: Distribution of teleseismic earthquakes selected for XKS phases, occurring from
2008 to 2017 with magnitudes greater than 5.8 Mw. (a) Map projection, the concentric circles
denote the epicentral distance from 30° to 180°, in 30° increments. Reddish-brown line
denotes major plate boundaries (Bird, 2003). (b) Histogram showing the backazimuth
distribution of all dataset used in this StUAY.........ccceerieriieiiiiniieiieeee e 59

Figure 3.3: Example of a shear wave splitting measurement (split SKS waves) at stations
Huacho (HUAC), Portachuelo (PCH), Yanaquihua (YANA) and null measurement at station
Ficuar (FIC) using SplitLab (Wiistfeld et al., 2007). From left-hand side to right-hand side: (a)
panel shows the observed seismograms, Q stands for the radial component (dashed blue line)
and T for the transverse component (solid red line); the vertical dashed lines represents the
phase arrival times computed using the IASP91 model; and the gray zone the calculation
window; (b) fast (dashed) and slow (solid) components, corrected for the calculated splitting
delay time; (c) corrected radial (dashed) and transverse (solid) components; (d) particle
motion before (dashed) and after (solid) correction; (e) contour plot for the maximum value of
correlation coefficient and for the energy on transverse component as function of delay time
and fast polarization angle. The grid search range for @, is from -90° to 90° with a step of 1°,
and for 6t from 0-4.0 s with a step of 0.1 s. The shaded gray area in the correlation coefficient
contour map indicates the 95% confidence region of the best fitting parameter estimation... .61

Figure 3.4: Map of the individual (good and fair) XKS splitting measurements at each station
(white circles). The orientation of the red bars indicates the measured fast direction. The
length of the bars equates to the measured delay time according to the scale provided in the
legend. Nulls are presented by blue crosses corresponding to possible fast and show
orientations. Background map is the same as Figure 3.1.......ccccceveiriiriiiinienieinieeeeeiceeeee, 65

Figure 3.5: Stereoplots for 20 selected stations showing the individual XKS splitting
measurements (classified as good, fair, and null) plotted as a function of backazimuth and
incidence angle (hatched rings indicate incidence angle increments of ~5°). Null
measurements are indicated with red circles; split measurements are indicated with blue bars.
Station names are shown at the top of each plot and are arranged by major morphostructural

Figure 3.6: Plots of the mean shear wave splitting parameters (only non-null measurements)
at stations with split measurements versus latitude (a) and the distance between the
continental Moho and the top of the slab (b). All measurements are shown with 2o error bars.
Colored lines show orientations of the APM of the Nazca plate, GPS-predicted rigid motion of
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the upper plate (Villegas-Lanza et al., 2016), and the regional bathymetric structures. G1 and
G2 represent groups of stations with predominant fast splitting directions delimited by the
Huancabamba Deflection (purple band). ........ccccocueeviieriiiiiiniieiieeeeeeeee e 70

Figure 3.7: Plot of representative XKS raypaths for all stations (inverted triangles) calculated
using the TauP travel time calculator (Crotwell et al., 1999) for the IASP91 velocity model
(Kennett and Engdahl, 1991). Plotted surface (view from the east) indicates the top of the slab
at depth, from Slab1.0 model of Hayes et al. (2012).......ccccueeviiriiiiienieeieeieeeeeee et 71

Figure 3.8: XKS fast directions from this study and other published results (Russo and Silver,
1994; Polet et al., 2000; Eakin and Long, 2013; Porritt et al., 2014; Eakin et al., 2015;
Idarraga-Garcia et al., 2016; Long et al., 2016; Reiss et al., 2018) in Peru and adjacent
regions. The dark brown arrows indicate the absolute motion of the Nazca plate in the hotspot
reference frame HS3-NUVEL-1A (Gripp and Gordon, 1990). White arrows are the horizontal
components of velocity vectors of the upper mantle flow field at a depth of 150 km from Hu
et al. (2017). Legend is the same as in Figure 3.1........ccccoveiiiiriiiiienieeieeeeieeseeeeesee e 73

Figure 3.9: Schematic showing the Nazca slab subducting beneath the South American plate
and the related pattern of crustal deformation and upper mantle anisotropy in northern and
central Peru. The yellow arrows indicate the GPS motion direction in the Peruvian slivers
reference frame along the Peruvian margin (Villegas-Lanza et al., 2016).......cccccccccverveerveennnen. 77

Capitulo 4

Figure 4.1: Map showing the main tectonic characteristics within the study area. Inverted
triangles indicate the seismic stations used in this study. The main Quaternary normal and
thrust faults are from Macharé et al. (2003). The white arrows indicate the absolute plate
motion (APM) of the Nazca Plate in the hotspot reference model HS3-NUVEL-1A (Gripp and
Gordon, 1990). The slab geometry is represented by isodepth contours (dashed lines) from
the Slab2 model (Hayes et al., 2018). Bathymetry from Topo30s highlights the main tectonic
structures of the subducting Nazca Plate, labeled as: GR: Grijalva Ridge; AR: Alvarado
Ridge; SR: Sarmiento Ridge; VFZ: Viru Fracture Zone; and MFZ: Mendafia Fracture Zone.
The noted major tectonic blocks are as follow: NPS: North Peruvian Sliver; WPS: Western
Peruvian Sliver; EPSS: Eastern - Subandean Peruvian Sliver (Villegas-Lanza et al., 2016).
Orientation of the Andean belt is denoting by HD: Huancabamba Deflection......................... 82

Figure 4.2: Map showing the main morphological units of the study area (modified from
Audebaud et al., 1973; Dalmayrac et al., 1980a; Tavera and Buforn, 1998). Cross-sections
shown in Figures 4.7, 4.8, and 4.9. Labeled as: FA: Forearc; WC: Western Cordillera; EC:
Eastern Cordillera; SA: Sub-Andean; AB: Amazonian Basin; PCB: Peruvian Coastal
Batholith; and CBB: Cordillera Blanca Batholith............ccceuiiiiiiiiiiiiiiiiiiiiiiiiiiieieieeeeeeeeeeeeeeevenans 84

Figure 4.3: Symmetric empirical Green functions extracted from the stacked cross-correlation
of vertical component data for 24 months, signals were band-pass filtered for 6 and 40 s and
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Figure 4.4: Maps of standard deviation in our velocity model based on the bootstrap
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Figure 4.5: Sensitivity kernels for the representative points in the Forearc (a) and Eastern
Cordillera (b). The calculated fundamental mode Rayleigh phase velocity through the final
model are colored by periods (8, 10, 12, 14, 16, 18, 20, 25, 30, 35, 40, 45, and 50 s)............. 92

Figure 4.6: Phase velocity and ray coverage maps at 14 (a), 18 (b), 20 (c) and 25 (c) second
periods. The clipped region shows the area outside of which we have no or poor resolution.
Abbreviations are the same as in Figures 4.1 and 4.2. .......cccccecivrieriiienienieeneeeieeseeeiee e 93

Figure 4.7: Shear-wave velocity maps at 14km (a), 18km (b), 20km (c) and 25km (d) depth
inverted from phase velocities. Slab contours from Slab2 (Hayes et al., 2018). Abbreviations
are the same as in Figures 4.1 and 4.2.........coovieiieiieniiiieeeieeieeeee e e ssee et e s reeseeesseesseessneenens 95

Figure 4.8: Cross-sections perpendicular to the Andean margin. In cross-sections A-A’, B-B’
and C-C a deeper high velocity emerges beneath the WC that correlates with WPS (Villegas-
Lanza et al., 2016). The upper ~10 km are obscured to reflect the lack of depth sensitivity of
our results in the upper most crust. Major morphological units are identified at the top of each
transect with the abbreviations listed in the caption of Figure 4.2.........ccccoccevvvievviervieeneennennne. 96

Figure 4.9: Cross-section parallel to the Western (a) and Eastern Cordillera (b) regions (see
Figure 4.2) and their associated topographic profiles, showing several provinces (see Figures
4.1 and 4.2). A low velocity zone is denoted as LVZ under the Andean Cordillera. Major
morphological units are identified at the top of each transect with the abbreviations listed in
the CaPtion Of FIGUIE 4.2.......cccuiiiiieiieieeieeete ettt ettt et sat e st e st e e be e e s sbaeesesnaeesnnneas 97

Figure 4.10: Outline of the Peruvian Coastal Batholith and the Cordillera Blanco Batholith
plotted on top of our shear velocity map at a depth of 25 km and cross-section B-B’ from
Figure 4.2: a) Shear velocity map at 25 km depth showing the surface exposure of the
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Apéndice B

Figure B1: Shear wave splitting parameters estimated with different time windows and range
of filters for two stations; one in Northern and one in Central Peru. Results are generally
consistent across frequencies and time windows, and show clear stability within our chosen
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Figura C7: Inter-station raypaths for all station pairs (over 1045) that yielded phase velocity
measurements that passed quality controls. The number of paths is indicated in the top right
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Figura C8: Phase velocity maps at 14s, 16s, 18s, 20s, 25, and 30s periods. Regions outside
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Figura C9: Shear velocity maps at 14km (a), 18km (b), 20km (c), and 25km (d) depth
derived from uniform mantle velocity (4.5 km s™ in the upper 55km and AK135 (Kennett et
al., 1995) velocities below 55km) starting model. Slab contours from Slab 2 (Hayes et al.,
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Figura C10: Cross-section A-A’, B-B’ and C-C’ perpendicular to the to the Andean margin
(see Figure 2) through our uniform mantle velocity (4.5 km s™ in the upper 55km and AK135
(Kennett et al., 1995) velocities below 55km) starting model. The upper ~10 km and lower
~35 km are obscured to reflect the lack of depth sensitivity of our results in the upper and
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Figura C11: Cross-sections D-D’ and E-E’ parallel to the Western (a) and Eastern Cordillera
(b) regions (see Figure 4.2) our uniform mantle velocity (4.5 km s in the upper 55km and
AK135 (Kennett et al., 1995) velocities below 55km) starting model. The upper ~10 km and
lower ~35 km are obscured to reflect the lack of depth sensitivity of our results in the upper
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Figura C12: Shear velocity maps at 14km, 18km, 20km, and 25km depth derived from
uniform thick crustal model, with crustal velocities (3.6 km s™ in the upper 55 km, and mantle
velocities (4.5 km s™ ) below 55 km, and AK135 (Kennett et al., 1995) velocities at deeper
depths) starting model. Slab contours from Slab2 (Hayes et al., 2018) are shown................ 180

Figura C13: Cross-section A-A’, B-B’ and C-C’ perpendicular to the Andean margin (see
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Capitulo 1

1 Introducao

Ao longo da fronteira ocidental do Peru, ocorre um dos processos de convergéncia de
placas tectonicas mais complexos e ativos do mundo, produto de uma forte e constante
atividade dinamica devido ao processo de subducgdo da placa oceanica de Nazca sob a placa
continental Sul-Americana, que convergem com velocidade relativa de ~5 a ~7 cm/ano
(Norabuena et al., 1999; Kendrick et al., 2003). Em consequéncia, a evolugao tectdnica do
Peru é bastante complexa e varidvel, com carateristicas particulares como: orogénese recente,
placa oceanica com a maior velocidade em relacdo as demais, com geometria de mergulho
variando de sub-horizontal (auséncia de arco vulcanico) a normal (presenca de arco
vulcanico) (Gutscher et al., 1999), e recorréncia de grandes terremotos nas regioes central e
sul com intervalos de tempo de ocorréncia curtos e magnitudes maiores que 8.0 Mw
(registrados nos anos 1970, 1974, 1996, 2001 e 2007) (Tavera e Buforn, 1998; Condori e
Tavera, 2012).

Essas caracteristicas fazem do Peru, um laboratério natural para estudos sismologicos,
fato que despertou o interesse da comunidade sismol6gica mundial, dando origem a trés
grandes experimentos de sismologia: Peru Subduction Experiment (PeruSE) (Phillips et al.,
2012; Skinner e Clayton, 2013; Dougherty e Clayton, 2014; Ma e Clayton, 2014; Phillips e
Clayton, 2014), Central Andean Uplif and Geodynamics of High Topography (CAUGHT)
(Ward et al., 2013; Ryan et al., 2016) e Peru Lithosphere and Slab Experiment (PULSE)
(Eakin e Long, 2013; Eakin et al., 2014, 2015; Antonijevic et al., 2015; Kumar et al., 2016
Bishop et al., 2017, 2018; Bar et al., 2019). Esses experimentos foram realizados com a
finalidade de entender aspectos importantes da dindmica e estrutura da litosfera,
principalmente nas regides centro e sul do Peru (Figura 1.1), e vém obtendo resultados sobre a
estrutura e dinamica da crosta e manto superior por meio de diversas técnicas sismologicas
(Portner et al., 2020; Rodriguez et al., 2020). Entretanto, ainda ha poucos estudos na parte
norte do Peru, com a literatura limitada a estudos em escala continental e global e com poucas

estimativas detalhadas em escala local e regional.
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Figura 1.1: Mapa do Peru mostrando as estagdes sismograficas dos principais projetos
realizados no centro e sul. O quadrado vermelho representa a area do estudo, e os quadrados
nas cores amarelo, verde e rosa representam as estacOes sismograficas dos projetos: Peru
Subduction Experiment (PeruSE), Central Andean Uplif and Geodynamics of High
Topography (CAUGHT) e Peru Lithosphere and Slab Experiment (PULSE). Os triangulos
vermelhos representam os vulcées do Holoceno. As linhas pretas tracejadas sdao os contornos
da placa de Nazca do modelo Slabl1.0 de Hayes et al. (2012). A linha tracejada cinza
representa os limites do bloco Peruvian Sliver (Villegas-Lanza et al.,, 2016). Siglas: DG
(Dorsal Grijalva); DA (Dorsal Alvarado); DS (Dorsal Sarmiento); ZFV (Zona de Fractura de
Viru); ZFM (Zona de Fractura de Mendafia).



1.1 Justificativa

Recentemente, Condori et al. (2017) estimaram a espessura da crosta e razao de
velocidade entre as ondas P e S (Vp/Vs) utilizando o método da Funcdo do Receptor (FR). Os
principais resultados evidenciam um desequilibrio isostatico entre a Cordilheira Oriental e
Ocidental com valores de Vp/Vs acima de 1,80 na Cordilheira dos Andes, possivelmente
ocasionado pela deformacdo da crosta e influéncia da anisotropia na interface crosta-manto.
No entanto, muitos aspectos sobre a dinamica e estrutura da litosfera ainda permanecem

pouco compreendidos, como:

(i) Qual é o padrao de fluxo e deformacao do manto?

(ii) A mudanca da orientacdo da Cordilheira tem relacdao com o fluxo do manto?

(iii) Qual é relacdo entre a anisotropia e a geometria da placa sub-horizontal de Nazca
no norte e no centro do Peru?

(iv) Qual é a estrutura de velocidade abaixo da regido no norte do Peru?

Para responder a essas perguntas, foram aplicados dois métodos sismoldgicos neste
trabalho: o Estudo da Divisdo de Onda Cisalhante (Shear Wave Splitting, SWS — Anisotropia
Sismica) e a Tomografia de Ruido Ambiental (Ambient Noise Tomography, ANT). A
incorporacdo de novas estacoes sismograficas e de diferentes tipos de dados permitirdo obter

uma informagdo mais completa da dinamica e estrutura da litosfera na area de estudo.

A aplicacdo do método da Divisdao da Onda Cisalhante é de grande importancia nas
regioes tectonicamente ativas, como a zona de subducdo do norte do Peru. Isso permitira
compreender a relagdo entre os padrdes de deformacdo no manto superior, associados
principalmente, ao fluxo do manto (Silver, 1996; Savage, 1999; Long e Silver, 2008; Lynner e
Bodmer, 2017). A divisdo da onda cisalhante se refere a dependéncia direcional da velocidade
da onda sismica que, no manto, esta associada a orientacdo cristalina preferencial ou LPO
(Lattice Preferred Orietation) do mineral olivina (Silver e Chan, 1991). Essa orientacao pode
ocorrer devido ao deslizamento da litosfera sobre a astenosfera (Vinnik et al., 1992; Savage,
1999; Hu et al.,, 2017). Uma onda sismica, ao atravessar um meio com propriedades
anisotropicas, sofre uma polarizacdo e divide-se (birrefringéncia sismica) em uma onda rapida

e outra lenta. A partir dessa divisdo, os parametros normalmente usados para descrever a SWS



sdo: a direcdo da polarizacdo da onda rapida (), que se relaciona a geometria da estrutura
anisotropica e LPO, e o tempo de atraso (J?) entre as ondas polarizadas rapidas e lentas. O

tempo de atraso depende da velocidade, consisténcia e da espessura da camada anisotropica.

Um ntimero consideravel de estudos sobre anisotropia sismica foram realizados no
norte e no centro dos Andes, principalmente no sul e na parte central do Peru (Russo e Silver,
1994; Eakin e Long, 2013; Porritt et al., 2014; Eakin et al., 2014, 2015, 2016; Long et al.,
2016). Esses estudos investigaram, principalmente, as respostas dos padrdes regionais do
fluxo de manto superior e suas implicaces nos processos de subducgdo das placas litosféricas
de Nazca e a Sul-Americana, dorsal de Nazca e geometria da placa de Nazca. No entanto, a
dinamica do segmento da placa sub-horizontal, no norte do Peru, ainda é pouco conhecida

devido a falta de informagoes sismicas.

Para complementar o estudo da estrutura da crosta no norte do Peru, sera aplicado o
método da Tomografia de Ruido Ambiental (ANT). A ANT é um método poderoso para
estudar a estrutura da crosta e do manto superior (Ward et al., 2013; Porritt et al., 2014), sendo
um método relativamente novo, com rapido crescimento na sua utilizacdo nos ultimos anos.
Este método utiliza como informacdo o ruido sismico, em que é possivel, por meio da
correlacao cruzada entre dois pares de estagcoes, construir a funcao de Green e extrair a funcao
de transferéncia do meio (Shapiro e Campillo, 2004; Shapiro et al., 2005). As fungdes de
Green contém informagoes sobre a velocidade sismica do meio de propagacdo, a partir das
quais é possivel determinar as estruturas de velocidade (Dias, 2014; Collaco, 2019). A
ventagem do método é permitir a caracterizacdo, com maior resolucdo, das estruturas rasas,
pois as ondas superficiais, em diferentes periodos, sdo sensiveis a estrutura da Terra em
diferentes profundidades. J& com as ondas de periodo longo, é possivel estudar profundidades

maiores (Yang et al., 2007).

Nos tltimos anos, devido ao crescimento no nimero de estagOes sismograficas de
banda larga de alta qualidade em todo o mundo, foi realizada uma série de estudos de ANT
em escala local (Tamura e Okada, 2016; Huang et al., 2018; Machacca-Puma et al., 2019),
regional (Ward et al., 2013; Ma e Clayton, 2014; Poveda et al., 2018; Lynner et al., 2018,
2020) e continental (Yang et al., 2007; Ritzwoller et al., 2011; Saygin e Kennett, 2012; Chen



et al., 2018). No Peru, a estrutura crustal na regido sul foi estudada por Ma e Clayton (2014).

Contudo, as regides norte e centro sao pouco conhecidos ou exploradas.

1.2 Objetivos
1.2.1 Objetivos gerais:
O objetivo principal é estudar e caracterizar as variacoes da estrutura e dinamica da

crosta e do manto superior sob a por¢ao norte do Peru, aplicando métodos sismologicos.

1.2.2 Objetivos especificos:
(i) Determinar a anisotropia sismica do manto superior e a origem dos padroes de
deformacdao encontrados;
(ii) Determinar a estrutura da crosta utilizando curvas de dispersao de ondas de
superficie obtidas com a correlacdo de ruido ambiental;
(iii) Correlacionar os resultados do item i com dados de posicionamento por satélites
(GPS), e propor um modelo da dindmica da anisotropia e fluxo do manto;
(iv) Correlacionar os resultados do item ii com dados geofisicos existentes na regido

de estudo: como Razdo de Vp/Vs e fluxo de calor geotérmico.

1.3 Localizacdo da Area de Estudos

A area de estudo compreende as regides norte e parte da regidao central do Peru. A
Figura 1.2 apresenta um mapa com as 47 estacOes sismograficas utilizadas neste trabalho: 2
estac0es da Rede Sismografica Brasileira-RSBR (Bianchi et al., 2018), 4 estacées da Red
Nacional de Sismografos — RENSIG do Instituto Geofisico, Escuela Politécnica Nacional —
IG-EPN, 1 estacao auxiliar da Comprehensive Nuclear-Test-Ban Treaty (CTBTO), 1 estacdo
da Global Seismograph Network — IRIS, 9 estacGes sismograficas no projeto SisNort da rede
temporal do Instituto Geofisico del Pert (IGP), 7 estacOes sismograficas do projeto
Moyobamba (IGP) e 23 estacOes sismograficas da Red Sismica Nacional y de Alerta

Temprana de Tsunamis y Erupciones Volcanicas RENASIS do IGP.

A selecdo das estacdes sismograficas e dados envolveu uma inspecdo rigorosa nas
formas de ondas para remover tracos com perturbacoes instrumentais. Para o estudo de

anisotropia sismica, foram utilizadas 45 estagdes. Enquanto, para a tomografia de ruido



ambiental, ap6s de avaliar o periodo de operatividade e os registros continuos para a
correlacdo cruzada, foram utilizadas somente 29 estacoes das redes permanentes. As estacoes
NNA e HCO foram incluidas para estudo da tomografia de ruido ambiental, mas nao foram
utilizadas para estudo na anisotropia sismica devido a existéncia de medicdes de anisotropia

sismica na porcdo central do Peru.

RENSIG-Equador

GSN-CTBTO

RSBR-Brasil
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Figura 1.2: Mapa tectonico mostrando a localizacdo da area de estudo. Os triangulos
invertidos indicam a distribuicao de 47 estacoes sismograficas de banda-larga utilizadas neste
estudo. Siglas: DG (Dorsal Grijalva); DA (Dorsal Alvarado); DS (Dorsal Sarmiento); ZFV

(Zona de Fractura de Viru). Maiores detalhes sobre as estacdes sismograficas no Apéndice A.



1.4 Caracteristicas Tectonicas

A formacao tectébnica do norte e centro do Peru (Figura 1.3) estd relacionada,
principalmente, ao resultado de sucessivos ciclos orogénicos produtos de uma forte atividade
dinamica devido a interacdo das placas de Nazca e Sul-Americana (James, 1971), que
convergem de Leste para Oeste com uma velocidade média de ~6 a ~7 cm/ano (DeMets et al.,

1990; Norabuena et al., 1999; Villegas, 2009; Kendrick et al., 2003).

O processo da subducc¢ao tem sido quase continuo desde a divisdo do supercontinente
Pangeia. Ao longo nos ultimos 20 milhdes de anos, grandes esforcos compressivos e
extensivos com magmatismo associado foram responsaveis pela origem dos diferentes
compartimentos tectdnicos, que possuem carateristicas muito particulares como:
soerguimento da cadeia Andina, assim como da deformacdo; encurtamento e espessamento
crustal; atividade vulcanica; e formacdo de bacias (Mégard, 1987; Soler e Sébrier, 1990;

Ramos, 2010).

Muitos autores analisaram os Andes e propuseram diferentes modelos e classificacdes
geologicas em funcdo da identificacdo dos segmentos e de suas propriedades geoldgicas.
Gansser (1973) propds uma classificacdo reconhecendo trés unidades principais: Andes do
Norte, Andes Centrais e Andes do Sul, que sdao amplamente usados e considerados validos
hoje em dia. Nesse contexto, o norte e centro do Peru compreende parte dos Andes Central e
Norte (Cordani, 2000). Segundo Martinod et al. (2010) a orogénese andina envolveu trés
episodios principais de encurtamento, que correspondem a periodos de convergéncia rapida
da placa ao longo da margem andina: 1) Orogenia Peruana do Cretaceo Superior; 2) Orogenia
Paleoceno - Eoceno Incaica; e 3) Orogenia Nedgena Quéchua. O ultimo episoédio foi
aparentemente associado a origem da subduccao sub-horizontal (flat-slab) entre ~15 e 11 Ma

(Hampel, 2002; Rosenbaum et al., 2005).



. Elevagéo (m)

—-7000 -6000 -5000 -4000 -3000 -2000 -1000 0 1000 2000 3000 4000 5000 6000

I:I . A Vulcoes do Holoceno

- o ) ) Vetor de convergéncia das placas
COC-Cordilheira Ocidental ~ Falhas Inversas

- COR-Cordilheira Oriental " Falhas Normais

- 7S-7Zona Sub-Andina ,~  Fraturas Locais e Regionais
" Contornos-Placa de Nazca

- BA-Bacia Amazonica

,&’Limite-Blocos Peru Sliver

Figura 1.3: Mapa topografico mostrando as principais caracteristicas tectonicas e
geomorfol6gicas do norte do Peru. As linhas tracejadas de cor preto sdo os contornos da placa
de Nazca determinadas por (Hayes et al., 2012). Os poligonos representam as principais
unidades geomorfologicas da area de estudo (modificado de Audebaud et al. (1973;
Dalmayrac et al. (1980) e Tavera and Buforn, (1998)). Siglas: DC (Dorsal Carnigie); DG
(Dorsal Grijalva); DA (Dorsal Alvarado); DS (Dorsal Sarmiento); ZFV (Zona de Fratura de
Viru); ZFM(Zona de Fratura de Mendafia); DH (Deflexdao de Huancabamba); SNA(Sliver
Nor-Andino); PSO (Peru Sliver Oeste); PSES (Peru Sliver Este Sub-Andino) (Villegas-Lanza
et al., 2016).



Uma das particularidades mais marcantes nas regioes norte e centro do Peru é a
auséncia do arco vulcanico devido a geometria sub-horizontal da placa de Nazca (flat-slab),
que subducta com um angulo de cerca de 40 graus até uma profundidade de 100 km, mantém
uma forma sub-horizontal estendendo por aproximadamente 400 km e mergulha novamente
no manto (Figura 1.3) (Cahill e Isacks, 1992; Phillips e Clayton, 2014; Bishop et al., 2018).
No Peru, este processo ocorre a partir da latitude -3° até -15° (Barazangi e Isacks, 1976;
Cahill e Isacks, 1992; Gutscher et al., 1999), que apresenta uma regido com baixo fluxo
térmico (~40 e 80 mW/m?) (Henry e Pollack, 1988; Cardoso et al., 2010; Haraldsson, 2011),

em relacdo a regido sul do Peru com subduc¢ao normal.

Diversos estudos descreveram as estruturas da Cordilheira dos Andes e da Placa de
Nazca (Mattauer, 1976; Dalmayrac et al., 1980a; Macharé et al., 1986; Mégard, 1987; Tavera
e Buforn, 1998; Uribe, 2008). Nesta pesquisa, com base nestes estudos, sdo descritas as
diferentes unidades geomorfolégicas presentes na area de estudo, classificando-as em cinco
areas principias: Zona Costeira, Cordilheira Ocidental, Cordilheira Oriental, Zona Sub-
Andina e Bacia Amazoénica (Figura 1.4). A Figura 1.4 mostra o esquema tectonico da area de
estudo, apresentando as diferentes feicdes geomorfoldégicas que representam cada

compartimento tectonico também descrito nos capitulos 3 e 4.

1.4.1 Zona Costeira (ZC): é considerado presumivelmente como o exemplo mais classico do
mundo de uma zona de subduccdo entre uma placa oceanica e continental, onde os processos
de subducgdo levaram a um regime predominantemente compressivo (Suarez et al., 1983). A
Z.C se estende desde a fossa até o limite oeste da Cordilheira dos Andes. No continente, é uma
zona estreita que se estende de norte a sul com altitude média de 700 m e possui embasamento
de rochas Pré-Cambrianas e Paleozoicas e sedimentos Mesozoicos (Palacios et al., 1995). Ao
sul, ocorrem rochas cristalinas fortemente dobradas devido aos esforcos extensionais e

compressionais (Figuras 1.3 e 1.4).
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Figura 1.4: Esquema com as principais unidades tectonicas e geomorfologicas da regido

norte e centro do Peru (Modificado de Mattauer, 1976).

1.4.2 Cordilheira Ocidental (COC): consiste, principalmente, de rochas vulcanicas e
plutoénicas de idade Mesozoica e Cenozoica e dobras e depdsitos marinhos de dguas rasas de
idade Mesozoica. E dominado pelo Batélito Costeiro, composto por diversas intrusdes.
Paralela a costa, esta distribuida de norte a sul e atinge elevacdes que variam de 3.500 a 5.000
m. As unidades mais antigas mostram os efeitos da deformacdo compressiva que
presumivelmente ocorreram durante o final do Eoceno ao Mioceno (Megard, 1978; Wipf,
2006). No norte do Peru, a Cordilheira Andina apresenta direcao principal NW-SE. No
entanto, na latitude 6° sul, sofre uma mudanca de orientacdo de norte N020° para N140° sul,
seguindo uma nova direcao N-S, conhecida como Deflexdo de Huancabamba (Mégard, 1987;

Mitouard et al., 1990) (Figuras 1.3 e 1.4).

1.4.3 Cordilheira Oriental (COR): comecou a se formar durante o periodo Hercinico
(Devoniano), é menos elevada que a Cordilheira Ocidental (3.700-4.000 m) e corresponde
principalmente a uma dobra anticlinal regional, formada essencialmente por depdsitos
intrusivos do Pré-Cambriano (Dalmayrac et al., 1980b). As principais estruturas da regido

incluem dobras abertas e falhas de empuxo acentuadas (Figuras 1.3 e 1.4).
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1.4.4 Zona Sub-Andina (ZS): localiza-se entre a Cordilheira Andina e a Bacia Amazdnica e
é formada por estruturas compressivas convergentes para o Leste, que apresentam magnitudes
decrescentes de deformacdo em direcdo ao Escudo Brasileiro (Dumont et al., 1991), onde nao
ocorrem as estruturas andinas (Figuras 1.3 e 1.4). Corresponde a um cinturdo de dobras
regionais originado no Mioceno (Mathalone et al., 1995), com cobertura de sedimentos do
Mesozoico e Cenozoico fortemente afetados por dobras e falhas reversas (Ham e Herrera Jr.,

1963).

1.4.5 Bacia Amazonica (BA): limitada a oeste pela zona Sub-Andina, a Bacia Amazodnica
esta situada entre 80 e 400 m de altitude e encontra-se depositada sobre o escudo Brasileiro
(Figuras 1.3 e 1.4). E composta por sedimentos marinhos do Paleozoico e do Mesozoico com
cobertura sedimentar Fanerozoica e depdsitos continentais de idade Terciaria (Mégard, 1978;
Suérez et al.,, 1983). Na margem andina, os depdsitos foram falhados e dobrados mais
extensivamente, mas a deformacdo diminui em direcio ao leste, onde as camadas

sedimentares das bacias sao mais finas sobre o Escudo Brasileiro (Mora et al., 2011).

1.5 Morfologia da Placa de Nazca

Outras feicdes tectonicas de maior relevancia em nossa drea de estudo sdo as
estruturas lineares (Zonas de Fratura de Viru e Mendafia) e as dorsais (Dorsal de Carnigie,
Grijalva e Alvarado) presentes na Placa de Nazca (Figuras 1.1 e 1.3), produto de sua evolugao
proximo as areas de divergéncia e expansao oceanica. A subducc¢do dessas estruturas parece
modificar localmente as caracteristicas da sismicidade na borda ocidental Sul-americana
(Uribe, 2008). A Fratura de Mendafia tem uma extensao de aproximadamente 1100 km, com
direcdo NE aproximadamente perpendicular a Fossa. Estudos gravimétricos e magnéticos
inferem que esta fratura é o limite norte das idades da Placa Oceanica (Yamano e Uyeda,
1990). A Fratura de Viru, estd localizada de forma paralela, 110 km ao norte da fratura de
Mendafia, e é uma falha do tipo inverso com orientacdo N15°E (Krabbenhoft et al., 2004).
Finalmente, as dorsais sdo cordilheiras submarinas que se elevaram do fundo oceanico como
resultado de antigas zonas de geracdo da crosta oceanica. Frente a area de estudo pode-se
observar a presenca de trés dorsais oceanicas: Sarmiento, Alvarado e Grijalva. As trés dorsais

sdo paralelas entre si e tém orientacdo NE, alturas de 1 a 2 km e comprimento de ~400 km.
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1.6 Sismicidade

A sismicidade presente na Borda Ocidental do Peru (BOP) (Figura 1.5) é devido
principalmente ao processo de subduccao da Placa de Nazca (oceanica) sob a Sul-Americana
(continental) iniciada entre o Triassico Médio e Jurassico Inferior (Mégard, 1987). Este
processo da origem a uma sismicidade de diversas magnitudes e distribuida em diferentes
profundidades (Tavera e Buforn, 1998; Bernal e Tavera, 2002; Tavera, 2014). A constante
recorréncia da sismicidade mostra que a regido de estudo é por demais complexa e
dinamicamente ativa. A regido de estudo é caracterizada por uma taxa de sismicidade muito

alta, tipica de zonas de subduccao.

O mapa da sismicidade da area de estudo para magnitudes superiores a 4.0 Mw, é
mostrado na Figura 1.5. Os eventos apresentam distribuicdo geografica ndao uniforme, e sao
classificados, de acordo a profundidade de seus focos, em: superficiais (< 60 km),
intermedidrios (61-300 km) e profundos (=301 km). A sismicidade superficial esta associada
ao contato das duas placas (oceanica e continental) e deformacdo dos Andes (concentracao de
esforcos da crosta continental). As mesmas sdo evidenciadas por falhas geologicas de diversos
tipos com sismicidade rasa. Muitas hipéteses foram propostas para explicar a ocorréncia da
sismicidade com foco intermedidria e profunda (Kiser et al., 2011). O mecanismo da
sismicidade intermediaria é devido a cambios de esforcos e deformacao interna da placa (p.e.,
Liu e Yao, 2020). O mecanismo de geragao da sismicidade profunda ainda é pouco entendida.
Em geral, sdo comumente atribuidas a variacdes no estado térmico entre as zonas de
subduccdo (Ye et al., 2016), liberacdo de agua durante o processo de subduccdo e devido a

esforcos tensionais (Molnar et al., 1979).

Os epicentros com profundidade superficial encontram-se ausentes sob a Cordilheira
dos Andes, sugerindo baixas taxas de deformacdo possivelmente devido ao efeito de flexura
causado pela carga topografica e os esforcos de compressao tanto da placa de Nazca como do
craton do Brasil (Condori, 2016). Esses esforcos causam maior deformacdo nos flancos onde
a crosta é mais fina. Entretanto, nos Andes com crosta mais espessa, as tensdes sao menores
devido a compensacdo isostatica que se mantém em equilibrio (Assumpcdo e Sacek, 2013;

Rocha et al., 2016).
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Figura 1.5: Mapa Sismico mostrando a distribuicdo espacial da sismicidade com magnitudes

iguais ou maiores que 4.0 Mw no periodo 1960-2020. Os Perfis sismicos A-A' e B-B' sdo
mostrados na Figura 1.6.

Na regido norte e central do Peru, o mergulho da placa segue a forma sub-horizontal
(flat-slab), caracterizada por apresentar a auséncia de atividade vulcanica (Gutscher et al.,
1999; Skinner e Clayton, 2013; Eakin et al., 2014). Ja na regido sul, a subduccao é do tipo
normal com presenca da atividade vulcanica. Os perfis verticais A-A' e B-B' (Figuras 1.5 e

1.6) apresentam a distribuicdo espacial da sismicidade em profundidade e mostram de

maneira geral a geometria da placa oceanica de Nazca.
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Figura 1.6: Perfis verticais mostrando a distribuicao espacial da sismicidade em funcdo da
profundidade. Os circulos em colores (vermelho, verde e azul) indicam os intervalos de
profundidades classificados como: sismicidade rasa (0-61 km de profundidade), sismicidade
intermedidria (61-300 km de profundidade) e sismicidade profunda (maiores a 301 km de
profundidade). A linha vermelha representa a geometria da Placa de Nazca tomado do modelo
Slab1.0 de Hayes et al. (2012). a) Perfil sismico A-A' na regido norte. b) Perfil sismico B-B'

na regido centro.
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1.7 Blocos Peru Sliver

Com base na analise tectonica e dados de posicionamento do Global Navigation
Satellite System (GNSS) Nocquet et al. (2014) e Villegas-Lanza et al. (2016) propuseram que
a deformacdo crustal nos Andes Norte e Centro é controlada pelo movimento divergente de
trés blocos rigidos denominados Sliver Nor-Andino (Bloco do Norte Andino), Peru Sliver
Oeste e Peru Sliver Este Sub-Andino (denominados Blocos Inca Sliver) (Figuras 1.3 e 1.7).
Essas caracteristicas surgem do movimento relativo entre as placas de Nazca e a Sul-
Americana sob a Cordilheira Oriental e da cunha orogénica Sub-Andina. O Bloco Peru Sliver
Oeste (PSO) é caracterizado por um movimento em direcao sudeste a uma taxa de ~4-5
mm/ano em relacdo com o continente estavel da América do Sul, abrangendo o extremo sul
do Equador, Peru e Bolivia. Ele se estende da fossa até a Cordilheira Ocidental. O Bloco Peru
Sliver Este Sub-Andino (PSES) cobre as regides da Cordilheira Oriental e zona Sub-Andina e
move-se para o leste com uma taxa de ~2,3 mm/ano. O Bloco Sliver Nor-Andino (SNA)
move-se para nordeste a uma taxa de ~9 mm/ano cobrindo a zona Costeira, Cordilheira

Ocidental e Oriental do Equador e da Colombia.

Para a estimativa das velocidades dos blocos (PSO, PSES e SNA), Nocquet et al.
(2014) com base em uma analise direta de um subconjunto de 28 medicoes de GPS propds um
polo de Euler em relacao a placa estavel da América do Sul (SSA) localizado na Placa do

Caribe a 63,76° W e 22,47° N com uma velocidade angular de 0,092°/milhdes de anos.

Segundo Villegas-Lanza et al. (2016) as deformacdes da crosta na zona de subduccao
da porcao norte do Peru e sul do Equador € relativamente baixo e a convergéncia das placas se
acomoda de forma assismica, portanto este setor é classificado como uma regidao com baixa
probabilidade de ocorréncia de grandes terremotos do que no resto da borda ocidental da

América do Sul.
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Figura 1.7: Representacdo esquematica dos blocos Sliver Nor-Andino (em amarelo), Peru
Sliver Oeste (em magenta) e Peru Sliver Este Sub-Andino (em verde) que sdao separadas pelo
limite entre a Cordilheira Ocidental e a Cordilheira Oriental. Adaptada de Villegas-Lanza et

al. (2016).

1.8 Estrutura da Tese
A estrutura da presente tese, intitulada: “Estudo e caracterizacao das variacoes da
estrutura da crosta e dinamica do Manto Superior sob o norte do Peru, com métodos

sismolégicos” é composto por 05 capitulos.

O Capitulo 1 aborda a introducdo ao trabalho realizado, a motivacdo do tema
escolhido, os objetivos e a localizacdo da area de estudo. Aborda também, de maneira sucinta,

as caracteristicas tectonicas da area de estudo.

O capitulo 2 apresenta os fundamentos teéricos das metodologias aplicadas, o estado
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da arte do trabalho realizado e os procedimentos aplicados ao processamento dos dados para o

calculo da anisotropia sismica e a Tomografia de ruido de ambiente.

O capitulo 3 apresenta o artigo “Variable seismic anisotropy across the Peruvian flat-
slab subduction zone with implications for upper plate deformation”, publicado na revista
Journal of South America Earth Science. O artigo aborda as contribui¢des mais notaveis sobre

o estudo da anistropia sismica no norte do Peru.

O capitulo 4 se refere ao manuscrito “Upper crustal velocity structure beneath
Northern Peruvian Andes from ambient noise tomography”, que sera submetido ao periédico
Journal of Seismology. O artigo mostra os resultados da tomografia sismica do ruido de

ambiente no norte do Peru.

O capitulo 5 sintetiza as principais conclusdes desta pesquisa.

O apéndice A mostra o intervalo de tempo e a lista de estacOes sismograficas.

O apéndice B apresenta os valores da anisotropia nula e ndo nula

O apéndice C apresenta as figuras da tomografia de ruido sismico, mapas de
velocidade, testes de resolucdo para os diferentes periodos e também informacao

complementar do manuscrito de ANT.
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Capitulo 2

2 Consideracoes sobre os métodos
2.1 Anisotropia Sismica

A anisotropia sismica é uma propriedade fisica, e é descrita como uma dependéncia
direcional da velocidade da onda sismica com a dire¢do de sua propagacao no meio (Figura
2.1). As ondas elasticas em um meio anisotropico viajam em diferentes velocidades,
dependendo da direcdo de propagacdo e da direcdo da polarizacdao. O estudo da anisotropia
sismica é de grande importancia na geofisica, porque permite compreender e conhecer as
caracteristicas do fluxo do manto superior assim como a sua relacgdio com 0s processos

tectonicos (Assumpcao et al., 2006; Valenzuela e Leon Soto, 2017).

Material Is6tropico
A /

N,

Material Anisotropico

b)

Figura 2.1: Representacdo grafica de um material com propriedades isotropicas (a) e
anisotropicos (b). As propriedades fisicas do meio variam de acordo na direcdo analisada

(Adaptada de Rueda et al. (2010)).
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O efeito de anisotropia pode ser observado em diferentes partes da estrutura interna da
Terra, como na crosta (Crampin, 1985; Barruol e Mainprice, 1993), no manto superior (Silver,
1996), nas zonas de transicdao (Trampert, 2002; Tommasi, 2004), e na camada “D” entre o

ntcleo e o manto da terra (Long e Silver, 2009).

No manto superior o efeito de anisotropia estd relacionado primariamente ao
alinhamento preferencial do mineral olivina (Lattice-Preferred Orientation — LPO) em
relacdo a direcdo do fluxo do manto. O LPO descreve a distribuicdo de eixos cristalograficos,
que resulta da deformacdo no regime de deslocamento do material, e isto pode estar associado
ao deslizamento da litosfera sobre a astenosfera (Savage, 1999), ou por eventos tectdnicos

recentes e antigos, como por exemplo os processos orogénicos (Kuo-Chen et al., 2009).

Quando os cristais ou agregados da olivina sofrem deformacdes pelo fluxo do manto,
os cristais individuais tendem a se alinhar nas direcdes preferidas, resultando em anisotropia
sismica. Se a relacdo entre a direcdo do fluxo e a anisotropia resultante é conhecida, entao
uma medicdo da direcdo de polarizacdo rapida da anisotropia abaixo de uma estacdo
sismografica pode fornecer informacoes sobre deformacdes tectonicas e processos dindmicos

que ocorrem no manto superior (Russo e Silver, 1994).

Existem um grande ntmero de tipos de fabrica de olivina, desde o tipo A, bem como
dos tipos B, C, D e E, cada um associado a um conjunto especifico de regimes tectonicos e
condicGes fisicas como temperatura, esforcos e conteido de dgua (Karato et al., 2008). No
manto superior a direcdo da polarizacdo rapida para fabrica de tipo A, C e E sdo quase
paralelas a orientacao da tensdo extensional maxima (p.e. Lynner et al., 2017). A fabrica de
tipo B produz uma divisdo de onda cisalhante com alinhamento normal a orientagdo da
deformacdo (Karato et al., 2008). E provavel que a fabrica do tipo B esteja presente em
condicOes de baixa temperatura, ricas em agua e regioes de alta tensdao na cunha do manto
(Kneller et al., 2005, 2007). A presenca de agua pode alterar o tipo de fabrica e alinhar o eixo
B com a deformacdo. Portanto, considera-se que a divisdo de ondas cisalhantes é um proxy
para inferir a orientacdo da deformacdo. No entanto, esta relacdo simples é complicada em

zonas de subduccao devido a complexidade tectonica.
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2.1.1 Divisdo de Ondas Cisalhantes

O fendmeno da divisdo de ondas ocorre quando uma onda cisalhante (S, SKS, SKKS,
PKS, ScS, PcS, etc) entra em uma regidao anisotropica, ela se divide em duas ondas viajando
com velocidades diferentes e com polarizacdo aproximadamente ortogonal (Figura 2.2),
semelhante ao fendmeno da birrefringéncia da éptica. Nessa divisdao, as ondas recebem o
nome de S lenta e S rapida e estdo polarizadas em direcdes ortogonais (Silver e Chan, 1991;
Long e Silver, 2009). Os parametros principais para quantificar a anisotropia sismica sdo a
direcdo de polarizacdo da onda S rapida (¢) e a diferenca temporal (0t) da chegada dessas

fases.

Figura 2.2: Esquema que mostra uma onda cisalhante (fase SKS), com polarizacdo qualquer,
se divide em outras duas ondas cisalhantes quando atravessa um meio anisotropico. As ondas,
em diferentes polarizacGes se propagam com velocidades diferentes (modificado de Kendall

et al. (2014)).

2.1.2 Anisotropia nas zonas de Subduccao

As zonas de subducgdo foram sempre as regides com maior interesse para estudos da
divisdo de ondas cisalhantes desde os primeiros trabalhos (p.e., Ando et al., 1983; Fukao,

1984; Bowman e Ando, 1987) e uma infinidade de estudos de divisao de ondas cisalhantes,
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usando dados de regides de subduccao, tornou-se disponivel (para mais detalhes consulte
Long e Silver, 2008). Uma diversidade surpreendente de padroes de divisdo foram
identificadas em diferentes regides usando informacdo de sismos locais originados na placa
(fase S) e distantes (fases refratadas SKS e direitas S). Por exemplo, em algumas zonas de
subducao a direcdo da polarizagdo rapida é orientado paralelamente a fossa (Trench) devido a
geometria da subduccdo e ao tipo de olivina que é gerada abaixo da placa (Long e Silver,
2008). No entanto, nas zonas de subduccdo de Cascadia e parte de Chile-Argentina, a direcdo
da polarizagdo rapida é orientada perpendicularmente a fossa e com valores de 6t amplamente
variaveis. Portanto, pode haver diferencas significativas na anisotropia de uma regido para

outra (Ponce, 2013).

Com base nos resultados de diversos estudos da divisdo de ondas cisalhantes em zonas
de subduccdo, foram propostas uma variedade de modelos para explicar os padrdes da
anisotropia sismica. Entre eles: Modelo de fluxo de canto 2-D (2-D corner flow) e o0 Modelo
de fluxo toroidal 3-D (3-D toroidal flow model) (p.e., Fischer et al., 2000; Hall et al., 2000),
fabrica de olivina de tipo B (Nakajima e Hasegawa, 2004; Kneller et al., 2005; Long et al.,
2007), direcdao do fluxo paralelo a trincheira na parte acima (Smith, 2001; Conder e Wiens,
2007) direcdo do fluxo paralelo a trincheira na parte abaixo (Russo e Silver, 1994; Long e
Silver, 2008), transpressao devido a subduccdo obliqua (Mehl, 2003), anisotropia devido a
falhas hidratadas alinhadas na placa (Faccenda et al., 2008) ou alguma combinacdo desses
mecanismos. No entanto, tem sido dificil identificar um modelo sinéptico e unico para
explicar a anisotropia sismica nas zonas de subduc¢dao que podam explicar a variabilidade

global das observacdes da divisdo de ondas cisalhantes.

A Figura 2.3 mostra um esquema resumindo alguns processos do fluxo do manto em
uma zona de subduccao, inferidos a partir de medi¢des da divisdao de ondas cisalhantes (Long

e Silver, 2008; Long, 2016).
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luxo paralelo &
Trincheira

Figura 2.3: Diagrama esquematico mostrando os diferentes modelos que explicam a
anisotropia sismica em uma zona de subduc¢do como: modelo de fluxo de canto 2-D gerado
pela subduccdo da placa e modelo de fluxo toroidal 3-D gerado em torno da borda da placa,

fabrica de olivina de tipo B e fluxo paralelo & trincheira. Adaptada de Long (2016).

2.1.3 Processamento

O processamento dos dados para o calculo dos parametros da anisotropia sismica (¢ e
0t) foi realizado no programa Matlab R2012a e por rotinas computacionais em Shell script e

Python, ao longo das seguintes etapas:

* Primeiramente, foram obtidos os parametros da fonte (localizacdao, magnitude, hora de
origem e profundidade) do catdlogo do U. S. Geological Survey (USGS) Preliminary
Determination of Epicenters (PDE). A selecdo dos eventos telessismicos foi feita com
base em dois critérios: magnitude e distancia epicentral. Foram selecionados eventos com
magnitude maior ou igual a 5.8 e distancias epicentrais entre 88° e 130°, para as fases
SKS e SKKS, e entre 130° e 150°, para a fase PKS. As fases SKS e SKKS fornecem
varias vantagens em relacdo as fases S diretas; em particular, a polarizacdo inicial da
onda cisalhante (antes de passar por um meio anisotrépico) é controlada pela conversao

de P para S no limite do manto-nticleo (CMB) e, portanto, é conhecida.
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* Apés a selecdo dos eventos, usando o programa Seismic Analysis Code (SAC) de
Helffrich et al. (2013), foram realizadas as marcagdes dos tempos de chegada das fases
SKS, SKKS e PKS (denotaremos por XKS) nos sismogramas. Os dados foram
amostrados a uma taxa de 20 amostras por segundo para uniformizar a taxa de

mostragem das estacoes sismograficas das diferentes redes.

* A analise dos eventos foi feita a partir da marcacao das fases XKS no programa SplitLab
(Wiistefeld et al., 2008). Os sismogramas foram rotacionados das componentes ZNE para
as componentes LQT utilizando a equagdo Eq. 2.1. A componente L. é dominada pela
onda P, enquanto Q e T contém, principalmente, a energia da onda convertida em S (no
CMB). Para meios com camadas horizontais homogéneas, a energia da onda S convertida
é exclusivamente contida na componente Q. A presenca de energia significativa na
componente T indica mergulho e/ou estrutura anisotropica.

L cosd —sind sinf3 —sind sinf Z

Q| = |sind  cosd sinf cosd cosf | . | E (Eq. 2.1)
T 0 —cosf3 sinf N

Onde (3 é o azimute reverso (backazimuth) e ¢ é o angulo de incidéncia da onda medido
a partir da vertical (0 = 0° para as ondas incidentes verticalmente e = 90° para as

ondas incidentes horizontalmente).

* Para a estabilidade dos parametros de divisdo de onda de cisalhante, foram testados
filtros com diversas faixas de frequéncia. Foi escolhido o filtro passa-banda entre 0,04 e
0,125 Hz, semelhante ao filtro utilizado no centro e no sul do Peru em anéalises de SKS
de estudos anteriores sobre anisotropia do manto superior (p.e., Eakin et al., 2015; Long
et al., 2016).

* Para determinar os parametros da anisotropia sismica (¢, 6t), foram aplicadas trés
metodologias: a Rotagdo Correlacdo (RC) de Bowman e Ando (1987), a Minima Energia
(ME) e o Autovalor, ambas de Silver e Chan, (1991). Os métodos RC e ME denominados

como “Transverse Component Minimization Method” realizam uma “pesquisa de grade”,
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que visa encontrar os parametros (¢, 6t) que melhor removem o efeito de separacgdo, ou
seja, lineariza o movimento da particula nos planos rotacionados. No entanto, 0 método
de Autovalor procura os valores de ¢ e 6t usando uma combinacdo que melhor linearize
o movimento da particula, em outras palavras, minimiza o autovalor menor da matriz de

covariancia.

Verificou-se, por inspecao visual, se as respostas foram semelhantes e se ocorre a divisao
das ondas cisalhantes. Foram selecionadas apenas os resultados obtidos com o método
RC e com uma relacdo sinal-ruido (SNRgc) superior a 5 (e.g. Eakin et al., 2015) com
pulso de onda cisalhante bem visivel nas componentes transversal e radial (Figuras

2.4a).

As medigoes foram classificadas como: “non nulls” e “null”. Onde “non nulls” sdo as
medicdes onde ocorre a divisdao das ondas cilhantes, e indica um meio anisotropico. No
entanto, os resultados denominados como “null” indicam meios isotrépicos. Cada
resultado “nulls” e “non nulls” foram classificados como “good”, “fair” e “poor” com
base na qualidade dos dados e dos resultados utilizando método e os critérios definidos
por Wiistefeld e Bokelmann (2007). Assim, eventos marcados como “good” sao aqueles
com resultados altamente confidveis, enquanto “fair” e “poor” sao aqueles pouco
confidveis ou ndo confiaveis, com alto medida de incerteza quantitativa. Nas Figuras 2.4
e 2.5, do lado esquerdo para o lado direito do painel, mostram os sismogramas
observados. Q representa a componente radial (linha azul tracejada) e T para a
componente transversal (linha vermelha solida); (a) as linhas tracejadas verticais
representam os tempos de chegada das fases calculados usando o modelo TASP91
(Kennet e Engdahl, 1991), enquanto a zona cinza é a janela de calculo; (b) componentes
rapidos (linha tracejada) e lentos (linha sélida) corrigidos para o tempo de retardo de
divisao calculado; (c) componentes radiais corrigidos (linha tracejada) e transversais
(linha sélida); (d) movimento das particulas antes (linha tracejada) e depois da correcdo
(linha s6lida); (e) grafico de contorno para o maximo valor do coeficiente de correlagdo e
da energia na componente transversal em funcdo do tempo de retardo e do angulo de
polarizacdo rapido. O intervalo de pesquisa da grade, para @, é de -90° a 90° com um

passo de 1°, e para 6t, de 0 a 4,0 s com um passo de 0,1 s. A area cinza sombreada no
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mapa de contorno do coeficiente de correlacdo indica a regido de confianca de 95% da

estimativa do parametro de melhor ajuste.
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Figura 2.4: Exemplo de uma medicdo “non nulls” da divisdao de ondas cisalhantes em uma
fase SKS na estacdo sismografica HUAC usando trés métodos no programa SplitLab
(Wiistefeld et al., 2008). Os métodos geram os seguintes parametros de divisdao de melhor
ajuste: ¢p=62°, dt=1,1 s (Rotacdo Correlacdo); ¢= 55°, dt=1,2 s (Minima Energia). Os dois
métodos de medicdo concordam muito bem; no entanto, conforme indicado pelos graficos de
contorno e pelos erros formais nas medicoes, a medicdo de Minima Energia é muito melhor

restringida do que a medicdo de Rotacdao Correlacao.

* As medicOes nulas foram classificadas como tal com base na linearidade do movimento
de particula ndo corrigido na componente radial para eventos com fases XKS visiveis e
receberam uma classificacdo de qualidade com base na relacdao sinal-ruido e linha de
movimento de particula. Retivemos apenas as medicOes classificadas como “good” e
“fair”. Os resultados “null” ocorrem se a onda se propaga através de um meio isotropico

ou se a polarizacdo inicial coincide para os eixos rapido ou lento. Nesses casos, a onda
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cisalhante ndo é dividida (Savage, 1999). A Figura 2.5 mostra um exemplo de uma

medicdo nula (nulls).
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Figura 2.5: Exemplo de uma medicdao “nulls” da divisdao de ondas cisalhantes em uma fase

SKS na estacdo sismografica FIC usando trés métodos no programa SplitLab (Wiistefeld et

al., 2008).

* Os resultados dos parametros da anisotropia sismica de 45 estaces sismograficas estdao

no artigo Variable seismic anisotropy across the Peruvian flat-slab subduction zone with

implications for upper plate deformation, artigo 1 da tese (capitulo 3 e apéndices B1 e

B2) ja publicado (Condori et al., 2021).

* Finalmente, os resultados foram apresentados sobre um mapa para sua interpretacdo

respectiva utilizando o programa Generic Mapping Tools — GMT (Wessel e Smith, 1998).
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2.2 Tomografia de Ruido de Ambiente

Recentes avancos nos métodos sismologicos e na instrumentacdao sismoldgica
permitem utilizar informacdo sismica de fontes ativas e passivas, em uma ampla faixa de
frequéncia, para obter imagens detalhadas da estrutura interna da Terra. A tomografia sismica
é um dos métodos mais aplicados para determinar e caraterizar estruturas em fungdo das
velocidades de propagacdo das ondas de corpo (P e S) e superficiais (Rayleigh e Love). As

velocidades sao funcdes dos parametros elasticos do meio e da densidade.

No monitoramento sismico, as estacOes sismograficas detectam sinais de interesse
diariamente sejam eles, registros de eventos sismicos (sinais transientes) gerados pela
dinamica interna da Terra (p.e. falha geoldgica) e informacdes continuas denominadas ruido
ambiental (Figura 2.6). O ruido sismico ambiente é o sinal ubiquo (vento, marés terrestres e
oceanicas, flutuacdes de temperatura e pressao atmosférica e atividades antropogénicas)
capturado nos sismometros que se sobrepOe a sinais transientes de eventos sismicos e
explosoes (Nicolson et al., 2012; Stein e Wysession, 2013). No passado, o ruido sismico de
ambiente era considerado inutilizavel, interferindo nos sinais de terremotos registrados por
sismOmetros. Nos ultimos anos, percebeu-se que o ruido ambiente, devido as vibragoes
continuas da superficie da Terra em uma ampla faixa de frequéncia, fornece amostragem
continua do interior da Terra em diferentes escalas (Poveda et al., 2018). Algumas vantagens

do ruido sismico ambiental sdo:

i. Porém as fontes do ruido sismico ambiental sdo constantes, e acontecem todo o
tempo, mais ndo sao uniformes, porque possuem carateristicas globais que dependem
da latitude e da estacdo do ano, portanto, na crosta sempre havera energia circulando

(p.e. Stutzmann et al., 2009).

ii. Podem ser aplicados nas regides com pouca ou auséncia de sismicidade, pois as

medidas nao dependem da ocorréncia de terremotos.

iii. O ruido sismico ndo é isotrépico sendo composto por ondas vindas de diferentes
dire¢des (Shapiro et al., 2005). Pode ser feito para qualquer direcdo de propagacao,
porque as fontes virtuais sdo localizadas nas posicdes dos préprios receptores

(estacOes), consequentemente a localizacao da fonte é bem definida.
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iv. Outra vantagem é a zona de sensibilidade dessas medidas, que esta localizada em
uma estreita regidao conectando duas estacoes. As medidas podem ser estendidas para
periodos curtos caso sejam avaliadas estacOes localizadas relativamente proximas

(Dias, 2014).

v. Fornecem mais detalhes do que medidas feitas a partir de ondas de superficie
originadas por terremotos (Nicolson et al., 2012). Dependendo do lugar de estudo, os
eventos nem sempre sdo registrados em todos os receptores e, comumente, amostram
poucas direcOes preferenciais. Assim, as medidas feitas com as ondas de superficie
telessismicas fornecem valores médios sobre areas extensas, o que limita a resolugdo

das imagens sismicas resultantes (Dias, 2014).

- T T T T T T T | T T 17T I T T 17T T 1T T I T T T
NNA BHZ

FEB 05 (036), 2017 Sismo
00:00:00.019

N
I
|

0

Amplitude (Conta)

X 10-6

Tempo (Segundos)
Figura 2.6: Sismograma mostrando o ruido sismico ambiente e um evento sismico na estacao

sismografica NNA (Nafia - Peru).

A partir da informacdo do ruido sismico ambiental é possivel medir as ondas de
superficie entre varios pares de estacdes (Shapiro et al., 2005), sendo uma nova maneira de
estudar a estrutura interna da Terra. Este ultimo método é conhecido como a tomografia de
ruido sismico ambiental (Ambient Noise Tomography - ANT). O principio bésico desta

metodologia baseia-se na extracdo da funcao de Green da correlacdo cruzada de ruido
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ambiental de pares de estacOes registrados simultaneamente (Campillo e Paul, 2003; Shapiro e
Campillo, 2004). A Figura 2.7 mostra um exemplo esquematico sobre a aplicacdao do método
da interferometria para explicar a funcdo de Green. Segundo Nicolson et al. (2012), a
interferometria é um fendmeno geral de interferéncia entre pares de sinais e é usada para obter
informagdes tteis sobre o meio. Nesse contexto, a funcdo de Green, entre um par de estacoes,
representa um sismograma registrado em uma estacdo como resultado de um impulso ou

liberacdo instantanea de energia na outra. A importancia da funcdo Green é que ela contém

informagOes sobre como a energia viaja através da subsuperficie entre o par de estacGes

(Sanchez N., 2017).

Figura 2.7: Explicacdo esquematica do principio da fun¢do de Green. a) Um par de estacdes
(triangulos vermelhos) rodeado por varias fontes (S), que enviam uma frente de onda para
dentro e para fora. b) O método de interferometria sismica transforma um dos receptores (rl)
em fonte virtual a partir da qual um sismograma real é obtido. c) As fontes dentro da area
cinza sdo as que mais contribuem para o calculo da funcdo de Green. Modificado de Nicolson

et al. (2012).

2.2.1 Normalizacdao Temporal

As normalizacGes sdao operagdes nao lineares frequentemente usadas para preparar 0s
dados de ruido sismico de ambiente para a correlacdao cruzada. A normalizagdo pode ser
aplicada tanto no dominio do tempo “one-bit” (ou normalizacdo temporal) como no dominio
da frequéncia “whitening” (ou normalizacao espectral) (Shapiro e Campillo, 2004; Larose et

al., 2004; Bensen et al., 2007; Cupillard e Capdeville, 2010; Schimmel et al., 2011).
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Ambos os métodos permitem remover efeitos que, inevitavelmente, podem contaminar
os dados continuos de ruido ambiental e influenciar nos resultados das correlacdes cruzadas
(Bensen et al.,, 2007; Cupillard e Capdeville, 2010). Os efeitos sdo: eventos sismicos,
irregularidades instrumentais e das fontes de ruido ndo estacionarios proximos das estagoes,
que inevitavelmente se encontram nos registros sismicos e que contaminam os dados

continuos de ruido ambiental.

A normalizacdo one-bit considera apenas o sinal (positivo e negativo) das formas de
onda (Cupillard e Capdeville, 2010). Essa normalizacdao consiste, basicamente, em substituir
todas as amplitudes positivas por 1 e todas as negativas por -1, ou seja, divide cada valor da
amplitude do ruido pelo seu valor absoluto. A normalizagdo one-bit tem sido usada em alguns
estudos sismicos de coda de ondas e de ruido sismico de ambiente (Campillo e Paul, 2003;

Shapiro e Campillo, 2004; Shapiro et al., 2005).

A normalizacdo no dominio da frequéncia (whitening), consiste em definir como 1 a
amplitude do espectro de cada registro sem mudar a fase. Para aplicar esta normalizagdo o
sinal no dominio do tempo é transformado para frequéncia (FFT) e depois do registro ser
normalizado ele é convertido novamente para o dominio do tempo. O whitening é utilizado

para melhorar as frequéncias com baixa amplitude (Bensen et al., 2007).

2.2.2 Funcao de Green

A Funcgdo de Green (FG) (Green, 1850), é uma ferramenta matematica amplamente
aplicada na sismologia (Ramirez e Weglein, 2009). Nos tltimos anos, tem sido cada vez mais
utilizada em estudos de fonte sismica de terremotos, de atenuagdo da crosta, predicdo de
movimentos fortes do solo, modelagem de ruptura finita e estudos de resposta do sitio.
Teoricamente, as fungdes de Green é definida empiricamente como a resposta ao impulso do
meio (Hutchings e Viegas, 2012). Para explicar como se pode obter uma funcdo de Green a
partir de um campo de ondas diretas (1D), Wapenaar et al. (2010) consideram a metodologia

descrita abaixo:

Na Figura 2.8(a) x s representa uma fonte, x 4 e g dois receptores ao longo do eixo .

Considerando uma onda plana irradiada por uma fonte impulsiva (delta) se propagando na
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direcdo positiva do eixo x e assumindo que velocidade de propagagdo C' é constante e 0 meio
ndo sofre atenuacdo, é possivel encontrar as respostas observadas pelos receptores x4 e xp.
Estas respostas sdo denotadas por u(x4,xg,t) para o receptor x 4 e por u(xp,rgs,t) para o
receptor . Como a funcdo fonte é definida por um ruido, entdo as respostas em x4 e T g

podem ser escritas, respectivamente como:

u(ra,zs,t) = G(ra,zs,t) *x N(t)eu(rp,zs,t) = G(xp,xs,t) * N(t) (Eq. 2.2)

Onde o asterisco (*) denota a convolugdo temporal, N (t) é a fonte de ruido em zg,

G(za,xs,t) e G(xp,rs,t) sdo as fungdes de Green para os receptores x4 e zp,

respectivamente.
a) .
°
Xs X4 Xp .
b) [
@
0 tA —_f
0)
. ’
0 Iy —_t
d)
' {
0 t, =1, —

Figura 2.8: Exemplo 1D de recuperacdo da funcdo de Green de onda direta. a) Uma onda
plana viaja em direcdo ao lado direito do eixo x, emitida por uma fonte impulsiva em xg e
t = 0. b) A resposta observada por um receptor em x4, isto é, u(za,xp,t). c) A resposta
observada por um receptor em x g, isto é, u(xp,xg,t). d) Correlagdao cruzada das respostas
em x4 e xp, que é interpretada como a resposta de uma fonte em x4 observada em xp, ou

seja, u(xp, x4,t) (Wapenaar et al., 2010).
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As fungdes de Green consistem de impulsos (d(¢) delta Dirac da funcdo), portanto

rpA— T8

G(za,xs,t) =0(t —ta) e G(xp,zs,t)=08(t—1tp), sendo que tq= -

Ip — s o . . ~
ip = —c Aqui foi assumido que os primeiros argumentos das funcdes de resposta e de

Green denotam as coordenadas do receptor e fonte (x4 5, 5), enquanto o tltimo argumento
refere-se ao tempo t. As respostas para 0s receptores em r4 e xp sdo representados

simbolicamente nas Figuras 2.8(b) e 2.8(c), respectivamente.

A correlagdo cruzada das respostas dos receptores em x4 e xp pode ser interpretada
como a resposta de uma fonte impulsiva em x 4 observada por um receptor em xp, ou seja,
u(zp,xa,t). Esta representacdo u(xp, x4, t) formula o principio de que a correlagdo cruzada
de observacdes em dois receptores (x 4 e ) fornece a resposta em um desses receptores (z g
). Isso ocorre porque os caminhos dos raios associados com as respostas dos receptores tem o
caminho xg para x4 em comum (Figuras 2.8(b) e 2.8(c)), fazendo com que o tempo de
transito ao longo desse caminho seja cancelado no processo de correlacdo cruzada.

A correlagdo cruzada de u(z 4, zg,t) e u(xp, rs,t) é dada, em termos da convolugdo:

u(rp,rs,t) xu(xa,xs,—t) = G(rp,xs,t) * G(xa, x5, —t) * SN (1) (Eq. 2.3)

onde Sy (t) é a autocorrelacdo do ruido de ambiente, ou seja, Sy (t) = N(t) * N(—t); e o
asterisco (*) denota a convolucdo temporal, mas o tempo negativo da segunda funcdo de
Green torna a convolucdo em uma correlagdo. A equacgdo (2.3) de correlacdo pode ser

simplificada, tornando-se:

u(xp,za,t) = G(xp,xa,t) * SN(t) (Eq. 2.4)

Em outras palavras, como a fun¢do da fonte é um ruido, a correlacdo cruzada das
respostas em dois receptores fornece a funcao de Green entre estes dois receptores convolvido
com a autocorrelacio da funcdo da fonte de ruido. Com isso, tem-se que

G(zp,za,t) =0t — (tp —ta)], sendo que tp—1ta= %. O resultado desta

correlacdo cruzada é ilustrado simbolicamente na Figura 2.8(d).
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Uma interessante observacao é que a velocidade de propagacao C' e a posicdo da fonte
g ndo precisam ser conhecidas. Ja que os tempos de transito ao longo do caminho comum
sao compensados na correlacdo cruzada, independente da velocidade de propagacdo e do
comprimento desse caminho. Similarmente, se a fonte de ruido ocorre em outro tempo
qualquer tg em vez de ¢ = 0, as respostas observadas em x 4 e x g sao deslocadas pela mesma
quantidade de tempo qualquer tg, que é cancelado na correlacdo cruzada. Assim, o tempo

absoluto o qual a fonte emite sua onda nao precisa ser conhecido.

Para uma onda plana se propagando na direcdo negativa do eixo x (lado esquerdo), as

respostas em x 4 e £ g sdo dadas, respectivamente, por:

u(an fo? t) = G(xAv 33/3» t) * N(t) e U(J?B, I'ls, t) = G(xB: xfs‘a t) * N(t) (Eq 25)

Consequentemente, a correlacdo cruzada dessas respostas é dada por u(xp, x4, —t)

que pode ser definida como:

w(zp,ra, —t) = u(zp, v, t) xu(za, vy, —1) (Eq. 2.6)

A diferencga dessa correlagdo cruzada u(xp, x4, —t) para a anterior u(x g,z 4,1), é que

a resposta resultante (sinal) aparece no lado negativo do registro (Figura 2.9).
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Figura 2.9: Exemplo 1D de recuperacdo da funcdo de Green de onda direta. a) Uma onda
plana viaja em direcdo ao lado esquerdo (negativo) do eixo x, emitida por uma fonte de ruido
em z's e t = 0. b) A resposta observada por um receptor em z 4, isto é, u(za,7s,t). ¢) A
resposta observada por um receptor em z g, isto é, u(x g, x's,t). d) Correlagdo cruzada das
respostas em x4 € £ g, que é interpretada como a resposta de uma fonte em x5 observada em

x 4, Ou seja, u(rp, g, —t) (Wapenaar et al., 2010).

Agora, quando sdo considerados duas fontes de ruido N, (t) e Ny, (t) agindo em x5 e

T's, respectivamente. As respostas em 4 € g S30:

w(xa,t) =u(za,vs,t) +u(za, s, 1)
= G(xa,75,t) * Nug (t) + G(w4, 2, 1) * Ny, ()
(Eq. 2.7)
uw(zp,t) =u(rp,rs,t) +u(rp, v, t)
= G(rB,ws,t) % Nog(t) + G(wp, 15, t) * Ny (1)
Cada uma dessas respostas na Eq. 2.7, é a superposicao de uma onda se propagando

para o lado direito e uma outra para o lado esquerdo, portanto a resposta ndao é uma versao

deslocada como vistas nas situacdes anteriores.

34



Assumindo que as fontes de ruido ndo sdo correlacionadas, considera-se
<Nxxs(t) * Npg (—t)) = 0ag 2, SN (t), onde 6,4, € a fungdo delta Kronecker e os colchetes
angulares (...) denotam uma média conjunta. Na pratica, a média conjunta é substituida por

integracdo sobre um tempo suficientemente longo. Para a correlagdo cruzada das respostas em

rpaexarp, pode-se agora escrever como:

(u(zp,t) xu(za, —t))
= ([G(xp,xs,t) % Nug(t) + G(wp, x5, t) % Nyt (1)]
* [G TA, LG, — )*Nxs(_ﬂ"‘G(fﬁA,ng)*Nx’s(_t)]> (Eq. 2.8)

Logo,

(u(xp,t) xu(xa,—t))
= (G(zp,xs,t) * G(xa, x5, —t) * SN(t) + G(xp, Ty, —1)*
G(xa,xg,—t)* Sn(t)) (Eq. 2.9)

Simplificando as Equagoes 2.8 e 2.9
(u(zp,t) xu(za, —t)) = ((G(rp,za,t) + G(xp, x4, —t)] * SN (1)) (Eq. 2.10)

A equacdo 2.10 mostra que a correlacdo cruzada de dois campos observados em x 4 e
xp fornece a funcdo de Green entre x4 e zp mais sua versao de tempo reverso convolvidos

com a autocorrelacdo do ruido.

2.2.3 Correlacao Cruzada

A técnica da Correlagdo Cruzada (CC) consiste na somatéria das varias multiplicacoes
dos registros para diferentes deslocamentos, como se pudéssemos deslizar um registro sobre o
outro. Segundo Bensen et al. (2007), se as fontes de ruido sismico ambiente se distribuirem de
forma homogénea em azimute, a parte causal e a parte anti-causal serdo idénticas. No entanto,
se existirem assimetrias nas amplitudes e no contetido espectral serdo indicativas de
diferengas no processo de origem e na direcdo radial da fonte. Matematicamente a correlagao

cruzada corresponde a seguinte equacao:
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+o0
Cay() = D x(n+1).y(n) (Eq. 2.11)

n=—oo

onde = e y representam o0s registos que foram correlacionados e [ representa o atraso ou
deslocamento de x em relacdo a y para o calculo da correlagdo. Na Figura 2.10 pode-se
observar um exemplo de uma correlacdo cruzada entre as estagdes sismograficas MANZ e

STPO.

0.06— STPO BHZ |
OCT 31 (304), 2017
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Figura 2.10: Correlagdo cruzada entre as estacoes MANZ e STPO para o més de Outubro. O

poligono vermelho mostra as ondas Rayleigh.

As Figuras 2.11(a) e 2.11(b) mostram um exemplo de correlacbes cruzadas
assimétrica e simétrica. Quando as fontes de ruido sdo bem distribuidas em torno das duas
estacOes o resultado da correlacdo cruzada (a funcao de Green) é simétrico, ou seja, em ambos
os lados do registro ha o mesmo nivel de energia 2.11(b). Mas quando ha uma distribuicao
ndo uniforme de fontes de ruido, as amplitudes e conteido espectral sdo diferentes em ambos

os lados do registro (Sabra et al., 2005; Stehly et al., 2006; Bensen et al., 2007).

36



£ &
e ®
e e
«T <-S
4 = A
7 ~ n
A Sy ) a
1000 1000 e
e =N\ VAANS S et SR s B it W i =
& l = I il i =
VY L] LV O ——— A
e e OOF ; =
P T T SRR N . | . | . | i
0 200 400 600 800 1000 -1000 -500 0 500 1000
Tempo (s) Tempo (s)

Figura 2.11: CorrelagGes cruzadas assimétricas (a) e simétricas (b) empilhadas em funcdo da
distancia entre as estagcdes. Sdo mostradas a componente vertical dos registros, filtradas com

um passa banda de 0.04-0.06 Hz.

Ao correlacionarmos os registros didrios, obtém-se uma correlacdo para cada dia e
para cada par de estacdes. Com o intuito de melhorar a razdo sinal ruido (diferenca de
amplitude entre o sinal resultante da correlacio e o ruido ndo coerente), realizou-se o
empilhamento (stack), obtendo deste modo, uma correlacdo para cada par de estacdes. O
stack consiste na soma de dados de todos os dias, do periodo em estudo, para um determinado
par de estacOes, de forma a se obter uma tnica correlacao por cada par de estacdes para um
ano ou outra duracdao temporal que se pretenda estudar, ou seja, uma funcdo de Green para

cada par de estagOes possiveis de combinar.
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2.2.4 A analise de tempo-frequéncia (FTAN)

As funcbes empiricas de Green da correlacdo cruzada de ruido ambiente sdo
dominadas pela energia que é propagada como ondas de superficie (Shapiro e Campillo,
2004). Portanto, podemos aplicar a andlise de tempo-frequéncia (FTAN) de Levshin et al.
(1992) para determinar as velocidades de grupo e de fase. Essa abordagem é construida
aplicando uma série de filtros passa-banda estreitos ao sinal, para entdo recuperar o atraso do

grupo em cada frequéncia rastreando-se o maximo do envelope do sinal.

O método FTAN também inclui um filtro de combinacdo de fase (Herrin e Goforth,
1977) que limpa as curvas de dispersao de sinais de multiplos caminhos. Uma grande
vantagem € que o procedimento pode ser facilmente automatizado. As medicoes de dispersao

sao obtidas considerando o sinal analitico no dominio da frequéncia:
s(t) = f(t) +iH [f(1)] = A(t)e'™) (Eq. 2.12)

onde H [f(t)] é a transformada de Hilbert de f(¢), A(t) é o envelope, 7 é a unidade imaginaria
e ¢(t) é a fase instantdnea. Para construir uma funcdo frequéncia-tempo, filtros Gaussianos

sao aplicados ao sinal analitico

Go(w) = e 55™)" (Eq. 2.13)

onde w, é a frequéncia central e & é um parametro ajustavel dependente da distancia que
define a largura do filtro. O sinal analitico filtrado é entdo transformado de volta no dominio

do tempo por meio de uma transformada inversa de Fourier:

$(Wn,t) = % /_OO Gr(w)S(w)e™tdw (Eq. 2.14)

onde S(w) é transformada de Fourier de s(t), definido como S(w) = / s(t)e™tdt.

— 00

A velocidade do grupo é obtida usando |A(¢,w,, )|. Em particular, o tempo de atraso do grupo,
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t(wy), é determinado a partir do pico do envelope, de modo que a velocidade do grupo é

calculada como:

U(wo) = 7/t(wp) (Eqg. 2.15)

onde 7 é a distancia entre as estacdes. A estimativa da velocidade de grupo é melhorada se a

frequéncia instantanea (w), definida como a taxa de tempo de mudanca de fase do sinal
analitica no tempo ¢, w = [d¢(t, wo/dt)|,_4,, € usada em vez da frequéncia central (Bensen

et al., 2007).

Por outro lado, a velocidade de fase é medida usando o método descrito em (Lin et al., 2008),
pelo qual a velocidade de fase ¢ em um determinado periodo ¢ pode ser calculada a partir da

equagao:

O(t) = kr —wt+ 5 — 2 + N.2m 4 A (Eq. 2.16)
onde k£ é o nimero da onda, r é a distancia entre estacGes, w é a frequéncia instantanea, ¢ é o
tempo de atraso de grupo observado, A é a fase da fonte ou fase inicial e N.27 representa a
ambiguidade da fase (com N =0,+1,+2,...). A fase adicional /2 representa o
deslocamento de fase da derivada de tempo negativa, e a fase 7/4 surge da interferéncia dos
termos ndo estacionarios em uma distribuicao de fonte de ruido homogénea (Snieder, 2004;
Lin et al., 2008). A ambiguidade de fase NN.2w é avaliada comparando as medi¢des de
velocidade de fase de longo periodo para uma curva de referéncia, que é baseada no modelo

preliminar da Terra de (Dziewonski e Anderson, 1981).

Da equacao 2.16, a velocidade de face C' quando é medida a partir da funcdo empirica de

Green € dado por:

w rw
- = Eq. 2.17
k [cp(tmax) + Wtmae — 5 — N.2T — )\} (Eq )

C:

O tempo de viagem da fase pode ser representado por: % A Figura 2.12 mostra um exemplo

da aplicacdao de FTAN para uma estacdo na regido de estudo.
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Figura 2.12: a) Exemplo de diagrama de analise de frequéncia-tempo (FTAN) mostrando a

velocidade de grupo (linha continua em azul) e velocidade de fase (linha tracejada em azul) de

ondas Rayleigh. b) Caminho entre as estacbes NNA e STPO (253 km).
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2.2.5 Método de inversao

Diversos autores descreveram metodologias para gerar mapas de velocidade de ondas
de superficie, a partir da inversao das medicOes de dispersao de ondas de superficie
(velocidade de grupo e fase), a escalas regionais e globais. As técnicas de tomografia de ondas
de superficie diferem em geometria (ou seja, cartesiana versus esférica), parametrizacao do
modelo (por exemplo, funcdes de base globais versus locais), certas suposicdes tedricas

(particularmente sobre a trajetoria dos raios e a dispersao) e o esquema de regularizacgao.

2.2.5.1 Método de inversao de Barmin
O método de tomografia de ondas de superficie proposto por Barmin et al. (2001) tem
as seguintes caracteristicas:

* Geometria: esférica;
* Escala: a regiao de inferéncia é definida por uma curva fechada simples e arbitraria;

* Parametrizacao: os nodos estdao espacadas a distancias aproximadamente constantes de

um outro, a interpolacao é baseada nos trés pontos mais proximos;

* Premissas teoricas: as ondas de superficie sdo tratadas como raios que amostram uma
zona infinitesimal ao longo do grande circulo que liga a fonte e o receptor, a dispersao

(scattering) é completamente ignorado;

* Regularizacdo: aplicacdao de suavidade espacial (com um comprimento de correlagdo
especificado) mais restricdes de amplitude do modelo, tanto espacialmente variaveis

quanto adaptativas, dependendo da densidade dos dados;

* Anisotropia azimutal: pode ser opcionalmente estimada com as velocidades.

Quando o problema tratado é linear este pode ser representado (na forma matricial)
por um sistema de equacdes do tipo, d; = G;(m) + ¢;, onde ¢; sdo erros da observagdo, d; é
definida como a diferenca entre o tempo de viagem observado e modelado (d; = tops — timod)
. G; é a matriz, e representa os tempos de viagem em cada célula do modelo inicial para cada
caminho. O objetivo é encontrar o0 modelo de velocidade de fase ou grupo (expressada em
uma fungéo vetorial m(r) = [mo(r), ..., m, (r)]) usando um conjunto de residuos de tempo de

viagem observados d; em relacdo a um modelo de referéncia co(7):
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d= [ Zds+e (Eq. 2.18)

(Eq. 2.19)

onde r = [0, ¢] é a posicdo do vetor na superficie, § e ¢ sdo colatitude e longitude, e p

especifica o caminho da onda.

Conforme descrito por Barmin et al. (2001), o método é uma inversdao de minimos quadrados

amortecida, e para estimar /m minimiza a funcdo de penalidade:

(G(m) = d)TC™HG(m) —d) + Y _ g [|Eu(m)|* + > B || Hi(m)||” (Eq. 2.20)
k=0 k=0

A equacdo 2.20 é uma combinacdo linear do desajuste de dados, a suavidade do
modelo final, e a magnitude da perturbacdo. O primeiro termo da funcdo de penalidade
representa o desajuste dos dados (C' é a matriz de covariancia apriori dos erros observacionais
gi). O segundo termo F é o operador de suavizacdo espacial gaussiana:

r— '’

Fr(m) = my(r) — / exp(— 5

Yymy (r'dr") (Eq. 2.21)
S 20},

onde o é o comprimento da correlacdo. O termo final na funcdo de penalidade penaliza a

norma ponderada do modelo:
Hi(m) = exp(—Ap)my (Eq. 2.22)

onde A é um parametro de peso ou fator de peso e p define a densidade do caminho.

Trés parametros de regularizacdo sao escolhidos antes da inversao (ag, 5 e ox): ok e
Bx determinam o peso que é dado a suavizagdo espacial e a dependéncia da magnitude da
perturbacdao com a densidade do caminho. Se a cobertura dos raios for relativamente boa,

esses dois parametros ndo afetam o modelo final (p.e., Stehly et al., 2009; Poli et al., 2013).
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A suavizacdo gaussiana espacial é controlada também por «y, e pela largura da area de
suavizacdo espacial (o, também chamada de comprimento de correlacdio em quilometros).
Esses pardmetros afetam fortemente a reducdo da varidncia do modelo final. Stehly et al.
(2009) recomendaram que o comprimento de correlacdo deve ser pelo menos igual ao

tamanho da grade.

A Figura 2.13 mostra um exemplo da aplicacdo do método de Barmin et al. (2001),
para inverter as medi¢Ges de velocidade de fase individual para mapas regionais de velocidade
de fase 2-D. Os valores dos parametros da regularizacdo escolhidos foram oy = 300,

Bks = 15060’k = 150.

-82° -80° -78° -76° -74° -72° -70° -68° -82° -80° -78° -76° -74° -72° -70° -68°
Velocidade de fase (km/s) Resolucéo (km
[ ]

2.88 3.00 3.12 3.24 3.36 3.48 3.60 3.72 0 200 400 600 800 100012001400160018002000

82 80 78 76 74 72 70 68
Densidade de raios

Raios (km)

0 20 40 60
Figura 2.13: a) Mapa de velocidade de fase para o periodo de 20 s. b) Mapa de
resolucdo estimada em funcdo da cobertura de raios. ¢) Mostra de cobertura das correlacoes
cruzadas entre pares de estacOes. d) Densidade da cobertura de raios (mais exemplos no

Apéndice C).
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2.2.5.2 Inversao de Curvas de Dispersao — surf96
Depois da tomografia de velocidade de fase, a seguinte etapa é inverter as curvas de
dispersao para obter perfis de velocidade de onda S. A representacdo das curvas de dispersao

de velocidade de grupo (U (7)) ou fase (c¢(T")) pode ser simplificada como:

U(T) = fai, Bis pis hi) (Eq. 2.23)

onde (T = 27 /w) é periodo, «; é velocidade de onda P, (3; é velocidade de onda S, p; é
densidade, h; é espessura da camada ¢. Para simplificar o problema de multi-parametros,
consideramos o problema de tinico-parametro, onde geralmente assumimos que p; é calculada
de «;, a;/fB; é constante e h; é fixada. Assim a curva de dispersdo é s6 relacionada

diretamente com velocidade de onda S:

U(T) = f(Bi) (Eq. 2.24)

A determinagdo de U(T') é um problema ndo linear e depende de um sistema de
condicoes de contorno nas interfaces das varias camadas (Feng, 2004). Em geral, o problema
de inversdo é feito por linearizagao a partir de um modelo inicial. Para um modelo especifico,
sempre podemos obter a diferenca entre velocidades de grupo observadas e calculadas para

periodo 7" com a seguinte Equagao (Herrmann e Ammon, 2002):

oU (T)
9B

aU(T)
OBn

AU(T) = Uy(T) — U(T) = ABy + ...+ AB,  (Eq.2.25)

onde OU(T')/0pB; é a derivada parcial da velocidade de grupo com relacdo a velocidade de
onda S; Ap; é a perturbacdo da velocidade de onda S na i-ésima camada. Suponha que a
curva de dispersao inclui m periodos de 7} até 7,,. Entdao a equacao geral para descrever o

problema de inversdo de dispersao se torna na forma matricial:

dU(T1) dU(Ty)

AU(Th) a5 a6, | [AB
: = : . : : (Eq. 2.26)
AU(T;,) U(Tn) ... Wn)| |AB,
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As equagoes 2.23 e 2.26 sdo iguais para onda Rayleigh e Love e também aplicaveis

para as velocidades de fase quando U for substituido por c.

A Figura 2.14 mostra um exemplo de inversdao 1-D em uma célula na Cordilheira
Ocidental, usando o programa surf96 de Herrmann e Ammon (2002). O modelo invertido
ajusta bem melhor a curva de dispersdo regionalizada do que o modelo inicial AK135

(Kennett et al., 1995).

RAYLEIGH

a) = b)

VS (KM/S)

75

T

3.50

3|.25

DEPTH (KM)
b
s
I

VELOCITY (KM/S)

3.00

— Current

srrems, LRGE A

PERIOD

Figura 2.14: Exemplo de inversdo de dispersdao para um perfil 1D de velocidade de onda S
para uma célula na Cordilheira Ocidental (-76.5°W -8.0°S). a) Perfil de velocidade de onda S
do modelo inicial (linha tracejada em azul) e do modelo invertido (linha s6lida em vermelho).
b) Curva de dispersao regionalizada (puntos para cada periodo), curva calculada com modelo

inicial (AK135).
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2.2.6 Processamento

O processamento dos dados de ruido ambiental é similar ao apresentado por Bensen et

al. (2007) (Figura 2.15) e baseia-se em cinco etapas principais: (1) preparacdo individual dos

dados das estagdes; (2) correlacdo cruzada e empilhamento temporal (stacking); (3) medidas

dos mapas de velocidade de fase para os periodos selecionados; (4) controle de qualidade; (5)

inversao dos dados obtidos.

Neste estudo utilizamos a velocidade de fase, devido & rapidez de sua aplicacdo no

processamento e também porque fornece maior informacdo e resolucao na profundidade

(sensibilidade de Kernel) o que a velocidade de grupo (p.e. Lynner et al., 2018, 2020).

Etapas do processamento
dos dados para ANT

-Dado Bruto

-Preparacao do sinal

-Calculo da correlacao
cruzada

-Empilhamento

-Medida da velocidade
de fase

-Andlice de Erro

-Selecao de medidas
aceitaveis

—
o 0 ~
o | | Organizacao da
-
2 [ base de dados
)
w
oN I
o ~
o | | Correlacao cruzada
- .
2 [] e empilhamento
4
5 |
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< | |[Medidas das curvas
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O | K —-
% qualidade
4
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LN
= Inverséo dos
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©
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-Inversao

Figura 2.15: Etapas de processamento dos dados para gerar a ANT. Figura modificada de

Bensen et al. (2007).
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O processamento foi realizado utilizando diversas rotinas computacionais, como: Shell
script, Fortram, Funclab (Matlab R2016a) (Porritt e Miller, 2018), Seismic Analysis Code -
SAC (Helffrich et al., 2013), Generic Mapping Tools - GMT (Wessel e Smith, 1998), etc. Os
codigos para o processamento da ANT foram cedidos pela Universidade de Arizona (Dra.

Susan Beck e Dr. Colton Lynner). Segue uma descri¢ao das etapas, segundo a Figura 2.15.

Etapa 01: primeiramente, foram obtidas as formas de onda (dados continuos de 24
horas) registradas na componente vertical de 29 estagoes sismograficas de banda larga
das redes permanentes. Essas estacdes foram usadas por conter maior quantidade de
informacdao no periodo de 2016/01 até 2017/12, seguidamente os dados foram
preprocessados com o programa SAC. Foram removidas a média, a tendéncia dos
dados e a resposta instrumental de cada registro de acordo com modelo e
caracteristicas de cada estacdo sismografica. Posteriormente, foi reduzida a taxa de
amostragem dos dados para 1 amostra por segundo e filtrados com um filtro passa-
banda de 3 a 15 s. Finalmente, os dados foram concatenados em janelas de 1 dia para
aplicar a normalizagdo, a fim de remover os efeitos dos sismos, das irregularidades

instrumentais.

Etapa 02: nesta etapa do processamento dos dados, aplica-se a correlacdo cruzada
para obter as fungdes de Green dos registros de ruido sismico de ambiente para as
estacOes, seguido do empilhamento de todos os dias dos pares de estagdes para
corresponder a grandes séries temporais. As correlacdoes cruzadas foram obtidas
usando a metodologia de correlacdo classica mostrada na secdo anterior. Sendo que
para cada estacdo foi obtido um més de registros de ruido. As correlagdes cruzadas
didrias foram empilhadas para cada par de estacOes, considerando uma janela de

tempo entre -300 e 300 s, que depende da maior distancia de interestacao.

Etapa 03: foi utilizada a técnica de Analise de Frequéncia-Tempo (FTAN) (Levshin et
al., 1992) para medir as velocidades de fase de ondas de superficie em 13 periodos (8,

10, 12, 14, 16, 18, 20, 25, 30, 35, 40, 45 e 50 s) extraidas das correlacOes cruzadas.
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Etapa 04: para a analise do controle de qualidade de dados, seguimos os critérios
baseados na metodologia de Bensen et al. (2007). Segundo Bensen et al. (2007), uma
medicdo de dispersdao confidvel em um periodo 7 requer um espagamento entre
estacoes (A em km) de, pelo menos, de 3 comprimentos de onda (\): A > 3\ = 3c7
ou 7 < A/3c, onde ¢ é velocidade de fase. Para medicdes obtidas em um espagamento
entre estacoes de A, ha um periodo de corte maximo de aproximadamente de
Tmaz = A/12. Esse critério mostra claramente que os periodos a serem analisados

dependem direitamente na distribuicdo e espacamento das estagOes sismograficas.

Excluimos todas as medicoes resultantes de pares de estacdes com comprimentos de
caminho entre estag0es menores que 3 comprimentos de onda. Este critério nos
permite evitar a interferéncia da energia da onda superficial sobreposta com chegadas
precursoras e satisfazer a aproximacdo de campo distante. Os resultados de dispersao
de distancias entre estagdes tdo baixas como 2 comprimentos de onda tém se mostrado
confiaveis (Luo et al., 2015; Jiang et al., 2016), mas optamos por usar o critério de 3
comprimentos de onda para termos confianca em nossos resultados de velocidade de
fase (p.e. Lynner e Porritt, 2017). Mais de 1351 FG’s foram examinados e
aproximadamente 1045 FG’s com boa qualidade (alta relagdo sinal-ruido > 3) foram

selecionadas e utilizados em nossas inversoes (Figura 2.16).

250 L PR N S ) PR R L L D A O L o

1 .

2 .
eos lll I

150 I

[y
o
o
|
T

)]
o

Numero de FG's

0 5 10 15 20 25

Periodo (s)

Figura 2.16: Histogramas do nimero de Funcdes de Green analisados em cada periodo.
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Etapa 05: o passo final foi inverter as medi¢des de velocidade de fase individual para
os mapas regionais de velocidade de fase 2-D (Figuras no Anexo C). Para isso, foi
aplicada a técnica de tomografia de inversao linear de Barmin et al. (2001). Para a
inversdao, foram testados diversos valores de espacamento de grade (0.1°x0.1°,
0.25°x,0.25° 0.5°x0.5°, 0.75°x0.75° e 1°x1°) e parametros de regularizacdo ax, Ox e o
(300, 100, 100; 250, 100, 100; 300, 200, 200; 100, 075, 075; etc.). Os valores que
deram maior estabilidade na resolucdo das anomalias da velocidade de fase, durante a
inversdio formam; grade de 0.1°x0.1° e ap =300, [ =150 e o} = 150,

respectivamente.

Adicionalmente, apés da selecao dos parametros de regularizacdo. Um teste de
resolucdo checkerboard para os 13 periodos (8, 10, 12, 14, 16, 18, 20, 25, 30, 35, 40,
45 e 50 s) foi realizado para dois tamanhos de células de grade (1.75° e 2.5°). Esse
teste foi conduzido para reconhecer como varias anomalias de velocidades podem ser
recuperadas na area de estudo. Na Figura 2.17, mostra-se um exemplo de teste de

resolucgdo para o periodo de 20 s (mais exemplos no Apéndice C).

Velocidade de Fase (km/s)
i T ———

38 39

Figura 2.17: Teste de resolucdo dos dados (Checkerboard) e modelos sintéticos para a
tomografia de 20 s, com parametros de regularizacdo de 300 150 e 150 com um tamanho de

grade de 1.75°x1.75° (a) e 2.5°x2.5° (b).
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As velocidades da onda cisalhante foram invertidas dos mapas de velocidade de fase,
no mesmo espacamento de grade (0.1°x0.1°). O pacote surf96 de Herrmann e Ammon
(2002) foi usado na nossa inversao de velocidade de onda S. Como o pacote usa um
método de inversdo linearizada iterativa, o modelo inicial precisa ser escolhido
cuidadosamente para que a convergéncia seja mais rapida e os resultados finais sejam
mais confidveis. Fizemos vdrios testes com diferentes modelos iniciais globais e
regionais. Para a regido de estudo analisamos os modelos de velocidade da onda P
existentes na regido de estudo (Dorbath et al., 1991; Lindo, 1993; Villegas e Tavera.,
2008), para calcular, a partir deles as velocidades da onda S para a crosta superior e
inferior usando uma razao de velocidade de Vp/Vs de 1,75 (Condori et al., 2017). No
final, o modelo inicial AK135 (Kennett et al., 1995) foi escolhido com modificacGes
nos valores da Vs na crosta (AK135mod). O modelo AK135mod foi parametrizado
usando camadas de 2 km de espessura nos primeiros 50 km, camadas de 5 km de
espessura nas camadas subsequentes de 80 km e 10 km de espessura abaixo de 130 km

(p-e. Lynner et al., 2020).

Fixamos a profundidade do Moho em cada nodo usando os valores das fungdes do
receptor de Condori et al. (2017). Esses modelos 1-D modificados foram usados como
modelos iniciais para a inversdo em cada nodo. Para prevenir grande oscilacao de
velocidades entre duas camadas adjacentes, vinculos de suavizacdo foram aplicados na
inversdo. Aplica-se 30 interagdes no processo de inversdo em cada nodo. Apo6s da
inversdao, em seguida, montamos os resultados em todos os pontos da grade para

produzir um modelo de estrutura de velocidade de onda S em 3-D.

Para estimar melhor as incertezas em nossas inversoes tomograficas, aplicamos a
analise bootstraping (Efron e Gong, 1983; Efron e Tibshirani, 1993). Nos
reamostramos aleatoriamente nossas medicdes de velocidade de fase entre estacdes e
realizamos inversoes de velocidade de fase Vs usando os mesmos parametros e
métodos descritos anteriormente. Executamos 100 inversdes e avaliamos o desvio
padrdo entre as estimativas de Vs para cada célula da grade no modelo de velocidade

resultante.
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Variable seismic anisotropy across the Peruvian flat-slab subduction zone with

implications for upper plate deformation
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Highlights
e SWS observations reveal two distinct patterns of seismic anisotropy beneath the
northern and central Peruvian flat-slab.
¢ In central Peru coherence with the Peruvian forearc sliver motion from GPS data
implies significant upper plate deformation.
¢ In northern Peru SWS appears to primarily reflect deeper mantle flow entrained with

the subducting Nazca slab.
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Abstract

We performed shear wave splitting analyses to investigate seismic anisotropy across
the northern extent of the Peruvian flat-slab subduction region. We used core-mantle refracted
SKS, SKKS and PKS phases from teleseismic events (88° > A < 150°) recorded at 45
broadband seismic stations from the Peruvian permanent and portable seismic networks as
well as from, international networks (CTBTO, RSBR-Brazil, and RENSIG-Ecuador). The
results reveal a complex anisotropy pattern with distinct variations in shear wave splitting
along strike. In the northernmost region, the mean delay times range between 1.0+0.2 s and
1.540.2 s with fast directions predominantly oriented ENE-WSW approximately
perpendicular to the trench, parallel with the motion of the subducting Nazca plate. In the
central region of Peru, the predominant fast directions change to a SE-NW orientation that is
oblique with the trench. These fast splitting directions are consistent with the pattern seen
previously over the southern extent of the flat-slab and correlate well with the current
geodetically derived motion of the overriding forearc, the Peruvian Sliver. These
characteristics suggest a fundamental change in anisotropic behavior between the northern
and central portions of the Peruvian flat-slab and imply that the upper plate deformation is a

controlling factor.

Keywords: seismic anisotropy, northern Peru, shear wave splitting, Flat-Slab Subduction
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3.1 Introduction

The largest region of flat-slab subduction in the world today can be found beneath
much of Peru in South America, extending from 3°S to 15°S and coinciding with an extensive
gap in active arc volcanism (Figure 3.1). While the causes and underlying mechanisms for flat
slab subduction remain the subject of much debate (Gutscher et al., 2000; van Hunen et al.,
2002; Skinner and Clayton, 2013; Ma and Clayton, 2015; Manea et al., 2017), in southern
Peru, the subduction of the aseismic Nazca Ridge appears to be a leading factor (Espurt et al.,
2007; Eakin et al., 2014; Ma and Clayton, 2014; Antonijevic et al., 2015; Kim and Clayton,
2015; Kumar et al., 2016; Bishop et al., 2017). The subduction of an elusive “Inca” plateau
has been proposed as an additional contributing factor to flat-slab beneath northern Peru (e.g.
Gutscher et al., 1999). Seismic studies of the upper mantle beneath northern Peru, such as that

presented here, hold the potential to shed further light on the dynamics of flat slab subduction.

The study of seismic anisotropy provides direct observational constraints on patterns
of deformation in the upper mantle and is primarily associated with mantle flow (e.g. Silver,
1996; Savage, 1999; Long and Silver, 2008, 2009; Long and Becker, 2010; Long, 2013).
Anisotropic materials such as olivine, the dominant upper mantle mineral, have a tendency to
develop a Lattice-Preferred Orientation (LPO) in regions where dislocation creep is the
dominant deformation mechanism (Zhang and Karato, 1995; Karato et al., 2008). Seismic
anisotropy refers to the directional dependence of seismic wave speed in a medium, such as
the upper mantle that has developed an LPO. Shear wave splitting (SWS), or seismic
birefringence, occurs when shear waves propagate in such a medium, then split into two
orthogonally polarized quasi-shear waves traveling at different velocities (Silver and Chan,
1991). When the initial polarization of the phase is aligned parallel to either the fast or slow
orientation of anisotropy the shear wave will not be split and is denoted as “null”
measurement, indicating an apparent isotropic structure relative to the ray geometry,

(Wiistefeld and Bokelmann, 2007; Long and Silver, 2009; Lynner and Long, 2013).

The parameters typically used to describe SWS are the polarization direction of the
fast shear wave (@) that reflects the anisotropic and LPO geometry, and the delay time (6t)
between the fast and slow polarized waves. The delay time is a product of both the strength of

the anisotropy and the thickness of the anisotropic layer. There are several possible source
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areas of anisotropy in subduction zones that can contribute to shear wave splitting, within the

overriding plate, in the mantle wedge, in the slab itself, and in the sub-slab mantle.
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Figure 3.1: Main tectonic setting and compilation of previous XKS splitting measurements in
Peru and adjacent regions from different authors as denoted in the legend. Northern Peru and

the northern end of the flat-slab subduction zone are presently lacking in such measurements.
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Thin black dotted lines represent contours from the Slab1.0 model (Hayes et al., 2012).
Abbreviations: FA: Forearc; HD: Huancabamba Deflection; WC: Western Cordillera; EC:
Eastern Cordillera; SA: Sub-Andes; AB: Amazonian Basin; AC: Amazonian Craton. The main
quaternary faults are from Macharé et al., (2003). Bathymetry from Topo30s highlights the
main tectonic structures of the subducting Nazca Plate, GB: Grijalva Ridge; AR: Alvarado
Ridge; SR: Sarmiento Ridge; VFZ: Viru Fracture Zone; and MFZ: Mendafia Fracture Zone.
The brown arrows indicate the absolute plate motion (APM) of the Nazca Plate in the hotspot
reference model HS3-NUVEL-1A (Gripp and Gordon, 1990). Convergence rate values are
relative to the stable South America reference frame (Kendrick et al., 2003). The convergent
plate boundary from Bird (2003) is represented by solid black line. The greenish-yellow
triangles indicate Holocene volcanoes and the thick orange dashed line indicate the motion
direction (yellow arrows) of the North Andean forearc Sliver (NAS), Western Peruvian Sliver

(WPS), and the Eastern Peruvian Sliver — Subandean (EPSS) (Villegas-Lanza et al., 2016).

There are several different LPO fabrics of olivine that predict slightly different
relationships between strain and SWS parameters (A through E types; e.g. Karato et al.,
2008). When relating shear wave splitting to seismic anisotropy in the mantle, the fast
splitting directions for likely olivine fabrics (A, C, and/or E types) are all roughly parallel to
the orientation of maximum extensional strain (e.g. Lynner et al., 2017a). We therefore
generally consider shear wave splitting as a proxy for orientation of deformation. This simple
relationship, however, is complicated in subduction zones where B-type fabric may be
present. B-type olivine fabric produces shear wave splitting that aligns normal to the
orientation of deformation (Karato et al., 2008). B-type fabric is likely to be present under the
low temperature, water rich conditions, and high-stress regions of the inner corner of the
mantle wedge (Kneller et al., 2007, 2005). Trench-normal anisotropy near the cold nose of the
mantle wedge could therefore potentially be associated with either corner poloidal flow
induced by the subducting slab (Faccenda and Capitanio, 2013; Zandt and Humphreys, 2008)
or by trench-parallel flow in the mantle wedge combined with B-type olivine anisotropy. In
the case of B-type fabric a 90° flip in fast directions would be expected between the transition

from cold hydrated forearc to the warmer back-arc.
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Another common mechanism of seismic anisotropy that may be present in northern
Peru is shape-preferred orientation (SPO). SPO can be caused by fluid-filled cracks and
layering of materials with different compositions due to responses to stress and is likely
restricted to the crust (e.g. Crampin 1984). While SPO is likely present in the upper crust in
the over-riding plate, it is generally considered to have a small impact on delay time patterns

of shear wave splitting given the frequencies typically used.

A considerable number of SWS studies have been carried out in the northern and
central Andes, mainly across southern Peru (Russo and Silver, 1994; Eakin and Long, 2013;
Porritt et al., 2014; Eakin et al., 2014, 2015, 2016; Long et al., 2016). These studies primarily
investigated the regional pattern of upper mantle flow in response to the subducting Nazca
Ridge and the implications for sustaining flat-slab subduction. The dynamics of the northern
Peruvian flat-slab segment however remain elusive, particularly in the north away from the

Nazca Ridge (Figure 3.1) due to a lack of available seismic data.

In this study, we present the first SKS, SKKS, and PKS shear wave splitting
measurements across northern and central Peru from the national seismic Peruvian network,
as well as other international seismic stations. When combined with previous shear wave
splitting studies in Central and Southern Peru, these new results allow a unified understanding
of the mantle dynamics of flat-slab subduction to be established along the entire length of the

flat slab beneath Peru.

3.2 Tectonic Setting

The study region is located in northern Peru (Figure 3.1), comprising parts of the
Central and Northern Andes (Gansser, 1973; Cordani, 2000). The geological and tectonic
framework is associated directly with Cenozoic subduction arising from the convergence
between the Nazca Plate and the South American Plate at a rate of ~61mm/yr (Kendrick et al.,
2003; Poulsen et al., 2010). The oceanic Nazca plate first subducts at the trench then flattens
at an approximate depth of 100 km, extending nearly horizontally for about 400 km in the
uppermost mantle beneath South America, before resuming steeply dipping subduction

several hundred kilometers further east (Barazangi and Isacks, 1976; Gutscher et al., 2000).
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The study area is composed of five major morphostructural units (Figure 3.1). From
west to east, they are the Forearc (FA), Western Cordillera (WC), Eastern Cordillera (EC),
Sub-Andes (SA) and the Amazonian Basin (AB) (Audebaud et al., 1973; Mégard, 1978;
Dalmayrac et al., 1980).

The Forearc (FA) is mainly composed of Precambrian and Paleozoic marine
sedimentary and metamorphic rocks, and extends from the trench up to the western boundary
of the Andean Cordillera following a NW-SE orientation. The Andean Cordillera extends to
the Peru-Ecuador border where there is a major change in topographic trend from N020° in
the north to N140° in the south, known as the Huancabamba Deflection (HD) (Mégard, 1987;
Mitouard et al., 1990). The cordillera region is characterized by the presence of high
topographic elevation reaching an average height of ~4 km, and crustal thickness reaches
between 55 and 60 km (Condori et al., 2017). According to its age and geological
composition, the Andean Cordillera is divided into the Western Cordillera (WC) and Eastern
Cordillera (EC). The main tectonic structures in the region include open folds and steep thrust

faults.

Based on continental active faults and GPS observations, Nocquet et al. (2014) and
Villegas-Lanza et al. (2016) proposed that the crustal deformation in the Northern Andes is
controlled by the diverging motion of two rigid continental slivers (the North Andean and the
Inca slivers). These features arise from the relative motion between the eastward subduction
of the oceanic Nazca Plate at the South American margin and the westward continental
subduction of the South American Plate beneath the Eastern Cordillera and Subandean
orogenic wedge (Figure 3.1). The Western Peruvian Sliver (WPS) is characterized by a
southeastward motion at the rate of 4-5 mm/yr relative to stable South America encompassing
southernmost Ecuador, Peru, and Bolivia. It extends from the trench axis to the Subandean
fold-and-thrust belt, in the WC. The Eastern Peruvian Sliver-Subandean (EPSS) covers the
EC and SA regions. The North Andean Sliver (NAS) moves northeastward at a rate of 9
mm/yr covering the FA, WC and EC of Ecuador and Colombia.

The Sub-Andes (SA) belt is a region of eastward converging compressive structures

with decreased magnitude of deformation towards the Brazilian Shield (Dumont et al., 1991).
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According to Villegas-Lanza et al. (2016) the current rate of SA shortening is about 2-4
mm/yr. It corresponds to a fold and thrust belt which was developed during the Miocene
(Mathalone and Montoya R., 1994) on a heterogeneous substratum inherited from pre-Andean
Paleozoic, Triassic and Jurassic basins. The Amazonian Basin (AB) is comprised of Paleozoic
and Mesozoic marine sediments which are overlain by massive, continental deposits of
Tertiary age (Suérez et al., 1983; Mégard, 1987). The deposits have been faulted and folded
most extensively at the Andean margin, but deformation decreases towards the east where the

sedimentary layer thins onto a foreland basin on the Brazilian Shield.

3.3 Data and Methods
3.3.1 Data

We used data from 45 broadband seismic stations distributed across the study region
from a combination of both Peruvian national and other international seismic networks for
shear-wave splitting (SWS) analysis (Figure 3.1). We used data from 2012 — 2017 from the
Peruvian permanent and temporary seismic stations (Red Sismica Nacional y de Alerta
Temprana de Tsunamis y Erupciones Volcanicas RENASIS) of the Instituto Geofisico del
Perti (IGP). The temporary stations correspond to local and regional projects: the Moyobamba
project (2015 and 2016), the SisNort project (2008 to mid 2009), and one Auxiliary Seismic
Station (AS077-ATH) from CTBTO (2012 - 2017). For coverage adjacent to our study area
we used stations of the Brazilian National Seismic Network (Rede Sismografica Brasileira-
RSBR, Bianchi et al., 2018), and stations from the Ecuador Seismic Network (Red Nacional
de Sismografos - RENSIG) of the Instituto Geofisico, Escuela Politécnica Nacional — IG-

EPN, for the same time period.

We selected events with magnitude greater than 5.8 Mw and epicentral distances
between 88° and 130° for the SKS and SKKS phases and between 130° and 150° for the PKS
phase. The earthquake catalog of teleseismic events used in this study comes from the U. S.
Geological Survey (USGS) Preliminary Determination of Epicenters (PDE). Figure 3.4.2
shows the epicentral and backazimuthal distribution of all visually inspected events with clear
waveform arrivals of SKS, SKKS, and PKS phases (we will denote these phases by XKS) that
were used for measuring splitting parameters. The backazimuthal coverage is relatively

limited (non uniform) with the vast majority of events originating from the Tonga (southwest)
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and Alaska-Aleutians (northwest) subduction zones. However, the XKS arrival directions are

sufficient to characterize the splitting parameters at most permanent stations.
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Figure 3.2: Distribution of teleseismic earthquakes selected for XKS phases, occurring from
2008 to 2017 with magnitudes greater than 5.8 Mw. (a) Map projection, the concentric circles
denote the epicentral distance from 30° to 180°, in 30° increments. Reddish-brown line
denotes major plate boundaries (Bird, 2003). (b) Histogram showing the backazimuth

distribution of all dataset used in this study.

3.3.2 Methods

To measure shear-wave splitting parameters (fast direction, ¢ and delay time, 6t), we
used three independent splitting measurement methods, the transverse component minimum
energy (SC) method of Silver and Chan (1991), the rotation-correlation (RC) method of
Bowman and Ando (1987), and the eigenvalue (EV) method (Silver and Chan, 1991) all
implemented by the SplitLab software package (Wiistefeld et al., 2008). We compare the
measured shear wave splitting parameters using the three methods and only retain individual
measurements where all three methods produce overlapping results. The SC and RC methods
operate by finding the optimal splitting parameters by minimizing energy on the transverse
component seismograms and by maximizing the cross-correlation of radial and transverse
components, respectively. These are both done with a grid search algorithm based in L-Q-T

coordinate system.
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We first resample the seismograms to 20 samples per second to avoid aliased signals
and to reconstruct the waveforms in the appropriate frequency range. We tested a range of
different filters, for stability of our shear wave splitting parameters (Figure B1, Appendix B),
and chose our preferred bandpass filter between 0.04 and 0.125 Hz (similar to the filter used
in central and southern Peru in previous SKS analyses of upper mantle anisotropy, e.g. Eakin
et al.,, 2015, Long et al., 2016). To optimize waveform clarity in some earthquake-stations
pairs, we varied the lower corner frequency of the filter from 0.01, 0.08, and 0.10 Hz and
chose the window that provided the most robust results. Finally, we visually checked the
results and classified them based on the linearity of the corrected particle motion and the
consistency of the measurements for different time windows (15, 30, 50, and 60 seconds,
Figure S3.1). We select only those waveforms that have a signal-to-noise ratio (SNR) higher
than 5 (e.g. Eakin et al., 2015) on the transverse and radial components, with a clearly visible
shear wave pulse.

We rated each non-null measurement as “good”, “fair”, “poor”, based on the quality of
the data and the results using the method and criteria defined by Wiistefeld and Bokelmann
(2007), which yielded consistent estimates between both the SC and the RC methods with
errors of less than 1.0 s in &t and less than 22.5¢ in ¢ at the 95% confidence level; for the final
analysis we present results obtained via the SC method, as this method generally produced
more stable results over a broader range of analysis windows (e.g. Wiistefeld et al., 2008;
Long et al., 2016). Our “good” results exhibit 20 errors (<15° and < 0.5 s for ¢ and ét,
respectively), “fair” measurements have slightly lager errors (<25° and < 1.0 s for ¢ and 6t),
and slightly larger differences between the two methods were allowed, up to £22.5° for ¢ and
+1.2 s for 6t. Null measurements were classified as such based on the linearity of the
uncorrected particle motion on the radial component for events with visible XKS phases and
were given a quality rating based on the SNR and particle motion linearity. We only retained
measurements rated “good” and “fair”. Figure 3.4.3 shows an example of typical null and

non-null measurements at different stations.
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Figure 3.3: Example of a shear wave splitting measurement (split SKS waves) at stations
Huacho (HUAC), Portachuelo (PCH), Yanaquihua (YANA) and null measurement at station
Ficuar (FIC) using SplitLab (Wiistfeld et al., 2007). From left-hand side to right-hand side: (a)
panel shows the observed seismograms, Q stands for the radial component (dashed blue line)
and T for the transverse component (solid red line); the vertical dashed lines represents the
phase arrival times computed using the IASP91 model; and the gray zone the calculation
window; (b) fast (dashed) and slow (solid) components, corrected for the calculated splitting
delay time; (c) corrected radial (dashed) and transverse (solid) components; (d) particle
motion before (dashed) and after (solid) correction; (e) contour plot for the maximum value of
correlation coefficient and for the energy on transverse component as function of delay time
and fast polarization angle. The grid search range for @, is from -90° to 90° with a step of 1°,
and for 6t from 0-4.0 s with a step of 0.1 s. The shaded gray area in the correlation coefficient

contour map indicates the 95% confidence region of the best fitting parameter estimation.
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A robust shear wave splitting measurement depends directly on the seismogram
quality. One common problem with seismic stations is errors in their orientation. Previous
studies have shown that the reported azimuth of the horizontal components with respect to
North can be off by 10° or more due to the difficulty of orientating a seismometer in the field
(e.g. Ekstrom and Busby, 2008; Eakin et al., 2018). We observed stations with systematic
polarizations anomalies that indicated the misalignment of the horizontal components. We
corrected for these misalignments with the analysis of SKS polarization by observing the
particle motion of null measurements and comparing to the backazimuth (Tian et al., 2011;
Hanna and Long, 2012; Lynner and Long, 2013). When the average value of misalignment
was higher than 5°, a correction was applied. After correction, the quality of the resulting
shear wave measurements is noticeably improved. Corrections for station misalignments are

listed in Table 3.1.
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Table 3.1: Station-mean splitting parameters (®s and 6ts) estimated from XKS splitting with
the corresponding 1 error bars. Network abbreviations (third column) are as follows, PE:
Peruvian Network, BR: Brazilian Network, EC: Ecuadorian Network. NS and NN denote the
number of non-null and null splitting measurements respectively. The last columns shown the

misalignment values determined for individual stations.

N Station  Net.  Long() Lat() Phi() DT(s) NS NN Corr()
01 AS077T—-ATH GSN -78395 —07.135 —-743+094 11+£04 15 20 00
02 ARNL EC —80.067 —03.548 756071 1.3£01 05 06 -10
03 BOSC EC -78.495 —-03.151 57.6+10.0 1.0+04 02 14 —-19
04 MCRA EC -79.954 —04.370 67.6+03.8 1.4+£05 04 10 00
05 ZUM EC -79.144 —-04.864 429+£089 12+£03 06 08 00
06 cZS5B BR -72.705 —-07.730 —61.4+049 08+0.3 02 48 00
07 TBTG BR -69.909 -04.187 -771+£100 1.0£03 13 48 00
08 BAG PE —78.508 —05.636 36.2+£088 16£05 02 03 00
09 BVTA PE -76.606 —07.042 —-52.0+01.1 06+0.1 02 03 00
10 CBT PE -78521 —09.128 —84.3+035 11+£02 03 —— 00
11 CHCH PE —T7877 —-06.227 -—-726+£08.8 08£0.5 08 21 00
12 CHL PE —80.158 —05.095 —— - —— 03 00
13 CHO PE —-80.962 —05.167 74.3+£100 2.14+£00 02 12 —27
14 CLB PE —81.236 —04.253 99.7+026 1.7£01 02 02 00
15 CLL PE —-78910 -06.184 88.6 +£00.0 0.9+00 01 03 00
16 FIC PE —80.097 —05.918 —— - —— 06 16
17 HCO PE -76.249 -09.952 —-51.0+10.0 0.8+0.3 05 03 17
18 HMY PE —-78.119 -10.091 —-66.3£08.8 1.0£0.1 09 02 00
19 HUAC PE -T77.606 -11.124 —-69.1£099 1.0+£0.2 28 01 00
20 1QT PE -73.320 -03.816 —-76.6+079 1.0£0.2 23 01 00
21 LAM PE -76.524 —-06.419 -73.7+£10.0 1.1£0.0 02 01 00
22 LCN PE —80.549 —04.641 69.3£00.0 2700 01 04 15
23 MNZN PE -76.343 —-09.257 —-73.5+£10.0 09+£0.2 13 12 —22
24 MTP PE —80.194 —03.683 727049 244+£03 02 03 00
25 MOY PE -76.994 -06.025 —-59.6+083 0.8+0.1 02 13 10
26 NCJ PE —77.307 —-05.936 —-66.3£027 1.0£0.2 03 01 00
27 NRJ PE 77505 -05.740 —-62.0+£00.0 1.0£0.0 01 01 00
28 OXAP PE —-75.398 -10.578 —60.2+£10.0 1.0£0.3 08 01 00
29 PBER PE —-74941 -10.288 —-759+09.3 09+02 05 01 00
30 PBL PE —77119 —-05.877 —68.1£08.3 08=£0.0 02 02 00
Continue...
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N Station Net. Long() Lat() Phi() DT(s) NS NN Corr.)
31 PCHO PE -79.682 —06.005 73.8£09.9 09+£04 06 13 —09
32 PCM PE -79.565 -—07.407 —-82.1+00.0 1.0+0.0 01 03 00
33 pPCZ PE -76.775 —06.272 —— - = 02 00
34 PGO PE -76.285 -06.329 —-69.7+06.0 09+01 04 —— 00
35 PTM PE —69.187 —12.585 —66.1£069 1.0£03 03 09 00
36 PUC PE -—74.668 —08.397 —78.24+07.8 09403 08 12 —10
37 QRHC PE -78854 -08.076 —-749+£078 1.0+03 15 04 00
38 SMR PE -77.118 —06.220 —— - = 02 00
39 SNIG PE -79.012 —-05.125 326+081 08£03 13 15 00
40 STPO PE —-74632 -11.265 —-70.0+086 1.0+0.3 17 —— 00
41 TAR PE -76.357 —06.496 —80.3+02.6 0.7£0.1 05 02 00
42 TICA PE -77901 -07.917 —-756+074 114+03 07 06 —13
43 YANA PE -76.112 -10.638 —67.94+09.5 1.0+£0.2 31 04 00
44 YLS PE -—77.889 —08.847 —-69.84+09.9 1.0£0.2 17 04 —-17
4 YRM PE -76.130 —-05.897 —-77.3+£082 1.0+0.2 16 04 00

64



3.4 Results

The results of the SWS observations are shown in Figures 3.4 and 3.5 and listed in
Table 3.1 with their estimated 20 errors. Our study produced a total of 674 XKS (SKS=474;
SKKS=46 and PKS=127) splitting (333 nulls and 314 non-null) measurements observed
across the 45 seismic stations (Tables B1 and B2, Appendix B).

, L
XKS M ments |,
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—— U sec
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Figure 3.4: Map of the individual (good and fair) XKS splitting measurements at each station
(white circles). The orientation of the red bars indicates the measured fast direction. The
length of the bars equates to the measured delay time according to the scale provided in the
legend. Nulls are presented by blue crosses corresponding to possible fast and show

orientations. Background map is the same as Figure 3.1.
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Results reveal a complex anisotropy pattern with significant geographic variability in
XKS splitting behavior along the trench strike. Beneath the central portion of the study area
(latitudes 7° - 12° S), splitting is fairly consistent, with delay times between 0.6 and 1.1
seconds, and dominantly SE-NW fast orientations that are oblique to sub-parallel with the
trench. This pattern is consistent with what has been seen over the southern extent of the flat-
slab by Eakin and Long (2013) and Eakin et al. (2015). Approaching the Peru-Ecuador border,
near 6° S, there is a clear change in SWS that coincides closely with the major deflection HD
in the trend of the Andean Cordillera. Among these northernmost stations, large delay times
between 0.8 and 2.7 seconds and fast orientations trending ENE-WSW are observed, which
closely matches the APM of the Nazca plate (Gripp and Gordon, 1990) and is also similar to
the trend of the subducting Alvarado and Sarmiento fractures and to the North Andes

boundaries as proposed by Bird (2003).

Figure 3.5 shows shear wave splitting measurements made at individual stations as
stereoplots, where the null and non-null measurements are plotted as a function of back
azimuth and incidence angle. Stations are arranged in rows roughly according to the five
geomorphological units, from west to east for FA stations (ARNL, QRHC, HMY and HUAC);
for WC stations (SNIG, AS077-ATH, YLS and YANA); for EC stations (CHCH, MNZN,
STPO, and OXAP); for SA stations (YRM, TAR, PUC, and PBER); and for AB stations (IQT,
TBTG, CZSB and PTM). In general, stations exhibit a variety of splitting behavior in each
geomorphological units with a combination of many split XKS arrivals and many nulls (e.g.

WC, EC and AB), as well as a mix of different splitting parameters.

We identified well-recorded null results (>10 measurements) at stations CZSB, TBTG,
CHCH, AS077-ATH, SNIG, MOY, PCH, CHO, MNZN, PUC, and MCRA. Null observations
occur when no apparent SWS is measured at the station and the original shear-wave remains
polarized in the backazimuthal orientation (for XKS phases). Null measurements can reflect:
1) a lack of anisotropy, 2) that the initial polarization of the wave is the same as the fast or
slow direction of the anisotropic medium, or 3) that multiple layers of anisotropy negate each
other (e.g. Silver and Chan, 1991; Wiistefeld and Bokelmann, 2007; Lynner and Bodmer,
2017). A lack of apparent seismic anisotropy can result from a lack of coherent mantle flow

and therefore no strong LPO development or from vertically oriented anisotropic structures
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that have no effect on XKS phases. Multiple layers of seismic anisotropy can also result in
null observations if the aggregated apparent anisotropy sampled by the XKS waves sums to
zero (e.g. Saltzer et al., 2000). On the other hand, vertical mantle flow at the slab edge has
been associated with a strong change in the flow field due to changes in the slab morphology
(e.g. Civello and Margheriti, 2004; Hanna and Long, 2012). For example, the results from
stations TBTG, CZSB and PTM located on the deeper part of the slab (Figure 3.5) exhibit
overwhelmingly null splitting patterns that dominates the AB, and reflects possible vertical
mantle flow as consequence by the dynamic interactions between slab edges and Brazilian
Shield.

The back azimuthal coverage at stations is limited by the fact that the majority of the
events derived from the southwestern and northwestern back azimuthal quadrants only
(Figure 3.5). It is therefore difficult to reach a clear conclusion either about the presence or
absence of multi-layer anisotropy and the nuances in null observation interpretations. As such,

we will only focus on non-null measurements for the remainder of this study.
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Figure 3.5: Stereoplots for 20 selected stations showing the individual XKS splitting
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incidence angle (hatched rings indicate incidence angle increments of ~5°). Null
measurements are indicated with red circles; split measurements are indicated with blue bars.
Station names are shown at the top of each plot and are arranged by major morphostructural

units.
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3.5 Discussions

Results presented here provide the first observations that directly constrain seismic
anisotropy using teleseismic XKS core phases above the northern segment of the Peruvian flat
slab. Our SWS measurements vary significantly along strike between central and northern
Peru. In contrast there appears to be little variation in splitting parameters with distance from
the trench suggesting that a B-type olivine fabric transition likely does not play a significant
role in the Peruvian flat-slab subduction system, as has been suggested for some other

subduction zones (e.g. Nakajima et al. 2006).

In order to provide a detailed analysis and characterize the salient features of the XKS
splitting dataset, we estimated the mean and standard deviation values of shear wave splitting
parameters at each station and separated stations into two broad groups (Figure 3.6). We note
that for our study we could simply calculate the arithmatic mean (and standard deviation) as
the fast directions at individual stations are generally self-similar as seen in Figures 4 and 5,
i.e., they do not vary by more than 45° at any given station, and thus the circularity is not a
problem in our case. The grouping which results is based upon geographical proximity and
the distribution of coherent spatial splitting patterns, with the first group G1 (stations ARNL,
BAG, BOSC, CHO, CLB, CLL, LCN, MCRA, MTP, PCHO, SNIG, and ZUM), and the
second group G2 (stations AS077-ATH, BVTA, CBT, CHCH, CZSB, HCO, HMY, HUAC,
IQT, LAM, MNZN, MOY, NCJ, NRJ, OXAP, PBER, PBL, PCM, PGO, PTM, PUC, QRHC,
STPO, TAR, TBTG, TICA, YANA, YLS, and YRM). In Figure 3.6, the single-station mean
splitting parameters are shown as a function of latitude and of the distance between the
continental Moho (Condori et al., 2017) and the Nazca slab (Hayes et al., 2012). The Slab-
Moho distance serves as an estimate of the amount of mantle wedge sampled by the XKS
phases. Two predominant fast polarization directions are observed that vary greatly with
latitude (Figure 3.6a). The first group is approximately trench-normal (group G1,
®=62.6°+06.2°) and the second group sub-parallel (group G2, ®=-70.2°+07.2°) to the
direction of subduction. The regional distribution of the XKS splitting delay times also shows
a variation along strike, with §t=1.5s+0.2s, for the northernmost G1 stations and 6t=1.0s+0.2s,
in the south (G2 stations). In general, G2 stations sample substantially more mantle wedge
material (~20-100 km) than G1 stations (~0-50 km) (Figure 3.6b). Within the G1 group, the
handful of stations which sample the most mantle wedge thickness (>40 km) display slightly
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different fast directions rotated to ~30° (compared to the group average of ~ 60°).
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Figure 3.6: Plots of the mean shear wave splitting parameters (only non-null measurements)
at stations with split measurements versus latitude (a) and the distance between the
continental Moho and the top of the slab (b). All measurements are shown with 2o error bars.
Colored lines show orientations of the APM of the Nazca plate, GPS-predicted rigid motion of
the upper plate (Villegas-Lanza et al., 2016), and the regional bathymetric structures. G1 and
G2 represent groups of stations with predominant fast splitting directions delimited by the

Huancabamba Deflection (purple band).

To further consider the influence of subduction geometry we used TauP (Crotwell et
al., 1999) to calculate pierce points in the upper mantle using the IASP91 one-dimensional
Earth velocity model (Kennett and Engdahl, 1991). The representative raypaths of XKS
phases of the dataset used in this study are illustrated in Figure 3.7, which shows the complex
slab morphology at depth and the relative contributions from different portions of the
subduction system. The relative proportion of anisotropy sampled by the XKS phases from
the sub-slab mantle, slab, mantle wedge, and over-riding plate varies with event-station
geometry as well as with the geometry of the subducting slab. Beneath the FA, WC and EC
the sub-horizontal portion of the subducting slab is predominantly being sampled by the XKS
phases. Beneath the SA and AB, the deeper and steeper dipping part of the slab is being

traversed by the incoming waves (Figures 3.7 and 3.8).
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Figure 3.7: Plot of representative XKS raypaths for all stations (inverted triangles) calculated
using the TauP travel time calculator (Crotwell et al., 1999) for the IASP91 velocity model
(Kennett and Engdahl, 1991). Plotted surface (view from the east) indicates the top of the slab
at depth, from Slab1.0 model of Hayes et al. (2012).

3.5.1 Linking Seismic Anisotropy with Mantle Flow and Upper Plate Deformation

The origin and dynamic interactions between upper plate deformation and the mantle
flow field in subduction zones are still poorly understood. However, geodetic observations of
continental deformation can inform upon the interactions between plates and transmission of
stress across plate boundaries (Dewey and Bird, 1970). Correlations with seismic anisotropy
can thus help to infer the implications for plate dynamics as seismic anisotropy primarily
reflects upper mantle tectonic processes over the millions of year's timescale. Crustal
anisotropy, for example due to stress aligned fluid-filled cracks (Crampin, 1984), or due to
strain induced alignment of crustal minerals (e.g. Lloyd et al., 2009; Lynner et al., 2018), may
also result from upper plate deformation but this is typically thought to be minor for SKS
studies given the relatively short path lengths and the frequencies of the XKS observation
(e.g. Savage, 1999).
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In order to provide a more comprehensive image of seismic anisotropy across the
Peruvian subduction zone we combined and compare our SWS measurements with those
made in previous studies in the region (Russo and Silver, 1994; Polet et al., 2000; Eakin and
Long, 2013; Porritt et al., 2014; Eakin et al., 2015; Idarraga-Garcia et al., 2016; Long et al.,
2016; Reiss et al., 2018) (Figure 3.8). The shear wave splitting parameters (® and 6t) along
the Peruvian flat-slab do not show a uniform pattern and vary significantly between the

northern, central and southern regions.

In order to better understand the nature of the upper plate deformation, and establish a
possible link with the orientation of anisotropic structures in the study region, we compare our
results with the GPS derived long-term rigid motion of the Peruvian forearc sliver (Nocquet et
al., 2014; Villegas-Lanza et al., 2016), and the mantle flow field velocities at 150 km depth
from the convection model of Hu et al. (2017). The Hu et al. (2017) model is a 3D spherical
shell model based in finite element that solves and calculates time-dependent upper mantle
flow driven by the evolution of the Nazca plate subduction (Miiller et al., 2016), with respect
to the overriding South American plate since the Mid-Cretaceous. It also considers that the
continent has a constant lithospheric thickness of 100 km except beneath the Amazon craton.
In the South American stable platform, the Hu et al. (2017) model showed strong coherence
with XKS splitting observed by Chagas de Melo et al. (2018). In our study region, however,
there are intriguing along strike deviations in the XKS observations and the model predictions

of Hu et al. (2017).
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Figure 3.8: XKS fast directions from this study and other published results (Russo and Silver,
1994; Polet et al., 2000; Eakin and Long, 2013; Porritt et al., 2014; Eakin et al., 2015;
Idarraga-Garcia et al., 2016; Long et al., 2016; Reiss et al., 2018) in Peru and adjacent
regions. The dark brown arrows indicate the absolute motion of the Nazca plate in the hotspot
reference frame HS3-NUVEL-1A (Gripp and Gordon, 1990). White arrows are the horizontal
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et al. (2017). Legend is the same as in Figure 3.1.
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3.5.2 Seismic Anisotropy in Central Peru

The strong, consistent splitting with NW-SE (trench-sub-parallel) fast directions
observed in the central portion of the flat-slab region (G2 stations) suggests the presence of
well-organized deformation and anisotropic structure (Figure 3.8). In this region, the GPS-
derived motion of the Peruvian sliver (yellow line in Figure 3.6 and yellow arrows in Figure
3.8, Villegas-Lanza et al., 2016) correlates strongly with the fast splitting directions. The
thickness of the mantle wedge beneath the G2 stations is also generally considerable (20-100
km, Figure 3.6b). At first glance this suggests that the shear wave splitting patterns in this
region primarily reflect shallow supra-slab anisotropy and that the upper plate and
asthenospheric mantle wedge material beneath it could be mechanically coupled and

deforming in tandem.

Previous detailed anisotropy studies in central Peru also support this view. Eakin and
Long (2013) modeled a two-layer anisotropic structure (upper ¢:-80°, upper ét: 2.5s, lower ¢:
20°, lower 6t:1.75 s) in the central flat-slab region and found that the trend of the fast
polarization direction in the upper anisotropic layer (-80°) is consistent with the motion of the
Peruvian sliver (-65°), as well as local S splitting results which show predominantly NW-SE
fast directions (Eakin et al. 2014). Additionally anisotropy from the upper layer (inferred to be
supra-slab) was found to be more significant, with larger delay times (2.5 seconds compared
to 1.75s), than the lower layer (inferred to be sub-slab). As a result the overall apparent XKS
splitting produced NW-SE fast directions similar to the characteristics of the modeled upper
layer, but with modest accumulated delay times (~1.5 seconds), which were smaller than
either individual layer due to the contrasting anisotropy between the layers. As can be seen in
Figure 3.8 the single station splitting parameters found by Eakin and Long (2013) and Eakin
et al. (2015) (with comparable event distributions) are very similar to those found throughout
in central Peru (G2) in this study, suggesting a possible similar anisotropic structure. This is
therefore in agreement with our initial interpretation that the splitting patterns of G2 stations
are predominantly reflecting combined deformation of the upper plate and mantle wedge in
alignment with the motion of the Peruvian sliver. This does not however rule out the presence
or contribution of sub-slab mantle flow in this region, merely that the apparent splitting
recorded at the G2 stations is more reflective of mantle deformation in the shallower supra-

slab layers.
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3.5.3 Seismic Anisotropy in Northern Peru

The predominant trench-normal fast orientations observed at the northernmost stations
(G1) contrast significantly with the NW-SE splitting pattern seen across central Peru
suggesting a different sub-surface anisotropic structure. In this region very little mantle wedge
is sampled (Figure 3.6b), especially for stations that show the clearest trench-normal fast
directions (<30 km of wedge). In addition the observed fast directions do not correlate well
with local GPS measurements (yellow arrows in Figure 3.8). Together these observations
suggest that anisotropy from the supra-slab layers likely plays a minimal (or at least reduced)
role in the overall splitting recorded at G1 stations. Instead this suggests that anisotropy from

a lower layer (i.e. the sub-slab mantle) could be dominating the splitting pattern in this region.

Further supporting this inference are the sub-slab mantle flow model predictions of Hu
et al. (2017) which show excellent agreement with our fast directions in northern Peru (white
arrows Figure 3.8), along with the motion of the down-going Nazca plate (red line Figure
3.6). Coincidently the trench-normal fast directions also align with several geological features
present in northern Peru, such as the Alvarado and the Sarmiento ridges as seen in Figure 3.8
(and represented by the blue line in Figure 3.6), although this is expected given the similarity
with the absolute plate motion. We infer that the trench-normal XKS fast directions in
northern Peru are likely a reflection of trench-normal mantle flow entrained with the
subducting Nazca slab. This does not rule out the presence of additional shallower layers of
anisotropy as we inferred for central Peru, but rather that these upper plate layers are thin and
less significant beneath northernmost Peru where the slab is particularly shallow (inland
deviation of 100 and 200 km slab contours in Figure 3.8) and close the continental moho
(Figure 3.6b). This could explain why delay times are on average higher (~1.5 seconds) for
G1 stations if they reflect just a single sub-slab layer, compared to G2 stations (~1.0 seconds),
which are likely reflective of a shallower supra-slab anisotropic layer (in addition to deeper
sub-slab mantle flow) in accordance with the two-layer model of Eakin and Long (2013). In
general when two layers of anisotropy are present with similar magnitudes (i.e. similar delay
times) but opposing fast directions, the cumulative observed delay time is reduced (Silver and
Savage, 1994). In the case of just a single layer, or when one layer is considerably more
significant than the other/s (for example when the sub-slab mantle is much thicker than the

mantle wedge) the observed delay times will generally be higher and much closer to that of
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the individual dominant layer.

If our trench-normal fast splitting directions primarily reflect sub-slab anisotropy,
consistent with trench-normal mantle flow (assuming A-type or similar olivine LPO fabric)
then these do not fit well with the trench-parallel sub-slab mantle flow model originally
proposed by Russo and Silver (1994). Trench-normal anisotropy is typically attributed to
entrained mantle flow induced by the subducting slab (e.g. Faccenda and Capitanio, 2013)
and has increasingly been observed in locations along the South American active margin
(Polet et al., 2000; Anderson et al., 2004; Porritt et al., 2014; Wélbern et al., 2014; Eakin et
al., 2015; Idarraga-Garcia et al., 2016; Lynner et al., 2017b, Reiss et al., 2018), as well as in
other subduction zones such as Cascadia (Currie et al., 2004; Eakin et al., 2010), Mexico
(Soto et al., 2009; Lynner and Long, 2014), and Alaska (Christensen and Abers, 2010; Hanna
and Long, 2012). According to the conceptual models of Long and Silver (2009) and Song
and Kawakatsu (2012) regions of trench-normal fast orientations typically occur beneath slabs
with relatively shallow dips, which would be consistent with our observations across the

Peruvian flat-slab region.

The difference in the splitting orientations seen between northern, central, and
southern Peru likely reflect the varying geometry, thicknesses, and kinematic behavior of
various components of the subduction zone, where in particular the upper plate plays a crucial
role. We suggest that throughout the central and southern portions of Peru the shear wave
splitting pattern appears to reflect the combined motion and deformation of the Peruvian
Sliver with the underlying mantle wedge. Meanwhile in the north, where the mantle wedge is
much thinner, the splitting pattern is primarily the result of trench-normal sub-slab mantle

flow induced by the motion of the downgoing Nazca Plate.

Based upon these SWS observations and their correlation with the motion of the
Peruvian sliver, we propose a new model for northern and central Peru (Figure 3.9). We
suggest that the SWS patterns are due to anisotropic signals from a combination of
lithospheric deformation and sub-lithospheric shear resulting from the relative motion of the
Peruvian Sliver. According to this, we hypothesize that the SWS and deformation seems to be

controlled by the motion of the Peruvian sliver being driven by the motion of the other
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surrounding plates and not necessarily connected to the deeper mantle. However, this
hypothesis should be investigated more deeply, with the incorporation of geodynamic and

mantle flow modeling.

Brazilia
Shield

\:’ Peruvian Sliver (western)

- Peruvian Sliver (eastern)
> GPS-predicted rigid motion
> Fast polarization direction

Figure 3.9: Schematic showing the Nazca slab subducting beneath the South American plate
and the related pattern of crustal deformation and upper mantle anisotropy in northern and
central Peru. The yellow arrows indicate the GPS motion direction in the Peruvian slivers

reference frame along the Peruvian margin (Villegas-Lanza et al., 2016).

3.6 Conclusions

In this study, we use SWS analysis from teleseismic core refracted SKS, SKKS and
PKS phases to constrain the seismic anisotropy properties of the Peruvian flat-slab segment in
northern Peru for the first time. We analyzed data from 45 stations of Peruvian, Brazilian and
Ecuadorian networks. Our splitting observations reveal two distinct and complex
characteristic patterns of seismic anisotropy that correlate with regional geological structures.
Our splitting measurements show coherence with the motion of the Peruvian forearc sliver in
central Peru derived using geodetic GPS data. This observation suggests that the pattern of
mantle deformation associated with the upper plate can play a key role in the overall
anisotropy and dynamics of the subduction zone. Finally, with the XKS splitting results of 45
new stations, we have for the first time a complete and more robust characterization of
anisotropy throughout Peru. We hope that this will contribute to the understanding of this
complex geodynamic setting providing new insights into the seismic anisotropic fabrics

present in the subduction zones of South America.
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Abstract

In this study, we use ambient noise seismic tomography to image the shear-wave
crustal velocity structure across northern Peru. We examine cross-correlations of ambient
seismic noise at 29 broadband stations from national and international networks in northern
Peru and adjacent regions to constrain the upper crustal structure. Empirical Green’s functions
were obtained after the frequency-domain normalization of ambient noise recordings and
stacking of 24 months of normalized data. Dispersion curves obtained from phase velocity
maps were inverted as a function of depth to create a 3D shear-wave velocity model of the
upper crust. Our tomographic maps display two prominent crustal-scale features: (1) the high-
velocity crust in the forearc and Western Cordillera with a NW-SE trend and (2) the presence
of an extensive mid-crustal low-velocity zone (LVZ, 20-30 km depth) further east beneath the
Eastern Cordillera and the Sub-Andes. We suggest that the LVZ is the mid-upper crustal
expression of felsic crust with some fluids, while the high-velocity crust in the forearc and
Western Cordillera likely represents the mafic root of the large Peruvian Batholith in the
region and/or the basement of an Ordovician accreted terrane. In general, our results

demonstrate good agreement with the major geological and tectonic features of the area.

Keywords: Northern Peru, upper crust, Ambient Noise Tomography, Empirical Green’s

functions
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4.1 Introduction

The northern Peruvian subduction zone is a consequence of the convergence of the
oceanic Nazca plate and the South American plate at a current rate of ~59 mm/yr (DeMets et
al., 1990; Norabuena et al., 1999; Kendrick et al., 2003). The subduction zone of northern
Peru (Figure 4.1) displays several unique characteristics: the absence of an active volcanic arc
(e.g., Stern, 2004), a sub-horizontal geometry of the Nazca plate at ~100 km depth (Gutscher
et al., 1999, 2000), high elevation peaks, and a low recurrence of megathrust earthquakes with
magnitude greater than 8.0 Mw in the last 500 years (Tavera and Bernal, 2005; Condori and
Tavera, 2012; Villegas-Lanza et al., 2016). Both the flat slab geometry and the lack of an
active volcanic arc are likely related to the subduction of two buoyant features on the Nazca
plate, the Inca Plateau and the Nazca Ridge (Gutscher et al., 2000). Today, the Andean
Cordillera in northern Peru is 50-55 km thick (Condori et al., 2017), with active deformation
controlled by the diverging motion of three rigid continental slivers: The North Peruvian
Sliver (NPS), the Western Peruvian Sliver (WPS), and the Eastern-Subandean Peruvian Sliver
(EPSS) (Figure 4.1) (Nocquet et al., 2014; Villegas-Lanza et al., 2016).

Several studies have aimed to understand the structure and dynamics of the Peruvian
crust and adjacent regions at local and regional scales using geophysical methods such as
receiver functions (Pavao et al., 2012; Phillips et al., 2012; Assumpcao et al., 2013; Phillips
and Clayton, 2014; Ryan et al., 2016; Condori et al., 2017; Bishop et al., 2017) surface wave
tomography (Heintz et al., 2005; Feng et al., 2007; Antonijevic et al., 2015, 2016), body wave
tomography (Scire et al., 2016; Portner et al., 2020; Rodriguez et al., 2020), ambient noise
tomography (Ma and Clayton, 2014; Ward et al., 2013, 2016; Lynner et al., 2018), and seismic
anisotropy analysis (Eakin and Long, 2013; Eakin et al., 2014, 2015; Long et al., 2016;
Condori et al., 2021). These studies revealed detailed structures and dynamic patterns in Peru.
However, these studies are mostly in central and southern Peru, leaving gaps in our

knowledge of the seismic velocity structures and the thickness of the crust in northern Peru.
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Figure 4.1: Map showing the main tectonic characteristics within the study area.
Inverted triangles indicate the seismic stations used in this study. The main Quaternary normal
and thrust faults are from Macharé et al. (2003). The white arrows indicate the absolute plate
motion (APM) of the Nazca Plate in the hotspot reference model HS3-NUVEL-1A (Gripp and
Gordon, 1990). The slab geometry is represented by isodepth contours (dashed lines) from
the Slab2 model (Hayes et al., 2018). Bathymetry from Topo30s highlights the main tectonic
structures of the subducting Nazca Plate, labeled as: GR: Grijalva Ridge; AR: Alvarado
Ridge; SR: Sarmiento Ridge; VFZ: Viru Fracture Zone; and MFZ: Mendafia Fracture Zone.
The noted major tectonic blocks are as follow: NPS: North Peruvian Sliver; WPS: Western
Peruvian Sliver; EPSS: Eastern - Subandean Peruvian Sliver (Villegas-Lanza et al., 2016).

Orientation of the Andean belt is denoting by HD: Huancabamba Deflection.
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In this study, we employ surface wave tomography using ambient noise correlations,
also called ambient noise tomography (ANT), to image the crustal structure of the northern
subduction zone of Peru. This is the first time that high-resolution phase velocity maps have
been produced for northern Peru. ANT allows for the characterization of surface structures
with high resolution because high frequency surface waves that are sensitive to Earth structure
at shallow depths have narrow ranges of depth sensitivity. Longer period waves exhibit

broader sensitivity while sampling greater depths (Yang et al., 2007).

4.2 Tectonic Setting

The northern Peruvian convergent margin has developed from the continued
subduction of the Nazca plate beneath the continental South America plate. Subduction has
been near-continuous since the break-up of Pangea (Lawver and Gahagan, 1993). Successive
advances and retreats of the subduction-zone (Ramos, 2010a) are considered as causes for the
alternating phases of lithospheric extension and compression that ultimately produced the
Peruvian Andes. The Peruvian Andes can be subdivided into five main morphological units
(Figure 4.2) from the trench eastward: the Forearc, the Western Cordillera, the Eastern
Cordillera, the Sub-Andes, and the Amazonian Basin (Audebaud et al., 1973; Gansser, 1973;
Mégard, 1978; Zeil, 1979; Bernard Dalmayrac et al., 1980).

The Forearc (FA) in Peru is an example of a subduction zone forearc between an
oceanic and continental plate, which today is in a predominantly compressive regime (Suarez
et al., 1983). In northern Peru, the FA is ~200 km wide between the Peru trench and the
Western Cordillera (Espurt et al., 2018). The FA displays complex stratigraphy composed
mainly of Precambrian and Paleozoic marine sedimentary and metamorphic rocks and
Mesozoic sedimentary rocks. Several authors, based on geological, geochronological,
gravimetric and seismic observations, suggest that the coastal and offshore regions of central
and northern Peru were related to the presence of a paleo-embayment in the western
Gondwanan margin during the early Paleozoic (Cardona et al., 2009; Chew et al., 2007;
Ramos et al., 2013; Ramos, 2010a, 2010b; Reimann et al., 2010). On the other hand, Ramos
et al. (2013) favored the hypothesis that this area was occupied by a basement block, the
Paracas parautochthonous terrane, which collided with the Gondwana margin during the late

Early Ordovician, and is composed of the remnants of an orogenic and magmatic belt of
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Grenvillian age (Ramos, 2009, 2010b). The FA also contains part of the Peruvian Coastal
Batholith (PCB) that was intruded into the Paracas basement during the Jurassic and

Cretaceous time.
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Figure 4.2: Map showing the main morphological units of the study area (modified from
Audebaud et al., 1973; Dalmayrac et al., 1980a; Tavera and Buforn, 1998). Cross-sections
shown in Figures 4.8, 4.9, and 4.10. Labeled as: FA: Forearc; WC: Western Cordillera; EC:

Eastern Cordillera; SA: Sub-Andean; AB: Amazonian Basin; PCB: Peruvian Coastal

Batholith; and CBB: Cordillera Blanca Batholith.
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The Western Cordillera (WC) is the site of the Miocene volcanic arc that shut off ~15
Ma as a result of the onset of near horizontal subduction (Rosenbaum et al., 2005). The WC
consists mainly of volcanic and plutonic rocks of Mesozoic and Cenozoic age with some
Mesozoic shallow water marine deposits. The WC peaks reach elevations ranging from 3500-
5000 m. The FA and WC are both dominated by the PCB, which consists of multiple
intrusions. The older units show the effects of compressive deformation that presumably
occurred during the late Eocene to Miocene (Megard, 1978; Wipf, 2006). Inboard of the PCB,
between latitudes 8°-10°S is the Cordillera Blanca Batholith (CBB), emplaced between ~4-15
Ma, was one of the last intrusions before slab flattening (Petford and Atherton, 1996;
Margirier et al., 2016). The CBB has been uplifted and exposed along active normal faults,
resulting in an along-strike surface exposure of ~150-200 km. There are associated
ignimbrites and volcanic deposits indicating this represents a major magmatic episode before
the cessation of magmatism associated with the slab flattening in northern Peru (Petford and

Atherton, 1992).

The Eastern Cordillera (EC), separated from the WC by the east verging Late
Cretaceous to Eocene Maranon fold and thrust belt, represents a long-lived (up to 1150 Ma)
continental margin along the western edge of the Amazonian Basin (Chew et al., 2007), that
began to form during the Hercynian (Devonian) period on a Precambrian basement. The EC
reaches elevations of ~4000 m and its width increases from ~100 km in the north (latitude
8°S) to 150 km in the south (latitude 11°S). It is composed of crystalline and plutonic rocks
overlain by Paleozoic shallow marine and continental deposits cut by high angle thrust faults
(Dalmayrac et al., 1980b). The EC contains part of the Paleocene to Eocene orogenic wedge
with an east verging fold and thrust belt system (Hermoza et al., 2005; Eude et al., 2015). The
EC is likely the site of crustal-scale thrust ramps that feed into the SA region to the east
(Eude et al., 2015).

The Sub-Andean (SA) zone consists of a fold and thrust belt of sedimentary rocks
parallel to the mountain chain between the high Andes and the Brazilian Shield (Dumont et
al., 1991; Hermoza et al., 2005; Eude et al., 2015). The fold and thrust belt has developed
since Miocene times (Mathalone and Manuel, 1995) on a heterogeneous sub-stratum inherited

from pre-Andean Paleozoic, Triassic and Jurassic basins. The Amazonian Basin (AB) is
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comprised of Paleozoic and Mesozoic marine sediments which are overlain by massive
continental deposits of Tertiary age (Megard, 1978; Suérez et al., 1983; Calderon et al., 2017).
The most extensive faulting and folding occurs at the westernmost margin of the AB at the
Andean deformation front, but deformation decreases toward the east where the sedimentary

deposits thin onto a foreland basin on the Brazilian Shield (Mora et al., 2011).

4.3 Data and Methods
4.3.1 Data

We used ambient noise seismic data to compute tomographic phase velocity maps at
set periods and then inverted these maps to obtain a shear-wave (S-wave) velocity model. The
phase velocities were measured from two-year continuous vertical component waveforms
recorded at 29 broadband seismic stations for the period of January 2016 to December 2017
from the Peruvian permanent seismic stations (Red Sismica Nacional y de Alerta Temprana de
Tsunamis y Erupciones Volcanicas RENASIS) of the Instituto Geofisico del Perta (IGP), and
one Auxiliary Seismic Station (AS077-ATH) from the Comprehensive Nuclear Test Ban
Treaty Organization — CTBTO (2012-2017). We also included stations of the Brazilian
National Seismic Network (Rede Sismografica Brasileira-RSBR), (Rocha et al.,, 2015;
Bianchi et al., 2018), and stations from the Ecuador Seismic Network (Red Nacional de
Sismografos - RENSIG) of the Instituto Geofisico, Escuela Politécnica Nacional — IG-EPN
(Alvarado et al., 2018) for the same time period. Publicly available data was retrieved from
Incorporated Research Institution for Seismology (IRIS) data management system (Gee and

Leith, 2011; Bent, 2013).

The types of instruments used in this work are varied, consisting of a combination of
Giiralp (40T, 3T, 5T, 3ESP), Streckeisen (STS-1), Trillium (40, 120p), and Trillium Compact
broadband sensors feeding high-gain digitizers (Quanterra Q330, Giiralp DM24, and Taurus)
which record continuous data at sampling rates of 20, 40, 50, and 100 samples per second.
Average inter-station distance across our study region is ~150 km, though station spacing is
highly variable. The majority of our stations are located in the forearc and arc regions of
northern Peru. Figure 4.1 displays the locations of the broadband stations used in this study

and Table 4.1 lists station coordinates and parameters.
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Table 4.1: Seismic station parameters used in this study.

N St.— Code Net. Longitude Latitude Altitude Sensor Name Country
01 AS077— ATH GSN —78.395 —7.135 3151 GMG - 3T Atahualpa Peru
02 ARNL EC —80.067 —3.548 44 CMG — 5T Arenillas  Ecuador
03 BOSC EC —78.495 —3.151 1398 CMG - 5T San Juan Bosco Ecuador
04 MCRA EC —79.954 —4.37 540 TC120 Macara Ecuador
05 CZSB BR —72.705 —7.73 196 T120P Cruzeiro do Sul Brazil
06 TBTG BR —69.909 —4.187 91 T120P Tabatinga Brazil
07 BVTA PE —76.606  —7.042 503 T40 Bellavista Peru
08 CBT PE —78.521 —9.128 53 CMG —-3ESP Chimbote Peru
09 CHCH PE —77.877 —6.227 2370 TCP — 1208 Chachapoyas Peru
10 CHO PE —80.962 —5.167 221 T40 Chocan Peru
11 HMY PE —78.119 —10.091 214 CMG —-3ESP Huarmey Peru
12 HUAC PE —77.606 —11.124 20 TC Huacho Peru
13 HYO PE —75.321 —12.042 3330 T40 Huancayo Peru
14 1QT PE —73.32 —3.816 105 T40 Iquitos Peru
15 MNZN PE —76.343 —9.257 930 TC Monzon Peru
16 NNA PE  —76.842 —11.988 575 STS —1 Nafia  Peru
17 OXAP PE —75.398 —10.578 1840 CMG — 40T Ozapampa Peru
18 PBER PE —74.941 —10.288 260 TCP —120S  PuertoBermudez Peru
19 PCHO PE —79.682 —6.005 662 T40 Portachuelo Peru
20 PUC PE —74.668 —8.397 142 T40 Pucallpa Peru
21 PTM PE —69.187 —12.585 242 T40 Puerto Maldonado Peru
22 SNIG PE —79.012 —5.125 1818 TCP — 1208 San Ignacio Peru
23 STPO PE —74.632 —11.265 931 TC Satipo Peru
24 QRHC PE —78.854 —8.076 250 TCP — 1208 Quirihuac Peru
25 TAR PE —76.357  —6.496 358 CMG — 40T Tarapoto Peru
26 TICA PE —77.901 —7.917 2819 TCP — 1208 Ticapampa Peru
27 YANA PE —76.112 —10.638 3835 TCP — 1208 Yanaquihua Peru
28 YLS PE —77.889 —8.847 3208 T40 Huaylas Peru
29 YRM  PE —76.13 —5.897 149 T40 Yurimaguas Peru

GMG-3T: Giiralp; CMC-5T: Giiralp; TC120: Trillium Compact; T120P: Trillium; T40: Trillium; CMG-3ESP:
Giralp; TCP-120S: Trillium; TC: Trillium Compact; STS-1: Streckeisen; CMC-40T: Giralp.

4.3.2 Methods
4.3.2.1 Cross-Correlation

The ambient noise cross-correlation procedure we employ follows the procedures of
Bensen et al. (2008) and Lin et al. (2008). We cross-correlate daily vertical component
seismic data between each of the 29 stations used here. We then stack the cross-correlations
for each individual station pair to create empirical Green’s functions (EGFs). Each initial
seismic trace has its mean removed, is detrended and tapered, has the instrument response
removed, is band-pass filtered between 3-151 s periods, is downsampled to 1 Hz, has the

Fourier amplitude spectrum whitened in the considered frequency band, and is normalized by
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a running-absolute-mean temporal normalization to reduce the effect of strong signals. A total
of 1045 vertical-to-vertical (ZZ) cross-correlation stacks were constructed from the assembled

data set. A typical example of a record section of cross correlations is displayed in Figure 4.3.
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Figure 4.3: Symmetric empirical Green functions extracted from the stacked cross-correlation
of vertical component data for 24 months, signals were band-pass filtered for 6 and 40 s and

are normalized.

EGFs are visible from ambient seismic noise at inter-station distances ranging from
about 50 km to over 1,500 km. Amplitudes are relatively consistent on both the positive and
negative limbs of the cross-correlations, suggesting the noise sources are uniformly

distributed, possibly with contributions from both the Pacific Ocean and the Amazon Basin.
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This is atypical for coastal ambient noise studies as they typically show stronger noise sources
along the coast (e.g. Lynner and Porritt, 2017), indicating that the Amazon Basin must be a
significant noise source in the region. We extract phase velocities from the EGFs using
frequency-time analysis (FTAN; Levshin et al., 1992). We analyze periods between 8 and 50
seconds, including phase velocity measurements from 1045 inter-station paths (Figure C7,
Appendix C) across 13 periods (8, 10, 12, 14, 16, 18, 20, 25, 30, 35, 40, 45, and 50 s).

Measurements with low signal-to-noise ratio (SNR<3) were removed.

4.3.2.2 Ambient Noise Tomography

After making regional phase velocity measurements, we invert for phase velocity
maps for each individual period with a grid spacing of 0.1°x0.1° with constant alpha, beta and
sigma inversion parameters of « = 300, 8 = 150, and o = 150. These parameter values were
chosen to retain lateral variations only on a scale appropriate for the station density without
introducing artefacts. We perform a series of tests using different combinations of these
parameters to determine acceptable values by considering data misfit and model resolution.
Damping and smoothing regularization are applied to prevent convergence towards a solution
that has unnecessarily large amplitude perturbations and model roughness (e.g. Young et al.,

2011).

We invert for shear velocity models beneath northern Peru from our phase velocity
maps using the iterative linearized least-squares inversion scheme of surtf96 (Herrmann and
Ammon, 2002) at each node across the 0.1°x0.1° grid. We extracted phase velocities and
inverted them for 1-D velocity model at each grid node. The 1D models are then interpolated
to form a 3D shear velocity model. We parameterize our shear velocity inversions using 2-
km-thick layers in the upper 50 km, 5-km-thick layers in the subsequent 80 km and 10-km-
thick layers below 130 km (e.g. Lynner et al., 2020).

4.3.2.3 Model and resolution testing

We tested several different starting models in order to assess the variability of the
shear velocity inversion results: 1) a uniform mantle velocity starting model, with mantle
velocities (4.5 km s™) in the upper 55 km and AK135 (Kennett et al., 1995) velocities beneath
55 km (Figures C9, C10, and C11), 2) a thick crustal model, with crustal velocities (3.6 km s~
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1) in the upper 55 km, and mantle velocities (4.5 km s™) below 55 km (Figures C12, C13, and
C14), 3) a shallow crustal model, with crustal (3.6 km s™) velocities in the upper 26 km,
mantle velocities (4.5 km s™) to 55 km, and AK135 velocities at deeper depths (Figures C15,
C16, and C17), and 4) our preferred starting model which includes a 3D varying Moho
derived from receiver-functions across the region (Condori et al., 2017) with two crustal
layers. In our 3D Moho model, S-wave velocities for the upper and lower crust are derived
from a compilation of P-wave velocity models (Dorbath et al., 1991; Lindo, 1993; Villegas
and Tavera., 2008) assuming a Vp/Vs of 1.75 (Condori et al., 2017). We use the AK135
velocity model (Kennett et al., 1995) to represent velocities at depths below the Moho.
Examining the different stating models shows that our inversion is minimally sensitive to
starting model variations. The first-order structure of the final inversion is independent of
starting model. However, to best reflect prior imaging results, our preferred starting model
The 3D Moho model provides the best starting point for our shear velocity inversion, but we

only interpret features that are present in all of the starting model results.

In order to better estimate the uncertainties in our tomographic inversions, we
performed several checkerboard tests and carried out a bootstrap analysis of our final shear
velocity model (Efron and Gong, 1983; Efron and Tibshirani, 1993). We conducted two
checkerboard resolution tests, consisting of checker cells with dimensions of 1.75°x1.75°
(194x194 km) and 2.5°x2.5° (278x278 km), as shown in Figures C5 and C6, respectively.
Both checkerboard tests show sufficient recovery for interstation paths at periods between 14s
and 25s, with minor along-margin smearing of anomalies. Shorter and longer periods for all
checker cell sizes yielded poor signal recovery, suggesting very little resolution in the upper
~10km of the crust and rapidly diminishing sensitivity below ~30km depth. Our final shear
velocity model is primarily sensitive to shear velocities in the mid-crust between 10km and

30km depth.

In our bootstrap analysis, we randomly resampled with substitution our interstation
phase velocity measurements and performed the phase velocity and shear velocity inversions
using the same parameters and methods as described above. We performed 100 such
inversions and evaluated the standard deviation among shear velocity estimates for each grid

cell in the resulting shear velocity model (Figure 4.4).
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Figure 4.4: Maps of standard deviation in our velocity model based on the bootstrap

resampling of our ANT results.

We observe standard deviations in shear velocities in the range of ~0.1-0.6 km s™
across the region, with typical values between ~0.3 and ~0.4 km/s. Larger standard deviations
(up to ~0.6 km s™) are found at shallower depths (< 18 km) possibly due to fewer available
dispersion measurements (Figure 4.5 while standard deviations are low (<0.3 km s™) at deeper
depths (>20 km). Average standard deviations throughout our model are ~0.3 km s,
suggesting we cannot interpret smaller variation in shear velocity with confidence. We instead

interpret only features characterized by larger velocity variations.

91



o | O | | l |
a) J/ b)
5 —r - 5 B
—7
10 ] / B 10 / —
/
15 = 15 B
20 - - 20 =
) E
S| — 85 < ] —_ 8 |
g% ws[ & ® 10s
5 12s 8 12s
30 14s | 30 14s
i 165 - ]6s
i 18s | I 18s |
= — 205 55 — 205
ﬂ 25s 25s
40 A = 30s | 40 / = 30s |
= 355 = 355
i = 40s | | = 40s |
45 45¢ 45 ' 455
I 50s 50s
50 I T T T 50 = | I I
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Sensitivity Sensitivity

Figure 4.5: Sensitivity kernels for the representative points in the Forearc (a) and Eastern
Cordillera (b). The calculated fundamental mode Rayleigh phase velocity through the final
model are colored by periods (8, 10, 12, 14, 16, 18, 20, 25, 30, 35, 40, 45, and 50 s).

4.4 Results
4.4.1 Phase velocity measurements and tomography

Figure 4.6 shows Rayleigh wave phase velocity maps and the path coverage at periods
of 14, 18, 20 and 25 s. The maps show contrasts of low and high velocity anomalies. Most of
the observed velocity anomalies are well correlated with the known geological units at the
surface and are elongated in the margin-parallel NW-SE direction. Higher seismic velocities
are observed beneath the FA and WC (up to ~3.6 km s™ at 25 s), while lower velocities, most
pronounced at 18 and 20 s periods, are seen beneath the EC and SA, reaching down to ~3.0
km s™ (Figure 4.6). Periods longer than 30 s lack obvious phase velocity features due to their

poor resolution (Figure C8), so they are excluded from our interpretations.
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Figure 4.6: Phase velocity and ray coverage maps at 14 (a), 18 (b), 20 (c) and 25 (c) second
periods. The clipped region shows the area outside of which we have no or poor resolution.

Abbreviations are the same as in Figures 4.1 and 4.2.

In addition to phase velocity maps, we provide the corresponding resolution
information at intermediate periods (14 — 30 s) (Figures 4.6, C5, C6, and C7). Resolution of
surface wave tomography depends primarily on the coverage and azimuthal distribution of
inter-station paths. The resolution of phase velocity maps are consistent with path coverage

(Figure 4.6, C7).
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4.4.2 S-Wave Structure

The final 3-D S-wave model is presented in four depth slices (Figure 4.7) and five
cross-sections (Figures 4.8 and 4.9). Shear velocities throughout our region span from 2.8 —
4.5 km s™. Two prominent mid-to-lower crustal features are observed in the ANT results: a
high-velocity anomaly in the FA and WC, denoted as HVZ, and an extensive low velocity
zone (LVZ) under the western margin of the Andes of northern Peru, the EC and SA. At
shallower depths (<18 km), this pattern is generally reversed, with slower velocities beneath
the FA in the west and slightly faster velocities beneath the EC. These prominent features in
the S-wave velocity maps (Figure 4.7) are similarly observed in the phase velocity maps
(Figure 4.6). No resolvable structure is observed outside of these two primary features due to

limited path density.

The HVZ underlies the FA and the WC, extending from ~5°-11°S and reaching peak
velocities >4.5 km s™. Fast velocities are observed from the base of the resolvable model to 18
km depth. At 25 km depth (Figure 4.7d), the FA anomaly is fastest in the north but remains
>4.2 km s™ to the south. Beneath the WC, velocities are generally ~4.0-4.2 km s™, but peak at
>4.4 km s? at ~9°-11°S. At shallower depths the HVZ is 3.8-4.0 km s without much

resolvable variation across the FA and WC.

The LVZ underlies the EC and SA between ~6°-10°S, with the slowest velocities
localized from ~7°-9°S. The anomaly consists of velocities ranging from 3.1-3.5 km s™ at
depths >14 km (Figure 4.7b-d). Slowest velocities in the LVZ are beneath the SA at shallower
depths and beneath the EC at deeper depths, though these intra-anomaly variations do not
exceed the expected error (~0.3 km s™) determined by our bootstrap analysis. The LVZ is
largely contained within the region of relatively poor path coverage, but resolution analysis

(see section 4.3.2.3) indicates that the anomaly is robust.

The boundary between the HVZ and LVZ is sharp, displaying a velocity contrast of >1
km s over < 50 km of lateral distance along much of the margin, well exceeding estimated
error and indicating a robust velocity contrast. The boundary is also near-vertical along the
resolved study area and is well-correlated with the boundary between the WC and EC, as well

as the boundary between the WPS and EPSS tectonic slivers.
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Figure 4.7: Shear-wave velocity maps at 14km (a), 18km (b), 20km (c) and 25km (d) depth
inverted from phase velocities. Slab contours from Slab2 (Hayes et al., 2018). Abbreviations

are the same as in Figures 4.1 and 4.2.

4.5 Discussions

Shear velocity variations with depth can help resolve the location, source, and extent
of tectonic structures and volcanic arc processes throughout northern Peru. Figures 4.8 and
4.9 show cross-sections through our shear velocity model. The agreement between our
tomographic models and known morphostructural units in northern Peru suggests our inverted

results are imaging real features.
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Figure 4.8: Cross-sections perpendicular to the Andean margin. In cross-sections A-A’, B-B’
and C-C a deeper high velocity emerges beneath the WC that correlates with WPS (Villegas-
Lanza et al., 2016). The upper ~10 km are obscured to reflect the lack of depth sensitivity of
our results in the upper most crust. Major morphological units are identified at the top of each

transect with the abbreviations listed in the caption of Figure 4.2.
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Figure 4.9: Cross-section parallel to the Western (a) and Eastern Cordillera (b) regions (see
Figure 4.2) and their associated topographic profiles, showing several provinces (see Figures
4.1 and 4.2). A low velocity zone is denoted as LVZ under the Andean Cordillera. Major
morphological units are identified at the top of each transect with the abbreviations listed in

the caption of Figure 4.2.

The cross-sections (Figures 4.8 and 4.9) show that the FA and WC are associated with
faster crustal velocities (>18 km depth), while the EC and SA generally correspond to low-
velocity areas. A mid-crustal LVZ is present in three cross-sections (B-B’, C-C’, and E-E’;
Figures 4.8b, 4.8¢, and 4.9b) and extends from ~20 km to at least ~30-35 km depth (we lack

resolution below ~30-35 km depth). The low velocity region is also observable in the 18-25 s
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phase velocity maps (Figure 4.6). The low velocity region (Figure 4.9b) has an along strike
length of ~400 km and is as much as ~0.4 km s™ slower than the surrounding areas. The
pronounced high and low velocity anomalies (HVZ and LVZ, respectively) run approximately
parallel to the WC and EC, and suggest a strong change in crustal properties across the Andes

extending to at least ~30-35-40 km depth (Figures 4.9a and 4.9b).

4.5.1 High Forearc and Western Cordillera Velocity Zone

The high-velocity zone (HVZ) extends under the FA and parts of the WC and exhibits
high seismic velocities (> 4.2 km s™) that are much faster than typical oceanic crust (3.8 — 4.0
km s™) or continental crust (3.2-3.6 km s™) and are more consistent with ultramafic material at
20-35 km depth. The high velocity region, with velocities >0.3 km s™ faster than the
surrounding regions, extends further eastward beneath the WC in the southern part of the
model. Part of the HVZ may be below the Moho as shown in Figure 4.8, potentially
representing mantle material. However, at least some of the anomaly is constrained within the
crust, requiring an alternate explanation. There are several plausible explanations for the
anomalously fast material we image in the crust beneath the FA and WC, including that it
represents the mafic roots of the Mesozoic PCB and the Miocene CBB and/or that it could be

inherited from accretion of older terranes along the margin.

The first possibility is that the crustal portion of the HVZ is composed of the mafic
residuum of the PCB. Much of the FA and western side of the WC, extending for ~1300 km
along the coast, are composed of the PCB, a series of Jurassic to Cretaceous plutons emplaced
during alternating periods of backarc extension and compression (Petford and Atherton, 1996;
Martinez Ardila, 2016; Martinez Ardila et al., 2019) (Figure 4.10a). Small gabbroic and
diorite cumulate bodies are mapped adjacent to the margins of the batholith and have similar
and slightly older ages (Martinez Ardila, 2016) suggesting they may represent the roots of the
batholith. The high velocity lower crust material we image could be the lower crustal portion
of this formation. Magmatic arcs often generate large volumes of intermediate calc-alkaline
magmas that produce extensive linear igneous batholiths (Ducea et al., 2015b). Batholith
formation involves fractionation of lighter material that forms the intermediate to felsic upper
crust leaving behind a mafic residuum in the lower crust and upper mantle composed of mafic

intrusive rocks and mafic and ultramafic cumulates (Ducea et al., 2015a, 2015b) that exhibit
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relatively fast seismic velocities. This transition from intermediate composition crust to more
mafic deeper crust varies but is often located between 20-30 km depth beneath arcs (Ducea et
al., 2015b). This depth range is consistent with our images, which show the top of the high
velocity anomaly at ~20 km depth. Haederle and Atherton (2002) modeled gravity across the
PCB and suggested it was underlain by dense material, also consistent with fast velocities in
the lower crust. Hence, it is likely that the deeper mafic root to the extensive PCB contributes

to the HVZ, at least beneath the coastal regions.

To the east of the Coastal Batholith are outcrops of a series of more recent batholiths,
including the CBB between ~9 and 11°S (Petford et al., 1996; Petford and Atherton, 1996).
The CBB was emplaced at a shallow depth (3-9 km depth) percolating through the thick
Peruvian crust between ~4-15 Ma and is the last intrusive emplacement before the flat slab cut
off arc magmatism (Cobbing, 1999; Margirier et al., 2016). Petford et al. (1996) suggested
that the CBB is related to mafic underplating as it showed very little crustal contamination
from the continental basement. Although outcrops of the CBB are only exposed across a
region ~150-200 km along-strike of the margin (Figure 4.10a), it is possible that it has a much
broader dense mafic residuum in the lower crust, similar to that of the Coastal Batholith, that
is unlikely to have been removed because it is underlain by a flat slab. The roots of the CBB
and other related intrusions likely also contribute to the HVZ and help to explain the

extension of the anomaly into the WC.

An alternative explanation for the HVZ is that it may be inherited from the Ordovician
accretion of allochthonous terranes (Ramos, 2010a, 2010b; Ramos et al., 2013). According to
Ramos et al. (2013) the FA has a high-grade pre-Andean basement of Grenvillian age called
the Paracas terrane accreted onto the margin. It is through this terrane that the PCB intruded.
The Grenvillian age suggests that the Paracas basement was emplaced before the final
formation of the Rodinia supercontinent. This implies a previous accretion in
Mesoproterozoic times, a detachment in the Neoproterozoic with the formation of oceanic
crust, and new accretion of high-grade rocks in the middle to late Ordovician. Hence, a
portion of the HVZ could be high velocity material of the Paracas basement. However, the

formation is unlikely to be pervasive enough to account for the entire the HVZ anomaly.
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With the current limitations in resolution of our ambient noise tomography and the
absence of additional affirmational evidence, we cannot distinguish between these potential
contributions to the HVZ. Instead, given that none of these explanations can alone explain the
broad extent of the anomaly, we suggest that the HVZ is the product of some combination of
each of these contributions. If true, this implies that a large volume of mafic magmatic root
from the Coastal Batholith is still attached and did not delaminate or founder during the

Jurassic and Cretaceous.

4.5.2 Andean low velocity zone

The change from the fast velocities beneath the FA and WC to the slower velocities
beneath the EC and SA (the LVZ) corresponds to the boundary between the lithospheric
slivers of the WPS and EPSS. The WPS and the EPSS are identified by their distinct motions
relative to stable South America (Nocquet et al., 2014; Villegas-Lanza et al., 2016), and they
suggest a major change in crustal composition from more mafic to more felsic composition
from west to east. The low S-wave velocities (3.2-3.4 km s™) in the LVZ are broadly
consistent with a felsic quartz-rich composition (Rudnick and Fountain, 1995). Ma and
Clayton (2014) and Lynner et al. (2018) each found similar low velocities at the same depths
beneath the Altiplano and Eastern Cordillera farther south in Peru (12°-14°S), which may be a
continuation of the Andean low velocity zone that has been widely mapped in the central
Andes (Yuan et al., 2000; Beck and Zandt, 2002). Our results could indicate that the Andean

low velocity zone extends as far north as northern Peru.

In order to further investigate possible contributing factors to the low velocity
anomaly, we look at the relationship between the crustal LVZ, Vp/Vs, and heat flow (Figure
4.10). We select a representative cross-section (B-B') in the study area (Figure 4.10) to
compare with heat flow and Vp/Vs. Vp/Vs is commonly used to estimate the bulk
composition of the crust, although there is a large range of values for any given rock type (e.g.
Christensen, 1996; Hacker et al., 2015). Vp/Vs usually ranges between 1.6 and 2.0 and is
sensitive to rock composition (silica content), usually exhibiting lower values for felsic quartz
rich compositions (1.71 — 1.78) and increased values for mafic compositions (1.78-1.9) (Zhao
et al., 2010; Hacker et al., 2015). The presence of fluids and partial melt are also known to
increase Vp/Vs (Watanabe, 1993). High Vp/Vs might also be related to high pore fluid
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pressure and crack anisotropy (Wang et al., 2012). Recent receiver function analysis in
northern Peru shows that there is higher average crustal Vp/Vs of ~1.78-1.8 in the EC region
and lower Vp/Vs of ~1.74 in the SA region, suggesting the potential for distinct compositions

of the EC and SA (Figure 4.10b) (Condori et al., 2017).
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Figure 4.10: Outline of the Peruvian Coastal Batholith and the Cordillera Blanco Batholith
plotted on top of our shear velocity map at a depth of 25 km and cross-section B-B’ from
Figure 4.2: a) Shear velocity map at 25 km depth showing the surface exposure of the
Peruvian Coastal Batholith (PCB) and the Cordillera Blanca Batholith (CBB) emplaced in the
Western Cordillera and the forearc (Cobbing, 1999; Margirier et al., 2016). b) Average Vp/Vs
(Condori et al., 2017) and Geothermal Heat Flow (Cardoso et al., 2010). c¢) Topography along
profile (GTOPO30, arc second). Absolute shear velocity structure along profile C-C’ with our
two anomalies (HVZ and LVZ) shaded, and the approximate location of the PCB and CBB

surface exposure shown. The red line shows the Moho depth from Condori et al. (2017).

The LVZ may also be related to fluid migration along major fault zones and strong
changes in crustal properties, especially when coincident with high Vp/Vs (Thurber, 2003;
Zhao et al., 1996; Poveda et al., 2018). Fluid migration along fault zones may explain both the
low velocities reported in this study and high bulk Vp/Vs of ~1.78-1.8 beneath the EC if the

faults, fractures, and shear zones at 20-35 km depth were extremely pervasive (Condori et al.,
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2017). The EC is a deformed NE-trending fold and thrust belt, and several authors have
documented crustal shortening, thickening, and uplift in this region, implying extensive, deep
faulting, though direct indication of fluids in the mid-crust is lacking (Fukao et al., 1989;
Aranda and Assumpcdo, 2013; Condori et al., 2017). The SA region has normal crustal Vp/Vs
and most of the active fold and thrust belt is in the upper crust and not in the mid crust (>20
km) where we image the low velocity anomaly (Figure 4.10c), suggesting that fluids cannot

explain the SA velocity structure and composition alone is sufficient.

The LVZ beneath the EC and SA, as well as the high velocities beneath the WC,
coincides with somewhat elevated heat flow values of ~60-80 mW/m?® when compared with
lower heat flow values of ~50 mW/m?* in the FA and AB (e.g., Cardoso et al., 2010;
Haraldsson, 2011) (Figure 4.10b). Heat flow measurements in Peru are very sparse and
scattered but these values are a hint that there is elevated high heat flow above the flat slab.
Most flat slabs are thought to contribute to cooling of the overriding plate as magmatism is
cut off due to the absence of asthenospheric input in the mantle wedge, but this region of the
Peruvian flat slab appears to have slightly elevated heat flow. The relatively high heat flow in
the WC could be reflecting the last stages of the active volcanic arc, which leads to the
hydrothermal activity and elevated temperatures as expressed by the many hot springs (Vargas
and Cruz, 2010). However, a widespread thermal anomaly would likely decrease the shear
velocity in the mid-crust of the WC rather than increase it. If we assume a generalized
explanation for the regional high heat flow, it is unlikely that this could explain the relatively
high heat flow in the EC and SA regions, although we note that the slab begins to re-subduct
beneath the SA region so mantle asthenosphere may be near the base of the lithosphere in the
east. The abundance of thermal springs above the Peruvian flat slab (~10°S) could be
explained through the transfer of large volumes of fluid from the slab to the overriding
lithosphere during flat-slab subduction that could alter the physical and chemical properties in
the mid-crust. Hiett et al. (2021) used helium isotope ratios (*He/*He) measured from springs
above the flat slab to demonstrate the widespread transfer of mantle-derived fluids through the
crust, suggesting active hydration of the continental crust above the flat slab. Thus, while the
LVZ is likely primarily a reflection of the more felsic crustal composition, it is possible that
the low S-wave velocities beneath the EC and SA are the combined result of both the felsic

composition and mantle derived fluids.
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4.6 Conclusions

We present a shear wave velocity model (Vs) across northern Peru from ambient noise
tomography. The surface wave tomography has been carried out using phase velocity
measurements in the period range 8-50 s extracted from stacked correlations of ambient noise
between station pairs. The results show clear variations of crustal shear velocity across the
region. We observe several features that roughly correlate to observed morphostructural units.
A velocity contrast across the WC and EC is imaged, which delineates two crustal structures
identified as the High Velocity Zone (HVZ) and a Low Velocity Zone (LVZ). The change in
shear velocity between the Western Cordillera and the Eastern Cordillera corresponds to the

boundary between tectonic slivers that have different GPS-derived velocities and directions.

We interpret the HVZ beneath the forearc and Western Cordillera as primarily the
result of the dense mafic root of the large Peruvian Coastal Batholith and other intrusive
complexes, with possible contributions from inheritance through accretion. We interpret the
mid-crustal LVZ beneath the Eastern Cordillera and Sub-Andes as more felsic crust with
some crustal fluids contributing to the low shear velocities and high Vp/Vs beneath the
Eastern Cordillera. The LVZ is likely a continuation of the Altiplano low velocity zone

imaged by numerous studies further south.
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Capitulo 5

5 Conclusoes

O proposito do presente trabalho de doutorado é fornecer novos dados e informacao
que melhorarem a compreensdo do entendimento geotectonico da estrutura da crosta,
dindmica do fluxo do manto superior e sua interacdo com o processo de subduccdo sub-
horizontal da placa de Nazca e a orogéneses no norte e centro do Peru. Com a instalacdo de
novas estacoes sismograficas de banda larga, principalmente nas regides norte e centro, e
incorporacdo das redes internacionais do Equador, Brasil e demais estacdes disponiveis, foi
possivel a ampliacdo dos métodos da divisdao de ondas cisalhantes e a tomografia sismica de

ruido ambiental no Peru.

A andlise dos resultados da anisotropia sismica em 45 estacOes sismograficas e
tomografia sismica de ruido ambiental em 29 estacdes sismograficas situadas no norte e

centro do Peru, permitiu inferir o seguinte:

© Pela primeira vez, com nossos resultados mostra-se um panorama completo sobre
os efeitos anisotropicos na zona de subduccdo da placa sub-horizontal de Nazca
(fla-slab) no Peru. Os resultados revelam um padrdo de anisotropia complexo com
variagOes distintas na divisdo de ondas cisalhantes ao longo da trincheira da zona

de subduccao;

© As observagdes da Divisdo de ondas cilhantes revelam dois padroes distintos de
anisotropia sismica embaixo subducgdo de tipo sub-horizontal do norte e do centro
do Peru. Na regido norte, os tempos médios de atraso (dt) variam entre 1,0 + 0,2 s
e 1,5 + 0,2 s com direcoes de polarizacdo rapida e orientadas predominantemente
ao ENE-WSW aproximadamente perpendicular a trincheira, paralela ao
movimento absoluto da placa de Nazca. No entanto, na regido central do Peru, as
direcOes de polarizacdao rapida mudam para uma orientacao SE-NW que é obliqua

com a trincheira;

© No norte do Peru, a Divisdo de ondas cilhantes parece refletir principalmente o
fluxo mais profundo do manto associado ao processo de subducdo da placa de

Nazca. Essas observagoes foram conferidas com os resultados dos altos valores de
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Ot nessas regides, além de isso, os resultados foram comparados com o modelo
tedrico de fluxo do manto de Hu et al. (2017). Em base a essas observacoes
sugerimos que os padroes da Divisdo de ondas cilhantes sdao devidos a sinais
anisotropicos de uma combinacdo de deformacao litosférica e cisalhamento sub-
litosférico resultante do movimento relativo do Bloco Sliver Peru inferidos a partir
de dados por posicionamento por satélites (GPS), proposto por Villegas-Lanza et

al. (2016);

© No centro do Peru, nossas medi¢oes da polarizacao rapida sdo consistentes com 0s
padrdes observados em estudos anteriores na porg¢ao sul da placa sub-horizontal de
Nazca, e se correlacionam bem com o movimento do bloco Peru Sliver Sub-
Andino mostrando uma evidéncia da deformacdo significativa na parte superior da

placa de Nazca;

© Os resultados da aplicacio da tomografia de ruido ambiental revelam
caracteristicas que se correlacionam com unidades morfoestruturais. Observamos
uma estrutura crustal média de baixa velocidade a uma profundidade de 25-35 km,
sob a Cordilheira Oriental e Sub-Andes e foi interpretada como uma crosta

intermedidria superior com composicdo félsica com presenca de alguns fluidos;

o Foram observadas anomalias de alta velocidade embaixo da Zona Costeira e a
Cordilheira Ocidental, o que poderia indicar a raiz mafica do Bat6lito peruano ou

embasamentos de um terreno acrecionado Ordoviciano;

o Com a caraterizacdo completa da anisotropia sismica na placa sub-horizontal de
Nazca, hipotetizamos que a Divisdao de ondas cilhantes e a deformagdo parecem
ser controlados pelo movimento do Bloco Sliver Peru sendo impulsionada pelo
movimento das outras placas circundantes e ndo necessariamente com conectado
ao manto mais profundo. No entanto, esta hipotese deve ser investigada mais
profundamente, com a incorporacdo da geodindmica e modelagem de fluxo do

manto;

Como recomendacdes é sugerido que para trabalhos futuros considerem-se estudos de

anisotropia crustal, para complementar os resultados obtidos neste estudo.
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Finalmente, este trabalho sera a base para futuras investigacGes para o estudo das
estruturas crustais e anisotropia sismica no norte e centro do Peru, usando métodos

sismologicos.
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Apéndice A

Coordenadas e periodo de operatividade das estacoes sismograficas utilizadas para o
estudo da Anisotropia Sismica (1) e Tomografia de Ruido Ambiental (x).

Tabela Al: Coordenadas das estagdes sismograficas das redes do Peru, Equador, CTBTO e
Brasil. CTBTO corresponde a rede mundial (Comprehensive Nuclear-Test-Ban Treaty
Organization). PE refere-se as estacOes pertencentes ao Rede Sismografica Nacional do
Instituto Geofisico do Peru, EC refere-se as estagdes pertencentes ao Rede Sismografica
Nacional do Instituto Geofisico do Equador e BR refere-se as estacdes pertencentes ao Rede

Sismografica Brasileira.

N Sta  Net. Uso Longitude Latitude Altitude Sensor Nome Pais
01 AS077— ATH GSN  ix —78.395 —7.135 3151 GMG - 3T Atahuallpa Peru
02 ARNL EC T —80.067 —3.548 44 CMG - 5T Arenillas  Equador
03 BOSC EC Tx —78.495 —3.151 1398 CMG - 5T San Juan Bosco FEquador
04 MCRA  EC Tx —179.954 —4.37 540 TC120 Macara Equador
05 ZUM EC T —79.144 —4.864 1286 7120 Zumba  Equador
06 CZSB BR Tx —72.705 —-7.73 196 T120P Cruzeiro do Sul Brasil
07 TBTG  BR  {% —69.909 —4.187 91 T120P Tabatinga Brasil
08 BAG PE T —78.508 —5.636 747 G40T Bagua Peru
09 BVTA PE Tk —176.606 —7.042 503 T40 Bellavista Peru
10 CBT PE Tx —78.521 —9.128 53 CMG - 3ESP Chimbote Peru
11 CHCH PE Tx —77.877 —6.227 2370 TCP —1208 Chachapoyas Peru
12 CHL PE T —80.158 —5.095 165 G40T Chulucanas Peru
13 CHO PE  ix —80.962 —5.167 221 T40 Chocan Peru
14 CLB PE T —81.236 —4.253 4 G40T Cabo Blanco Peru
15 CLL PE T —78.91 —6.184 1578 G40T Callyuc Peru
16 FIC PE T —80.097 —5.918 78 G40T Ficuar Peru
17 HCO PE T —76.249 —9.952 1966 G40T Hudnuco Peru
18 HYO PE * —75.321 —12.042 3330 T40 Huancayo Peru
19 HMY PE T* —78.119 —10.091 214 CMG - 3ESP Huarmey Peru
20 HUAC PE T* —77.606 —11.124 20 TC Huacho Peru
21 1QT PE T* —73.32 —3.816 105 T40 Iquitos Peru
22 LAM  PE 1 —76.524 —6.419 857 G40T Lamas Peru
23 LCN PE T —80.549 —4.641 145 G40T Lancones Peru
24 MNZN  PE  ix —76.343 —9.257 930 TC Monzén Peru
25 MTP PE T —80.194 —3.683 80 G40T Mata Palo Peru

GMG-3T: Giiralp; CMC-5T: Giiralp; TC120: Trillium Compact; T120P: Trillium; T40: Trillium;
CMG-3ESP: Giiralp; TCP-120S: Trillium; TC: Trillium Compact; STS-1: Streckeisen; CMC-40T:
Giralp.

Continua...........



N Sta Net. Uso Longitude Latitude Altitude Sensor Nome Pais

26 MOY PE T —76.994 —6.025 959 G40T Moyobamba Peru
27 NNA PE * —76.842 —11.988 575 STS —1 Naia  Peru
28 NCJ PE T —=77.307 —5.936 862 G40T Nueva Cajamarca Peru
29 NRJ PE T —177.505 —5.74 968 G40T Naranjos Peru
30 OXAP PFE Tx —75.398 —10.578 1840 CMG — 40T Ozxapampa Peru
31 PBER PFE Tx —74.941 —10.288 260 TCP —120S  Puerto Bermudez Peru
32 PBL PE T —77.119 5877 841 G40T Pueblo Libre Peru
33 PCHO PE % —179.682 —6.005 662 T40 Portachuelo  Peru
34 PCM PFE T —79.565 —7.407 37 G40T Pacasmayo Peru
35 pPCZ PE T —76.775 —6.272 881 G40T Pacayzapa Peru
36 PGO PE T —176.285 —6.329 222 G40T  P. de Caynarachi Peru
37 PIM PE  ix —69.187 —12.585 242 T40 Puerto Maldonado Peru
38 PUC PE Tx —74.668 —8.397 142 T40 Pucallpa  Peru
39 QRHC PFE Tx —78.854 —8.076 250 T40 Quirithuac  Peru
40 SMR PE T —77.118 —6.22 927 G40T San Marcos Peru
41 SNIG PE  ix —179.012 —5.125 1818 TCP — 1208 San Ignacio Peru
42 STPO PE % —74.632 —11.265 931 TCc Satipo Peru
43 TAR PEFE Tx —76.357 —6.496 358 CMG —40T Tarapoto Peru
44 TICA PE T —77.901 —-7.917 2819 TCP — 1208 Ticapampa Peru
45 YANA PE  ix —76.112 —10.638 3835 TCP —1208 Yanaquihua Peru
46 YLS PE Tx —77.889 —8.847 3208 T40 Huaylas Peru
47 YRM PE Tx —76.13 —5.897 149 T40 Yurimaguas Peru

GMG-3T: Giiralp; CMC-5T: Giiralp; TC120: Trillium Compact; T120P: Trillium; T40: Trillium;
CMG-3ESP: Giiralp; TCP-120S: Trillium; TC: Trillium Compact; STS-1: Streckeisen; CMC-40T:
Giralp.
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Figura Al: Grafico mostrando os periodos em que os dados foram obtidos nas estacdes para
o estudo da anisotropia sismica, barras em vermelho para a Rede SisNort, em castanho para a
rede temporal Moyobamba, em verde para a Rede do Equador, em rosa para a rede do Brasil,

em amarelo a rede CTBTO e em azul para a Rede Sismografica Nacional do IGP.
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Figura A2: Grafico mostrando os periodos em que os dados foram obtidos nas estacdes para
o estudo da tomografia de ruido de ambiente, barras em verde para a Rede do Equador, em
rosa para a Rede do Brasil, em amarelo para a rede CTBTO e em azul para a Rede

Sismografica Nacional do IGP.
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Apéndice B

Non-null measurements:

Table B1: Summary all individual non-null splitting measurements determined in this study using the transverse component minimum energy
(SC) method of Silver and Chan (1991). The STA and Net indicate the stations name and their corresponding networks, Date and Day indicates
the Date and Julian day of the events. Evla, Evlo, Dep, BAZ Anc and Mag indicate the latitude, longitude, depth, backazimuth, incidence angle
and magnitude (Mw) of the event. Phase is the teleseismic phases used to make the splitting measurements. Phi (®) and 6t are the splitting

parameters, Auto quality is the resulting quality determined based on the method and criteria defined by Wiistefeld and Bokelmann (2007).
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STA Net Date Day | EvLa | EvLo Dep | BAZ | Anc | Mag | Phase 10) ot | AutoQuality
ASO77-ATH | GSN | 16-Nov-2012 | 321 | 49.30 155.40 | 029.0 | 323.2 | 06.2 | 6.5 SKS -80.8 | 1.1 | FAIR
AS077-ATH | GSN | 07-Feb-2013 | 038 | -11.70 | 164.90 | 008.0 | 253.8 | 06.7 | 6.0 SKS | -66.2 | 0.8 | FAIR
ASO77-ATH | GSN | 24-Jun-2014 | 175 | 52.20 | 176.70 | 004.0 | 322.2 | 07.9 | 6.3 SKS | -82.2 | 1.5 | GOOD
ASO77-ATH | GSN | 07-Apr-2015 | 097 | -15.20 | -173.20 | 030.0 | 254.3 | 09.7 | 6.3 SKS | -63.7 | 0.7 | GOOD
AS077-ATH | GSN | 01-Jan-2016 | 001 | -50.60 | 139.40 | 010.0 | 205.2 | 06.8 | 6.3 SKS | -73.2 | 1.1 | GOOD
ASO77-ATH | GSN | 08-Sep-2016 | 252 | -54.60 | 158.70 | 010.0 | 209.8 | 08.2 | 6.1 SKS | -78.2 | 2.1 | GOOD
ASO077-ATH | GSN | 28-Jan-2015 | 028 | -21.00 | -178.30 | 484.0 | 247.8 | 08.9 | 6.2 SKS | -64.2 | 1.4 | GOOD
ASO077-ATH | GSN | 24-May-2015 | 144 | -19.40 | -176.00 | 010.0 | 249.8 | 12.8 | 6.2 | SKKS | -82.2 | 1.0 | FAIR
ASO77-ATH | GSN | 28-Apr-2015 | 118 | -20.90 | -178.60 | 581.0 | 247.8 | 08.8 | 6.1 SKS | -82.2 | 0.6 | FAIR
ASO077-ATH | GSN | 28-May-2016 | 149 | -22.00 | -178.20 | 406.0 | 246.8 | 09.0 | 6.9 SKS | -69.2 | 1.3 | GOOD
ASO077-ATH | GSN | 27-Mar-2017 | 086 | 52.80 | 172.30 | 020.0 | 323.3 | 07.5 | 6.2 SKS | -62.7 | 0.7 | FAIR
ASO77-ATH | GSN | 27-Jul-2015 208 | 52.40 | -169.40 | 029.0 | 322.1 | 09.1 | 6.9 SKS | -57.9 | 1.1 | FAIR
ASO77-ATH | GSN | 06-Jun-2016 | 158 | -30.00 | -177.80 | 044.0 | 239.0 | 09.4 | 6.1 SKS | -85.0 | 0.9 | FAIR
AS077-ATH | GSN | 30-May-2015 | 150 | 30.80 | 143.00 | 006.0 | 307.0 | 05.6 | 6.2 PKS | -85.0 | 0.7 | FAIR
AS077-ATH | GSN | 30-May-2015 | 150 | 27.80 | 140.50 | 664.0 | 304.2 | 04.9 | 7.8 PKS | -81.8 | 1.1 | FAIR

CZSB BR 13-Jul-2016 195 | -28.00 | -176.40 | 010.0 | 240.1 | 08.8 | 5.9 SKS | -57.9 | 1.0 | FAIR

CZSB BR 14-Apr-2016 | 105 | -14.50 | 166.40 | 016.0 | 249.2 | 06.3 | 6.4 SKS | -64.8 | 0.6 | GOOD
TBTG BR 24-Apr-2015 | 114 | -42.10 | 173.00 | 048.0 | 223.7 | 07.6 | 6.1 SKS -88.3 | 1.4 | GOOD
TBTG BR | 07-Aug-2015 | 219 | -02.10 | 028.90 | 011.0 | 092.8 | 08.8 | 5.8 SKS | -58.8 | 0.7 | FAIR

TBTG BR | 09-Aug-2015 | 221 | -27.50 | -176.20 | 010.0 | 240.7 | 08.2 | 5.8 SKS | -63.3 | 0.7 | GOOD
TBTG BR 07-Sep-2015 | 250 | -32.80 | -178.20 | 010.0 | 234.9 | 08.2 | 5.9 SKS | -89.1 | 0.8 | GOOD
TBTG BR 07-Sep-2015 | 250 | -32.80 | -177.90 | 017.0 | 235.0 | 08.2 | 6.3 SKS | -89.0 | 1.1 | GOOD
TBTG BR 01-Sep-2016 | 245 | -37.40 | 179.10 | 019.0 | 229.9 | 08.0 | 7.0 SKS | -82.1 | 0.8 | GOOD
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STA Net Date Day | EvLa | EvlLo Dep | BAZ | Anc | Mag | Phase 10) ot | AutoQuality
TBTG | BR | 14-Nov-2016 | 319 | -42.60 | 173.30 | 009.0 | 223.2 | 07.6 | 6.5 SKS | -88.8 | 1.7 | FAIR
TBTG | BR | 08-May-2017 | 128 | 51.70 | -178.60 | 013.0 | 322.6 | 07.9 | 6.2 SKS | -81.4 | 0.7 | FAIR
TBTG | BR | 15-Jun-2017 | 166 | -30.50 | -178.10 | 034.0 | 237.3 | 08.1 | 6.0 SKS | -68.7 | 0.7 | FAIR
TBTG | BR | 29-Jun-2017 | 180 | -31.10 | 179.90 | 405.0 | 236.2 | 07.8 | 6.0 SKS | -67.8 | 0.9 | GOOD
TBTG | BR | 11-Jul-2017 | 192 | -49.50 | 164.00 | 010.0 | 213.7 | 07.3 | 6.6 SKS | -83.7 | 1.1 | GOOD
TBTG | BR | 08-Oct-2017 | 281 | 52.40 | 176.80 | 119.0 | 324.0 | 07.5 | 6.5 SKS | -60.0 | 0.8 | FAIR
TBTG | BR | 22-Nov-2016 | 327 | -40.60 | 177.00 | 009.0 | 226.2 | 07.9 | 5.9 SKS | -81.8 | 1.2 | FAIR

ZUM | EC | 10-Jul-2016 | 192 | -15.00 | -172.90 | 008.0 | 254.7 | 12.8 | 5.8 | SKKS | 30.7 | 1.3 | GOOD

ZUM | EC | 08-Sep-2016 | 252 | -54.60 | 158.70 | 010.0 | 210.3 | 08.0 | 6.1 SKS | 56.3 | 1.6 | FAIR

ZUM | EC | 04-Nov-2017 | 308 | -15.30 | -173.20 | 010.0 | 254.4 | 09.8 | 6.8 SKS | 36.4 | 0.7 | FAIR

ZUM | EC | 31-Aug-2016 | 244 | -03.70 | 152.80 | 476.0 | 261.6 | 05.2 | 6.8 SKS | 47.6 | 1.5 | FAIR

ZUM | EC | 06-Apr-2016 | 097 | -14.10 | 166.60 | 024.0 | 252.7 | 11.9 | 6.7 | SKKS | 42.7 | 1.0 | FAIR

ZUM | EC | 17-Oct-2016 | 291 | -06.00 | 148.90 | 042.0 | 257.7 | 07.3 | 6.8 PKS | 43.7 | 1.0 | FAIR
ARNL | EC | 26-Oct-2016 | 300 | 43.00 | 013.10 | 010.0 | 047.2 | 09.4 | 6.1 SKS | 73.2 | 1.3 | GOOD
ARNL | EC | 30-Oct-2016 | 304 | 42.90 | 013.10 | 008.0 | 047.3 | 09.4 | 6.6 SKS | 77.3 | 1.1 | FAIR
ARNL | EC | 01-Dec-2017 | 335 | 30.70 | 057.30 | 009.0 | 051.0 | 07.4 | 6.1 PKS | 75.0 | 1.5 | FAIR
ARNL | EC | 05-Sep-2016 | 249 | -37.10 | 178.70 | 027.0 | 232.0 | 09.1 | 5.9 SKS | 86.0 | 1.3 | GOOD
ARNL | EC | 26-Jun-2016 | 178 | 39.50 | 073.30 | 013.0 | 030.3 | 05.2 | 6.4 PKS | 66.3 | 1.3 | FAIR
BOSC | EC | 07-Nov-2017 | 311 | -04.20 | 143.50 | 111.0 | 260.2 | 05.1 | 6.5 PKS | 50.2 | 0.7 | FAIR
BOSC | EC | 25-Nov-2016 | 330 | 39.30 | 074.00 | 017.0 | 031.0 | 05.4 | 6.6 PKS | 65.0 | 1.2 | FAIR
MCRA | EC | 08-Oct-2017 | 281 | -61.70 | 154.60 | 010.0 | 203.2 | 08.3 | 6.2 SKS | 63.2 | 1.3 | FAIR
MCRA | EC | 20-Mar-2016 | 080 | 54.30 | 162.80 | 030.0 | 326.7 | 07.3 | 6.4 SKS | 70.7 | 2.2 | GOOD
MCRA | EC | 08-Oct-2017 | 281 | 52.40 | 176.80 | 119.0 | 322.7 | 08.3 | 6.5 SKS | 70.7 | 1.1 | GOOD
MCRA | EC | 01-Dec-2017 | 335 | 30.70 | 057.30 | 009.0 | 051.6 | 06.1 | 6.1 PKS | 65.6 | 1.0 | GOOD

IQT PE | 26-Sep-2012 | 270 | 51.60 | -178.30 | 016.0 | 322.1 | 12.4 | 6.4 | SKKS | -71.9 | 1.1 | FAIR

1QT PE | 24-May-2013 | 144 | 54.90 153.20 | 598.0 | 332.1 | 11.6 | 83 | SKKS | -79.9 | 1.0 | GOOD

IQT PE 21-Jul-2013 202 | -41.70 | 174.30 | 017.0 | 225.3 | 08.0 | 6.5 SKS | -75.3 | 1.5 | FAIR

IQT PE | 30-Aug-2013 | 242 | 51.50 | -175.20 | 029.0 | 321.8 | 08.5 | 7.0 SKS | -72.2 | 1.1 | GOOD
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STA | Net Date Day | EvLa | EvLo Dep | BAZ | Anc | Mag | Phase 1) ot | AutoQuality
IQT PE | 04-May-2014 | 124 | -24.60 | 179.10 | 527.0 | 243.4 | 12.3 | 6.6 | SKKS | -88.6 | 1.2 | GOOD
QT PE | 21-Jul-2014 | 202 | -19.80 | -178.40 | 615.0 | 248.7 | 08.0 | 6.9 SKS | -87.3 | 1.1 | FAIR
IQT PE | 30-Mar-2015 | 089 | -15.40 | -172.90 | 015.0 | 253.8 | 08.8 | 6.4 SKS | -56.2 | 1.1 | GOOD
IQT PE | 24-Apr-2015 | 114 | -42.10 | 173.00 | 048.0 | 224.7 | 07.9 | 6.1 SKS -86.7 | 1.1 | GOOD
IQT PE | 29-May-2015 | 149 | 56.60 | -156.40 | 073.0 | 326.9 | 10.3 | 6.7 SKS -71.1 | 1.2 | FAIR
1QT PE 27-Jul-2015 208 | 52.40 | -169.40 | 029.0 | 322.3 | 09.1 | 6.9 SKS -71.7 | 1.1 | GOOD
IQT PE | 29-Jul-2015 | 210 | 59.90 | -153.20 | 119.0 | 330.4 | 10.5 | 6.3 SKS | -79.6 | 1.0 | GOOD
1QT PE | 27-May-2016 | 148 | -20.80 | -178.60 | 567.0 | 247.6 | 08.0 | 6.4 SKS -82.4 | 0.9 | FAIR
IQT PE | 28-May-2016 | 149 | -22.00 | -178.20 | 406.0 | 246.5 | 08.1 | 6.9 SKS -77.5 | 0.9 | FAIR
IQT PE | 07-Dec-2012 | 342 | 37.90 | 143.90 | 031.0 | 320.1 | 06.1 | 7.3 PKS | -83.9 | 0.8 | GOOD
QT PE | 30-May-2015 | 150 | 27.80 | 140.50 | 664.0 | 310.3 | 04.6 | 7.8 PKS | -75.7 | 0.7 | FAIR
IQT PE | 24-Feb-2017 | 055 | -23.30 | -178.80 | 414.0 | 245.1 | 08.1 | 6.9 SKS | -74.9 | 1.0 | GOOD
IQT PE | 26-Sep-2017 | 269 | -23.60 | -176.80 | 096.0 | 245.1 | 08.4 | 6.4 SKS | -66.9 | 0.7 | GOOD
1QT PE | 26-Sep-2012 | 270 | 51.60 | -178.30 | 016.0 | 322.1 | 08.2 | 6.4 SKS -77.9 | 1.1 | FAIR
IQT PE | 19-Apr-2013 | 109 | 46.20 | 150.80 | 110.0 | 325.0 | 05.7 | 7.2 SKS | -67.0 | 0.8 | GOOD
IQT PE | 26-Apr-2013 | 116 | -28.70 | -178.90 | 351.0 | 239.7 | 08.2 | 6.1 SKS | -80.3 | 0.6 | FAIR
IQT PE | 23-May-2013 | 143 | -23.00 | -177.20 | 174.0 | 245.6 | 08.3 | 7.4 SKS -78.4 | 0.7 | FAIR
IQT PE | 06-Oct-2017 | 279 | 37.50 | 144.00 | 009.0 | 319.6 | 06.0 | 6.2 PKS | -68.4 | 1.0 | GOOD
QT PE | 01-Sep-2016 | 245 | -37.40 | 179.10 | 019.0 | 230.7 | 12.5 | 7.0 | SKKS | -87.3 | 0.7 | GOOD
CBT PE | 25-Oct-2013 | 298 | 37.20 | 144.70 | 035.0 | 312.7 | 06.0 | 7.1 PKS | -84.7 | 1.3 | GOOD
CBT PE | 29-May-2015 | 149 | 56.60 | -156.40 | 073.0 | 327.4 | 10.0 | 6.7 SKS | -80.6 | 1.0 | GOOD
CBT PE | 12-Nov-2013 | 316 | 54.70 | 162.30 | 043.0 | 326.4 | 06.7 | 6.4 SKS | -87.6 | 0.9 | FAIR
BVTA | PE | 24-Feb-2017 | 055 | -23.30 | -178.80 | 414.0 | 245.2 | 08.7 | 6.9 SKS -52.8 | 0.5 | FAIR
BVTA | PE | 24-Sep-2016 | 268 | -18.20 | -175.00 | 202.0 | 250.8 | 09.2 | 6.4 SKS | -51.2 | 0.7 | FAIR
HUAC | PE | 07-Nov-2014 | 311 | -06.00 | 148.20 | 053.0 | 251.7 | 07.4 | 6.6 PKS | -60.3 | 1.1 | FAIR
HUAC | PE | 17-Oct-2016 | 291 | -06.00 | 148.90 | 042.0 | 252.0 | 07.3 | 6.8 PKS | -64.0 | 1.0 | GOOD
HUAC | PE | 21-Nov-2016 | 326 | 37.40 141.40 | 009.0 | 313.6 | 05.3 | 6.9 PKS | -804 | 1.1 | GOOD
HUAC | PE | 07-Nov-2017 | 311 | -04.20 | 143.50 | 111.0 | 251.6 | 05.3 | 6.5 PKS | -70.4 | 0.9 | GOOD
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STA | Net Date Day | EvLa | EvLo Dep | BAZ | Anc | Mag | Phase 10) ot | AutoQuality
HUAC | PE | 04-May-2014 | 124 | -24.60 | 179.10 | 527.0 | 243.1 | 08.8 | 6.6 SKS | -80.9 | 1.0 | FAIR
HUAC | PE | 23-Jun-2014 | 174 | -29.90 | -177.60 | 027.0 | 238.7 | 09.7 | 6.7 SKS | -61.3 | 0.8 | FAIR
HUAC | PE | 21-Jul-2014 | 202 | -19.80 | -178.40 | 615.0 | 248.4 | 08.9 | 6.9 SKS | -57.6 | 1.1 | GOOD
HUAC | PE | 01-Nov-2014 | 305 | -19.70 | -177.80 | 434.0 | 248.6 | 09.1 | 7.1 SKS | -57.4 | 1.0 | GOOD
HUAC | PE | 29-May-2015 | 149 | 56.60 | -156.40 | 073.0 | 327.2 | 09.6 | 6.7 SKS | -76.8 | 0.9 | GOOD
HUAC | PE | 29-Jul-2015 | 210 | 59.90 | -153.20 | 119.0 | 330.9 | 09.7 | 6.3 SKS | -81.1 | 1.3 | GOOD
HUAC | PE | 07-Sep-2015 | 250 | -32.80 | -178.20 | 010.0 | 235.8 | 09.7 | 5.9 SKS | -78.2 | 1.1 | GOOD
HUAC | PE | 07-Sep-2015 | 250 | -32.80 | -177.90 | 017.0 | 235.9 | 09.8 | 6.3 SKS | -76.1 | 1.2 | GOOD
HUAC | PE | 06-Jun-2016 | 158 | -30.00 | -177.80 | 044.0 | 238.6 | 09.7 | 6.1 SKS | -73.4 | 1.2 | GOOD
HUAC | PE 13-Jul-2016 195 | -28.00 | -176.40 | 012.0 | 240.8 | 09.8 | 6.3 SKS | -81.2 | 1.1 | GOOD
HUAC | PE | 24-Sep-2016 | 268 | -19.80 | -178.20 | 596.0 | 248.4 | 09.0 | 6.9 SKS | -53.6 | 0.9 | FAIR
HUAC | PE | 24-Feb-2017 | 055 | -23.30 | -178.80 | 414.0 | 244.9 | 09.1 | 6.9 SKS | -55.1 | 1.2 | GOOD
HUAC | PE | 26-Sep-2017 | 269 | -23.60 | -176.80 | 096.0 | 245.0 | 09.5 | 6.4 SKS | -59.0 | 1.4 | GOOD
HUAC | PE | 04-Nov-2017 | 308 | -15.30 | -173.20 | 010.0 | 253.9 | 09.8 | 6.8 SKS | -60.1 | 1.0 | GOOD
HUAC | PE | 12-Nov-2017 | 316 | 34.90 | 046.00 | 019.0 | 055.2 | 05.6 | 7.3 SKS | -64.8 | 1.2 | FAIR
HUAC | PE | 30-Mar-2015 | 089 | -15.40 | -172.90 | 015.0 | 253.9 | 09.8 | 6.4 SKS | -78.1 | 1.1 | FAIR
HUAC | PE | 08-Sep-2015 | 251 | -33.00 | -178.50 | 010.0 | 235.5 | 09.7 | 5.8 SKS | -70.5 | 0.8 | FAIR
HUAC | PE | 24-Jan-2016 | 024 | 59.60 | -153.40 | 129.0 | 330.6 | 09.7 | 7.1 SKS | -83.4 | 0.8 | GOOD
HUAC | PE | 30-Jan-2016 | 030 | 54.00 | 158.50 | 177.0 | 326.2 | 06.2 | 7.2 SKS | -83.8 | 1.3 | FAIR
HUAC | PE | 01-Feb-2016 | 032 | -30.80 | -180.00 | 391.0 | 237.4 | 09.3 | 6.2 SKS | -66.6 | 1.0 | GOOD
HUAC | PE | 27-May-2016 | 148 | -20.80 | -178.60 | 567.0 | 247.3 | 09.0 | 6.4 SKS | -76.7 | 0.8 | FAIR
HUAC | PE | 28-May-2016 | 149 | -22.00 | -178.20 | 406.0 | 246.3 | 09.1 | 6.9 SKS | -63.7 | 1.0 | GOOD
HUAC | PE | 10-Jul-2016 | 192 | -15.10 | -173.20 | 008.0 | 254.1 | 09.8 | 6.0 SKS | -55.9 | 0.8 | FAIR
HUAC | PE | 18-Oct-2017 | 291 | -20.60 | -173.80 | 010.0 | 248.6 | 09.9 | 6.1 SKS | -65.4 | 1.0 | GOOD
STPO | PE | 23-Jun-2014 | 174 | -30.00 | -177.70 | 020.0 | 237.9 | 09.3 | 6.9 SKS | -76.1 | 0.7 | FAIR
STPO | PE | 24-Jun-2014 | 175 | 52.20 176.70 | 004.0 | 321.8 | 07.2 | 6.3 SKS | -74.2 | 1.4 | GOOD
STPO | PE | 01-Nov-2014 | 305 | -19.70 | -177.80 | 434.0 | 247.9 | 08.7 | 7.1 SKS | -80.1 | 1.2 | FAIR
STPO | PE | 28-Jan-2015 | 028 | -21.00 | -178.30 | 484.0 | 246.5 | 08.6 | 6.2 SKS | -57.5 | 0.8 | FAIR
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STA | Net Date Day | EvLa | EvLo Dep | BAZ | Anc | Mag | Phase 10) ot | AutoQuality
STPO | PE | 24-Apr-2015 | 114 | -42.10 | 173.00 | 048.0 | 224.0 | 08.8 | 6.1 SKS | -72.0 | 1.7 | GOOD
STPO | PE | 29-May-2015 | 149 | 56.60 | -156.40 | 073.0 | 326.8 | 09.3 | 6.7 SKS | -71.2 | 1.0 | GOOD
STPO | PE | 07-Sep-2015 | 250 | -32.80 | -177.90 | 017.0 | 235.2 | 09.4 | 6.3 SKS | -76.8 | 0.7 | GOOD
STPO | PE | 01-Oct-2014 | 274 | -06.10 | 149.50 | 042.0 | 250.7 | 05.9 | 6.0 PKS | -75.3 | 0.9 | FAIR
STPO | PE | 07-Jul-2015 188 | 43.90 | 148.00 | 049.0 | 319.8 | 074 | 6.3 PKS | -72.2 | 0.7 | FAIR
STPO | PE | 07-Nov-2014 | 311 | -06.00 | 148.20 | 053.0 | 250.1 | 05.7 | 6.6 PKS | -71.9 | 1.1 | FAIR
STPO | PE | 26-Oct-2015 | 299 | 36.50 | 070.40 | 231.0 | 045.4 | 04.8 | 7.5 PKS | -78.6 | 1.1 | GOOD
STPO | PE | 30-Mar-2015 | 089 | -15.40 | -173.00 | 010.0 | 253.2 | 09.4 | 6.0 SKS | -62.8 | 1.1 | GOOD
STPO | PE | 30-Mar-2015 | 089 | -15.40 | -172.90 | 015.0 | 253.2 | 09.4 | 6.4 SKS | -48.8 | 0.7 | FAIR
STPO | PE | 20-May-2015 | 140 | -19.30 | -175.50 | 203.0 | 248.8 | 09.1 | 6.0 SKS | -73.2 | 1.1 | FAIR
STPO | PE | 30-May-2015 | 150 | -15.70 | -173.40 | 010.0 | 252.8 | 09.3 | 6.0 SKS | -61.2 | 0.8 | GOOD
STPO | PE | 07-Sep-2015 | 250 | -32.80 | -177.90 | 017.0 | 235.2 | 09.4 | 6.3 SKS | -76.8 | 0.7 | GOOD
STPO | PE | 30-Jun-2015 | 181 | -05.50 | 151.50 | 043.0 | 252.4 | 07.4 | 6.0 PKS | -61.6 | 0.8 | GOOD
CHO | PE | 17-Jul-2017 | 198 | 54.60 | 168.60 | 009.0 | 325.6 | 07.7 | 6.3 SKS 81.6 | 2.1 | GOOD
CHO | PE | 01-Jan-2016 | 001 | -50.60 | 139.40 | 010.0 | 206.9 | 06.7 | 6.3 SKS | 66.9 | 2.1 | GOOD
PCH | PE | 12-Dec-2017 | 346 | 30.70 | 057.30 | 012.0 | 053.0 | 05.9 | 6.0 PKS 71.0 | 0.9 | FAIR
PCH | PE | 08-Oct-2017 | 281 | -61.70 | 154.60 | 010.0 | 203.0 | 08.5 | 6.2 SKS 77.0 | 1.5 | FAIR
PCH | PE | 06-Jun-2016 | 158 | -30.00 | -177.80 | 044.0 | 239.2 | 09.5 | 6.1 SKS 72.8 | 0.5 | GOOD
PCH | PE | 26-Jun-2016 | 178 | 39.50 | 073.30 | 013.0 | 032.0 | 05.0 | 6.4 PKS 88.0 | 1.0 | FAIR
PCH | PE | 29-Jul-2016 | 211 | 18.50 | 145.50 | 196.0 | 290.1 | 05.6 | 7.7 | PKS | 76.1 | 0.8 | FAIR
PCH | PE | 17-Sep-2014 | 260 | 13.80 | 144.40 | 130.0 | 283.6 | 05.4 | 6.7 PKS 57.6 | 0.5 | GOOD
SNIG | PE | 30-Dec-2014 | 364 | -20.30 | -178.60 | 599.0 | 248.7 | 08.8 | 6.0 SKS 36.7 | 0.6 | FAIR
SNIG | PE | 07-Apr-2015 | 097 | -15.20 | -173.20 | 030.0 | 254.5 | 09.7 | 6.3 SKS 28.5 | 0.5 | GOOD
SNIG | PE | 20-May-2015 | 140 | -10.90 | 164.20 | 011.0 | 255.4 | 06.6 | 6.8 SKS 374 | 0.9 | FAIR
SNIG | PE | 24-May-2015 | 144 | -19.40 | -176.00 | 010.0 | 250.0 | 09.4 | 6.2 SKS 26.0 | 0.8 | GOOD
SNIG | PE | 18-Oct-2015 | 291 | -16.20 | -173.30 | 012.0 | 253.5 | 09.7 | 6.0 SKS 23.5 | 0.8 | FAIR
SNIG | PE | 26-Oct-2016 | 300 | -15.40 | -174.90 | 010.0 | 254.1 | 09.5 | 6.1 SKS 40.1 | 0.6 | FAIR
SNIG | PE | 18-Apr-2017 | 108 | -18.10 | -178.40 | 628.0 | 251.0 | 08.8 | 6.0 SKS | 33.0 | 1.0 | GOOD
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STA | Net Date Day | EvLa | EvLo Dep | BAZ | Anc | Mag | Phase 10) ot | AutoQuality
SNIG | PE | 25-Jun-2017 | 176 | -19.60 | -176.20 | 010.0 | 249.8 | 09.3 | 6.0 SKS | 19.8 | 0.8 | GOOD
SNIG | PE | 19-Aug-2017 | 231 | -18.00 | -178.80 | 544.0 | 251.1 | 08.7 | 6.4 SKS | 35.1 | 0.5 | FAIR
SNIG | PE | 08-Oct-2017 | 281 | -61.70 | 154.60 | 010.0 | 202.9 | 08.3 | 6.2 SKS | 50.9 | 1.6 | GOOD
SNIG | PE | 20-May-2015 | 140 | -19.30 | -175.50 | 203.0 | 250.1 | 09.4 | 6.0 SKS | 36.1 | 0.5 | FAIR
SNIG | PE | 17-Apr-2015 | 107 | -15.90 | -178.60 | 010.0 | 253.2 | 08.9 | 6.5 SKS | 27.2 | 0.6 | GOOD
SNIG | PE | 18-Feb-2009 | 049 | -27.40 | -176.30 | 025.0 | 242.0 | 09.5 | 7.0 SKS | 30.0 | 0.6 | FAIR
CHCH | PE | 07-Jul-2013 | 188 | -06.00 | 149.70 | 056.0 | 256.4 | 07.4 | 6.6 PKS | -61.6 | 0.5 | GOOD
CHCH | PE | 07-Dec-2012 | 342 | -38.40 | 176.10 | 163.0 | 229.6 | 08.8 | 6.3 SKS | -74.4 | 0.5 | FAIR
CHCH | PE | 04-May-2014 | 124 | -25.80 | 178.20 | 634.0 | 242.4 | 08.4 | 6.3 SKS | -69.6 | 0.5 | GOOD
CHCH | PE | 01-Oct-2013 | 274 | 53.20 | 152.80 | 573.0 | 328.5 | 06.2 | 6.7 SKS | -81.5 | 0.5 | FAIR
CHCH | PE | 12-Mar-2016 | 072 | 51.60 | -173.90 | 019.0 | 321.3 | 08.8 | 6.3 SKS | -80.7 | 1.7 | FAIR
CHCH | PE | 13-Jul-2016 | 195 | -28.00 | -176.40 | 012.0 | 241.1 | 09.4 | 6.3 SKS | -58.9 | 0.6 | FAIR
CHCH | PE | 02-Jan-2017 | 002 | -23.30 | 179.20 | 552.0 | 245.2 | 08.5 | 6.3 SKS | -72.8 | 1.3 | FAIR
CHCH | PE | 18-Oct-2017 | 291 | -20.60 | -173.80 | 010.0 | 248.9 | 09.6 | 6.1 SKS | -81.1 | 0.5 | FAIR
YRM | PE | 26-Apr-2013 | 116 | -28.70 | -178.90 | 351.0 | 239.8 | 08.7 | 6.1 SKS | -74.2 | 1.0 | GOOD
YRM | PE | 15-Jun-2013 | 166 | -33.90 | 179.40 | 195.0 | 234.4 | 08.7 | 6.0 SKS | -63.6 | 0.9 | GOOD
YRM | PE | 12-Aug-2013 | 224 | -30.60 | -179.70 | 341.0 | 237.8 | 08.7 | 6.1 SKS | -80.2 | 0.8 | GOOD
YRM | PE | 23-Jun-2014 | 174 | 51.80 178.70 | 109.0 | 322.1 | 08.0 | 7.9 SKS | -85.9 | 1.2 | FAIR
YRM | PE | 21-Jul-2014 | 202 | -19.80 | -178.40 | 615.0 | 248.8 | 08.5 | 6.9 SKS | -87.2 | 0.9 | FAIR
YRM | PE | 29-Jul-2015 | 210 | 59.90 | -153.20 | 119.0 | 330.7 | 10.4 | 6.3 SKS | -81.3 | 0.6 | FAIR
YRM | PE | 27-May-2016 | 148 | -20.80 | -178.60 | 567.0 | 247.7 | 08.5 | 6.4 SKS | -80.3 | 1.2 | FAIR
YRM | PE | 20-Sep-2017 | 263 | 38.00 | 144.70 | 011.0 | 316.9 | 07.4 | 6.1 PKS | -81.1 | 0.9 | GOOD
YRM | PE | 26-Sep-2012 | 270 | 51.60 | -178.30 | 016.0 | 321.6 | 08.2 | 6.4 SKS | -62.4 | 0.9 | FAIR
YRM | PE | 01-Nov-2014 | 305 | -19.70 | -177.80 | 434.0 | 249.0 | 08.6 | 7.1 SKS | -87.0 | 1.0 | FAIR
YRM | PE | 29-May-2015 | 149 | 56.60 | -156.40 | 073.0 | 327.1 | 10.3 | 6.7 SKS | -84.9 | 1.1 | FAIR
YRM | PE 27-Jul-2015 208 | 52.40 | -169.40 | 029.0 | 322.1 | 09.1 | 6.9 SKS | -69.9 | 1.0 | FAIR
YRM | PE | 28-May-2016 | 149 | -22.00 | -178.20 | 406.0 | 246.6 | 08.6 | 6.9 SKS | -73.4 | 1.0 | FAIR
YRM | PE | 06-Oct-2017 | 279 | 37.50 | 144.00 | 009.0 | 316.7 | 06.1 | 6.2 PKS | -81.3 | 0.8 | FAIR
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STA | Net Date Day | EvLa | EvLo Dep | BAZ | Anc | Mag | Phase 10} ot | AutoQuality
YRM | PE | 26-Apr-2009 | 116 | -30.30 | -178.60 | 132.0 | 238.3 | 08.9 | 6.1 SKS | -77.7 | 1.1 | GOOD
YRM | PE | 19-Mar-2009 | 078 | -23.00 | -174.70 | 031.0 | 246.1 | 09.3 | 7.6 SKS | -65.9 | 0.8 | FAIR
TAR | PE | 05-Apr-2017 | 095 | 35.80 | 060.40 | 013.0 | 047.2 | 07.3 | 6.1 PKS | -80.8 | 0.6 | GOOD
TAR | PE | 20-Sep-2017 | 263 | 38.00 | 144.70 | 011.0 | 316.5 | 07.4 | 6.1 PKS | -81.5 | 0.6 | GOOD
TAR | PE | 24-Feb-2017 | 055 | -23.30 | -178.80 | 414.0 | 245.2 | 08.6 | 6.9 SKS | -76.8 | 0.8 | FAIR
TAR | PE | 29-Jun-2017 | 180 | -31.10 | 179.90 | 405.0 | 237.2 | 08.7 | 6.0 SKS | -78.8 | 0.6 | FAIR
TAR | PE | 24-May-2013 | 144 | 52.20 | 151.40 | 624.0 | 328.5 | 05.9 | 6.7 SKS | -83.5 | 0.8 | GOOD
PUC PE | 14-Aug-2012 | 227 | 49.80 145.10 | 583.0 | 328.9 | 11.0 | 7.7 | SKKS | -81.1 | 1.5 | GOOD
PUC | PE | 04-Sep-2013 | 247 | 51.60 | -174.80 | 020.0 | 321.1 | 08.2 | 6.5 SKS | -78.9 | 0.8 | GOOD
PUC | PE | 12-Nov-2013 | 316 | 54.70 | 162.30 | 043.0 | 327.5 | 06.5 | 6.4 SKS | -60.5 | 0.9 | FAIR
PUC | PE | 29-Jul-2015 | 210 | 59.90 | -153.20 | 119.0 | 330.5 | 09.9 | 6.3 SKS | -75.5 | 0.6 | GOOD
PUC | PE | 07-Dec-2012 | 342 | 37.90 | 143.90 | 031.0 | 316.4 | 05.6 | 7.3 PKS | -784 | 0.6 | GOOD
PUC PE 11-Jul-2014 192 | 37.00 142.50 | 020.0 | 316.2 | 05.4 | 6.5 PKS | -82.2 | 1.0 | GOOD
PUC | PE | 26-Feb-2014 | 057 | 53.60 | -171.80 | 265.0 | 323.1 | 08.4 | 6.1 SKS | -84.9 | 0.9 | FAIR
PUC | PE | 06-Oct-2017 | 279 | 37.50 | 144.00 | 009.0 | 315.9 | 05.6 | 6.2 PKS | -84.1 | 0.8 | FAIR
TICA | PE | 15-Jun-2017 | 166 | -30.50 | -178.10 | 034.0 | 238.3 | 09.4 | 6.0 SKS | -69.7 | 0.8 | GOOD
TICA | PE | 17-Jul-2017 | 198 | 54.60 | 168.60 | 009.0 | 325.6 | 07.2 | 6.3 SKS | -744 | 1.6 | GOOD
TICA | PE | 25-Dec-2015 | 359 | 36.50 | 071.10 | 206.0 | 039.9 | 04.8 | 6.3 PKS | -65.9 | 1.0 | FAIR
TICA | PE | 24-Jun-2014 | 175 | 52.20 | 176.70 | 004.0 | 322.1 | 07.8 | 6.3 SKS | -85.9 | 0.8 | GOOD
TICA | PE | 19-Jul-2014 | 200 | -15.80 | -174.50 | 227.0 | 253.4 | 12.8 | 6.2 | SKKS | -72.6 | 0.7 | FAIR
TICA | PE | 29-May-2015 | 149 | 56.60 | -156.40 | 073.0 | 327.3 | 10.1 | 6.7 SKS | -84.7 | 1.3 | GOOD
TICA | PE | 17-Nov-2015 | 321 | 38.70 | 020.60 | 011.0 | 052.0 | 08.3 | 6.5 SKS | -76.0 | 1.2 | FAIR
QRHC | PE | 15-Jun-2017 | 166 | -30.50 | -178.10 | 034.0 | 238.5 | 09.5 | 6.0 SKS | -67.5 | 1.3 | FAIR
QRHC | PE | 08-Oct-2017 | 281 | -61.70 | 154.60 | 010.0 | 202.6 | 08.7 | 6.2 SKS | -72.6 | 1.1 | GOOD
QRHC | PE | 20-Sep-2017 | 263 | 38.00 | 144.70 | 011.0 | 314.3 | 07.3 | 6.1 PKS | -84.3 | 1.1 | GOOD
QRHC | PE | 30-Dec-2014 | 364 | -20.30 | -178.60 | 599.0 | 248.4 | 08.9 | 6.0 SKS | -77.6 | 1.3 | FAIR
QRHC | PE | 16-Apr-2015 | 106 | 35.20 | 026.80 | 020.0 | 055.6 | 07.5 | 6.0 SKS | -86.4 | 0.8 | GOOD
QRHC | PE | 28-Apr-2015 | 118 | -20.90 | -178.60 | 581.0 | 247.8 | 09.0 | 6.1 SKS | -76.2 | 0.9 | FAIR
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STA | Net Date Day | EvLa | EvLo Dep | BAZ | Anc | Mag | Phase 10} ot | AutoQuality
QRHC | PE | 20-May-2015 | 140 | -19.30 | -175.50 | 203.0 | 249.9 | 09.5 | 6.0 SKS | -70.1 | 0.7 | GOOD
QRHC | PE | 23-Oct-2015 | 296 | -45.80 | 037.20 | 010.0 | 140.2 | 08.3 | 6.0 SKS | -77.8 | 1.1 | FAIR
QRHC | PE | 26-Oct-2015 | 299 | 36.50 | 070.40 | 231.0 | 039.9 | 04.7 | 7.5 PKS | -85.9 | 0.5 | FAIR
QRHC | PE | 11-Nov-2016 | 316 | 38.50 141.60 | 042.0 | 316.4 | 05.9 | 6.1 PKS | -79.6 | 1.2 | GOOD
QRHC | PE | 01-Feb-2016 | 032 | -30.80 | -180.00 | 391.0 | 237.9 | 09.2 | 6.2 SKS | -60.1 | 0.7 | FAIR
QRHC | PE | 21-Jun-2015 | 172 | -20.40 | -178.30 | 563.0 | 248.3 | 09.0 | 6.0 SKS | -70.7 | 0.6 | FAIR
QRHC | PE | 25-Jun-2015 | 176 | -32.10 | -178.30 | 010.0 | 236.9 | 09.6 | 6.0 SKS | -63.1 | 1.2 | FAIR
QRHC | PE | 07-Sep-2015 | 250 | -32.80 | -177.90 | 017.0 | 236.2 | 09.7 | 6.3 SKS | -78.8 | 1.2 | FAIR
QRHC | PE | 25-Dec-2015 | 359 | 36.50 | 071.10 | 206.0 | 039.3 | 04.7 | 6.3 PKS | -72.7 | 0.9 | FAIR

HMY | PE | 17-Oct-2016 | 291 | -06.00 | 148.90 | 042.0 | 253.0 | 07.3 | 6.8 PKS | -49.0 | 1.0 | FAIR
HMY | PE | 29-May-2015 | 149 | 56.60 | -156.40 | 073.0 | 327.3 | 09.8 | 6.7 SKS | -58.7 | 1.1 | FAIR
HMY | PE | 24-Jan-2016 | 024 | 59.60 | -153.40 | 129.0 | 330.7 | 12.8 | 7.1 | SKKS | -63.3 | 1.3 | FAIR
HMY | PE 13-Jul-2016 195 | -28.00 | -176.40 | 012.0 | 241.0 | 09.8 | 6.3 SKS -71.0 | 1.1 | FAIR
HMY | PE | 20-Sep-2017 | 263 | 38.00 144.70 | 011.0 | 313.3 | 05.9 | 6.1 PKS | -67.3 | 1.1 | FAIR

HMY | PE | 24-Sep-2016 | 268 | -19.80 | -178.20 | 596.0 | 248.6 | 09.0 | 6.9 SKS | -68.4 | 0.8 | FAIR

HMY | PE | 27-May-2016 | 148 | -20.80 | -178.60 | 567.0 | 247.6 | 09.0 | 6.4 SKS | -69.4 | 0.9 | FAIR

HMY | PE | 01-Nov-2014 | 305 | -19.70 | -177.80 | 434.0 | 248.8 | 09.1 | 7.1 SKS -69.2 | 1.1 | FAIR

HMY | PE | 26-Sep-2017 | 269 | -23.60 | -176.80 | 096.0 | 245.2 | 09.5 | 6.4 SKS | -80.8 | 1.0 | FAIR

YLS PE | 02-Jan-2017 | 002 | -23.30 | 179.20 | 552.0 | 244.8 | 08.7 | 6.3 SKS | -71.2 | 0.9 | GOOD

YLS PE | 19-Aug-2017 | 231 | -18.00 | -178.80 | 544.0 | 250.4 | 08.8 | 6.4 SKS | -55.6 | 1.0 | GOOD

YLS PE | 21-Dec-2012 | 356 | -14.30 | 167.30 | 201.0 | 250.7 | 12.0 | 6.7 | SKKS | -59.3 | 1.1 | GOOD

YLS PE | 12-Aug-2013 | 224 | -30.60 | -179.70 | 341.0 | 237.8 | 09.2 | 6.1 SKS -58.2 | 1.0 | FAIR

YLS PE | 24-Jun-2014 | 175 | 52.20 | 176.70 | 004.0 | 322.0 | 07.6 | 6.3 SKS | -66.0 | 1.5 | GOOD

YLS PE | 20-May-2015 | 140 | -19.30 | -175.50 | 203.0 | 249.7 | 09.4 | 6.0 SKS | -58.3 | 0.7 | FAIR

YLS PE | 30-May-2015 | 150 | -15.70 | -173.40 | 010.0 | 253.6 | 09.7 | 6.0 SKS | -52.4 | 1.2 | FAIR

YLS PE | 21-Jun-2015 | 172 | -20.40 | -178.30 | 563.0 | 248.1 | 08.9 | 6.0 SKS | -83.9 | 0.9 | FAIR

YLS PE | 24-Sep-2016 | 268 | -19.80 | -178.20 | 596.0 | 248.7 | 08.9 | 6.9 SKS | -69.3 | 0.7 | FAIR

YLS PE | 07-Dec-2012 | 342 | 37.90 | 143.90 | 031.0 | 314.5 | 06.0 | 7.3 PKS | -73.5 | 0.7 | FAIR
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STA | Net Date Day | EvLa | EvLo Dep | BAZ | Anc | Mag | Phase 10) ot | AutoQuality
YLS PE | 30-May-2015 | 150 | 30.80 | 143.00 | 006.0 | 305.8 | 05.4 | 6.2 PKS | -82.2 | 1.2 | GOOD
YLS PE | 26-Feb-2014 | 057 | 53.60 | -171.80 | 265.0 | 323.1 | 08.6 | 6.1 SKS | -56.9 | 0.7 | FAIR
YLS | PE | 25-Jun-2015 | 176 | -32.10 | -178.30 | 010.0 | 236.7 | 09.5 | 6.0 SKS | -57.3 | 1.3 | FAIR
YLS PE 29-Jul-2015 210 | 59.90 | -153.20 | 119.0 | 331.0 | 10.1 | 6.3 SKS | -87.0 | 1.0 | FAIR
YLS PE | 27-May-2016 | 148 | -20.80 | -178.60 | 567.0 | 247.6 | 08.9 | 6.4 SKS | -80.4 | 0.7 | FAIR
YLS PE | 14-May-2013 | 134 | 18.70 | 145.30 | 602.0 | 288.0 | 05.0 | 6.8 PKS | -88.0 | 1.1 | FAIR
YLS PE | 20-Sep-2017 | 263 | 38.00 | 144.70 | 011.0 | 314.2 | 06.1 | 6.1 PKS | -87.8 | 0.8 | FAIR
YANA | PE | 21-Jul-2014 | 202 | -19.80 | -178.40 | 615.0 | 248.1 | 08.7 | 6.9 SKS |-59.9 | 0.9 | GOOD
YANA | PE | 01-Nov-2014 | 305 | -19.70 | -177.80 | 434.0 | 248.3 | 08.8 | 7.1 SKS | -55.7 | 1.0 | FAIR
YANA | PE | 29-Mar-2015 | 088 | -04.70 | 152.60 | 041.0 | 254.9 | 05.0 | 7.5 SKS | -55.1 | 1.2 | FAIR
YANA | PE | 30-Mar-2015 | 089 | -15.40 | -172.90 | 015.0 | 253.6 | 09.6 | 6.4 SKS | -72.4 | 1.1 | FAIR
YANA | PE | 07-Apr-2015 | 097 | -15.20 | -173.20 | 030.0 | 253.7 | 09.5 | 6.3 SKS | -56.3 | 1.0 | GOOD
YANA | PE | 28-Apr-2015 | 118 | -20.90 | -178.60 | 581.0 | 247.0 | 08.7 | 6.1 SKS | -77.0 | 0.9 | FAIR
YANA | PE | 24-May-2015 | 144 | -19.40 | -176.00 | 010.0 | 249.0 | 09.3 | 6.2 SKS | -75.0 | 1.1 | GOOD
YANA | PE | 12-Jun-2015 | 163 | -15.70 | -173.00 | 048.0 | 253.3 | 09.6 | 6.0 SKS | -64.7 | 1.2 | GOOD
YANA | PE | 21-Jun-2015 | 172 | -20.40 | -178.30 | 563.0 | 247.5 | 08.8 | 6.0 SKS | -66.5 | 0.9 | FAIR
YANA | PE | 06-Aug-2015 | 218 | -26.50 | -178.30 | 269.0 | 241.6 | 09.1 | 6.0 SKS | -60.4 | 0.7 | FAIR
YANA | PE | 07-Sep-2015 | 250 | -32.80 | -177.90 | 017.0 | 235.6 | 09.5 | 6.3 SKS | -76.4 | 1.1 | GOOD
YANA | PE | 01-Feb-2016 | 032 | -30.80 | -180.00 | 391.0 | 237.1 | 09.0 | 6.2 SKS | -70.9 | 1.2 | FAIR
YANA | PE | 03-Apr-2016 | 094 | -14.30 | 166.90 | 026.0 | 249.4 | 06.8 | 6.9 SKS | -72.6 | 1.1 | FAIR
YANA | PE | 27-May-2016 | 148 | -20.80 | -178.60 | 567.0 | 247.0 | 08.7 | 6.4 SKS | -59.0 | 0.8 | GOOD
YANA | PE 13-Jul-2016 195 | -28.00 | -176.40 | 012.0 | 240.5 | 09.5 | 6.3 SKS | -75.5 | 0.7 | GOOD
YANA | PE | 07-Nov-2014 | 311 | -06.00 | 148.20 | 053.0 | 251.4 | 05.9 | 6.6 PKS | -76.6 | 0.9 | FAIR
YANA | PE | 17-Oct-2016 | 291 | -06.00 | 148.90 | 042.0 | 251.7 | 06.0 | 6.8 PKS | -68.3 | 0.9 | FAIR
YANA | PE | 07-Nov-2017 | 311 | -04.20 | 143.50 | 111.0 | 251.3 | 05.1 | 6.5 PKS | -66.7 | 0.9 | GOOD
YANA | PE | 24-Feb-2017 | 055 | -23.30 | -178.80 | 414.0 | 244.6 | 12.6 | 6.9 | SKKS | -69.4 | 0.9 | GOOD
YANA | PE | 26-Sep-2017 | 269 | -23.60 | -176.80 | 096.0 | 244.8 | 09.3 | 6.4 SKS | -71.2 | 0.8 | GOOD
YANA | PE | 18-Oct-2017 | 291 | -20.60 | -173.80 | 010.0 | 248.3 | 09.6 | 6.1 SKS | -77.7 | 1.1 | FAIR
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STA | Net Date Day | EvLa | EvLo Dep | BAZ | Anc | Mag | Phase 10) ot | AutoQuality
YANA | PE | 04-Nov-2017 | 308 | -15.30 | -173.20 | 010.0 | 253.6 | 09.5 | 6.8 SKS | -50.4 | 1.3 | FAIR
YANA | PE | 12-Apr-2014 | 102 | -11.30 | 162.10 | 023.0 | 251.0 | 06.2 | 7.6 SKS | -62.0 | 0.8 | FAIR
YANA | PE | 04-May-2014 | 124 | -24.60 | 179.10 | 527.0 | 242.8 | 08.6 | 6.6 SKS | -81.2 | 0.8 | FAIR
YANA | PE | 23-Jun-2014 | 174 | -29.90 | -177.60 | 027.0 | 238.4 | 09.4 | 6.7 SKS | -57.6 | 1.0 | FAIR
YANA | PE | 23-Jun-2014 | 174 | -30.00 | -177.70 | 020.0 | 238.3 | 09.4 | 6.9 SKS | -83.7 | 0.8 | FAIR
YANA | PE | 25-Sep-2014 | 268 | 61.90 | -151.80 | 109.0 | 332.9 | 09.7 | 6.2 SKS | -61.1 | 1.0 | FAIR
YANA | PE | 29-May-2015 | 149 | 56.60 | -156.40 | 073.0 | 327.1 | 09.6 | 6.7 SKS | -50.9 | 1.0 | FAIR
YANA | PE | 09-Nov-2015 | 313 | 51.60 | -173.10 | 015.0 | 320.9 | 08.2 | 6.5 SKS | -71.1 | 0.7 | FAIR
YANA | PE | 24-Sep-2016 | 268 | -18.20 | -175.00 | 202.0 | 250.4 | 09.3 | 6.4 SKS | -75.6 | 1.0 | FAIR
YANA | PE | 03-Jan-2017 | 003 | -19.40 | 176.10 | 012.0 | 247.1 | 08.2 | 6.9 SKS | -84.9 | 1.0 | FAIR
MNZN | PE | 24-Feb-2017 | 055 | -23.30 | -178.80 | 414.0 | 244.8 | 08.8 | 6.9 SKS | -79.2 | 0.6 | FAIR
MNZN | PE | 26-Sep-2017 | 269 | -23.60 | -176.80 | 096.0 | 244.9 | 09.2 | 6.4 SKS | -81.1 | 0.7 | FAIR
MNZN | PE | 30-Dec-2014 | 364 | -20.30 | -178.60 | 599.0 | 247.8 | 08.7 | 6.0 SKS | -74.2 | 0.8 | FAIR
MNZN | PE | 28-Apr-2015 | 118 | -20.90 | -178.60 | 581.0 | 247.2 | 08.7 | 6.1 SKS | -60.8 | 0.6 | FAIR
MNZN | PE | 20-May-2015 | 140 | -10.90 | 164.20 | 011.0 | 252.8 | 06.4 | 6.8 SKS | -67.2 | 1.1 | GOOD
MNZN | PE | 29-Jul-2015 | 210 | 59.90 | -153.20 | 119.0 | 330.7 | 09.9 | 6.3 SKS | -61.3 | 0.7 | GOOD
MNZN | PE | 24-Sep-2016 | 268 | -18.20 | -175.00 | 202.0 | 250.6 | 09.3 | 6.4 SKS | -59.4 | 0.8 | FAIR
MNZN | PE | 20-Feb-2015 | 051 | 39.80 | 143.60 | 010.0 | 317.5 | 05.9 | 6.2 PKS | -85.5 | 1.1 | GOOD
MNZN | PE | 07-Nov-2017 | 311 | -04.20 | 143.50 | 111.0 | 252.9 | 05.0 | 6.5 PKS | -85.1 | 1.2 | FAIR
MNZN | PE | 01-Dec-2017 | 335 | -06.10 | 147.70 | 034.0 | 252.3 | 05.8 | 6.0 | PKS | -75.7 | 0.9 | FAIR
MNZN | PE | 18-Oct-2017 | 291 | -20.60 | -173.80 | 010.0 | 248.4 | 09.6 | 6.1 SKS | -83.6 | 0.8 | FAIR
MNZN | PE | 17-Oct-2016 | 291 | -06.00 | 148.90 | 042.0 | 253.0 | 06.0 | 6.8 PKS | -62.0 | 0.9 | FAIR
MNZN | PE | 12-Jun-2015 | 163 | -15.70 | -173.00 | 048.0 | 253.4 | 09.5 | 6.0 SKS | -80.6 | 1.1 | FAIR
PBER | PE | 27-May-2016 | 148 | -20.80 | -178.60 | 567.0 | 246.8 | 08.6 | 6.4 SKS | -83.2 | 0.8 | FAIR
PBER | PE | 13-Jul-2016 | 195 | -28.00 | -176.40 | 012.0 | 240.3 | 09.3 | 6.3 SKS | -63.7 | 1.0 | GOOD
PBER | PE | 01-Dec-2017 | 335 | 30.70 | 057.30 | 009.0 | 057.9 | 07.4 | 6.1 PKS | -68.1 | 0.6 | GOOD
PBER | PE | 31-Aug-2016 | 244 | -03.70 | 152.80 | 476.0 | 256.1 | 06.1 | 6.8 PKS | -81.9 | 0.9 | FAIR
PBER | PE | 17-Oct-2016 | 291 | -06.00 | 148.90 | 042.0 | 251.5 | 05.8 | 6.8 PKS | -82.5 | 1.1 | FAIR
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STA | Net Date Day | EvLa | EvlLo Dep | BAZ | Anc | Mag | Phase 10) ot | AutoQuality
HCO PE | 18-Oct-2017 | 291 | -20.60 | -173.80 | 010.0 | 248.4 | 09.6 | 6.1 SKS | -49.6 | 0.6 | FAIR
HCO | PE | 21-Jul-2014 | 202 | -19.80 | -178.40 | 615.0 | 248.2 | 08.7 | 6.9 SKS | -67.8 | 0.7 | GOOD
HCO | PE | 01-Nov-2014 | 305 | -19.70 | -177.80 | 434.0 | 248.5 | 08.8 | 7.1 SKS | -51.5 | 0.5 | FAIR
HCO | PE | 26-Sep-2017 | 269 | -23.60 | -176.80 | 096.0 | 244.8 | 09.2 | 6.4 SKS | -45.2 | 0.9 | FAIR
HCO PE | 04-May-2014 | 124 | -24.60 | 179.10 | 527.0 | 242.9 | 08.6 | 6.6 SKS | -41.1 | 1.2 | FAIR
OXAP | PE | 20-Oct-2012 | 294 | -13.60 | 166.60 | 036.0 | 249.9 | 11.8 | 6.2 | SKKS | -48.1 | 1.6 | FAIR
OXAP | PE | 26-Apr-2013 | 116 | -28.70 | -178.90 | 351.0 | 239.2 | 09.0 | 6.1 SKS | -68.8 | 0.7 | GOOD
OXAP | PE 13-Jul-2016 195 | -28.00 | -176.40 | 012.0 | 2404 | 09.4 | 6.3 SKS | -59.6 | 0.8 | FAIR
OXAP | PE | 23-May-2013 | 143 | -23.00 | -177.20 | 174.0 | 245.1 | 09.1 7.4 SKS | -74.9 | 0.8 | FAIR
OXAP | PE | 24-Jan-2016 | 024 | 59.60 | -153.40 | 129.0 | 330.3 | 09.6 | 7.1 SKS | -68.7 | 0.9 | FAIR
OXAP | PE | 01-Feb-2016 | 032 | -30.80 | -180.00 | 391.0 | 236.9 | 08.9 | 6.2 SKS | -61.1 | 1.0 | FAIR
OXAP | PE | 27-May-2016 | 148 | -20.80 | -178.60 | 567.0 | 246.9 | 08.6 | 6.4 SKS | -51.1 | 0.9 | FAIR
OXAP | PE | 24-Feb-2017 | 055 | -23.30 | -178.80 | 414.0 | 244.4 | 08.8 | 6.9 SKS | -49.6 | 1.0 | FAIR
PTM | PE | 18-Oct-2017 | 291 | -20.60 | -173.80 | 010.0 | 246.5 | 08.7 | 6.1 SKS | -73.5 | 0.8 | FAIR
PTM PE | 08-Oct-2017 | 281 | 52.40 | 176.80 | 119.0 | 322.2 | 06.6 | 6.5 SKS | -59.8 | 0.8 | FAIR
PTM | PE | 10-Apr-2016 | 101 | 36.50 | 071.10 | 212.0 | 049.1 | 05.1 | 6.6 PKS | -64.9 | 1.3 | GOOD
PGO PE | 09-Aug-2015 | 221 | -27.50 | -176.20 | 010.0 | 241.5 | 09.2 | 5.8 SKS | -62.5 | 0.8 | FAIR
PGO | PE | 27-Jul-2015 | 208 | 52.40 | -169.40 | 029.0 | 322.1 | 09.0 | 6.9 SKS | -75.9 | 0.9 | FAIR
PGO | PE | 13-Jul-2016 | 195 | -28.00 | -176.40 | 012.0 | 240.9 | 09.2 | 6.3 SKS | -73.1 | 1.0 | GOOD
PGO | PE | 28-May-2016 | 149 | -22.00 | -178.20 | 406.0 | 246.6 | 08.7 | 6.9 SKS | -67.4 | 0.9 | GOOD
PBL | PE | 30-Mar-2015 | 089 | -15.40 | -173.00 | 010.0 | 254.0 | 09.5 | 6.0 SKS | -74.0 | 0.8 | FAIR
PBL | PE | 06-Apr-2016 | 097 | -14.10 | 166.60 | 024.0 | 251.8 | 06.7 | 6.7 SKS | -62.2 | 0.8 | GOOD
NCJ | PE | 07-Apr-2015 | 097 | -15.20 | -173.20 | 030.0 | 254.3 | 12.8 | 6.3 | SKKS | -67.7 | 0.9 | GOOD
NCJ | PE | 30-Mar-2015 | 089 | -15.40 | -173.00 | 010.0 | 254.0 | 09.5 | 6.0 SKS | -68.0 | 1.3 | FAIR
NCJ | PE | 28-May-2016 | 149 | -22.00 | -178.20 | 406.0 | 246.8 | 08.8 | 6.9 SKS | -63.2 | 0.9 | GOOD
MYB | PE | 06-Mar-2015 | 065 | -41.30 | 080.60 | 010.0 | 158.6 | 11.0 | 6.0 | SKKS | -65.4 | 0.9 | GOOD
MYB | PE | 21-Jun-2015 | 172 | -20.40 | -178.30 | 563.0 | 248.3 | 08.6 | 6.0 SKS | -53.7 | 0.7 | GOOD
LAM | PE | 30-Mar-2015 | 089 | -15.40 | -172.90 | 015.0 | 253.9 | 09.4 | 6.4 SKS | -66.1 | 1.1 | FAIR
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STA | Net Date Day | EvLa | EvLo Dep | BAZ | Anc | Mag | Phase 10) ot | AutoQuality
LAM | PE | 29-Jul-2015 210 | 59.90 | -153.20 | 119.0 | 330.8 | 10.4 | 6.3 SKS -81.2 | 1.1 | GOOD
NRJ | PE | 06-Apr-2016 | 097 | -14.10 | 166.60 | 024.0 | 252.0 | 06.8 | 6.7 SKS | -62.0 | 1.0 | FAIR
PCM | PE | 12-Aug-2009 | 224 | 32.80 | 140.40 | 053.0 | 310.1 | 05.5 | 6.6 PKS | -82.1 | 1.0 | GOOD
MTP | PE | 18-Feb-2009 | 049 | -27.40 | -176.30 | 025.0 | 242.2 | 12.8 | 7.0 | SKKS | 76.2 | 2.2 | FAIR
MTP | PE 15-Jul-2009 196 | -45.80 | 166.60 | 012.0 | 221.2 | 124 | 7.8 | SKKS | 69.2 | 2.6 | GOOD
LCN | PE | 05-Aug-2009 | 217 | -45.60 | 166.40 | 010.0 | 221.3 | 08.2 | 6.1 SKS | 69.3 | 2.7 | GOOD
CLL | PE | 05-Aug-2009 | 217 | -45.60 | 166.40 | 010.0 | 220.6 | 08.2 | 6.1 SKS | 88.6 | 0.9 | FAIR
CLB | PE | 06-Mar-2009 | 065 | 80.30 | -001.90 | 009.0 | 009.5 | 12.8 | 6.5 | SKKS | 61.5 | 1.8 | GOOD
CLB | PE | 19-Mar-2009 | 078 | -23.00 | -174.70 | 031.0 | 246.8 | 12.8 | 7.6 | SKKS | 57.8 | 1.6 | FAIR
BAG | PE | 18-Feb-2009 | 049 | -27.40 | -176.30 | 025.0 | 241.9 | 12.8 | 7.0 | SKKS | 299 | 1.2 | FAIR
BAG | PE | 19-Mar-2009 | 078 | -23.00 | -174.70 | 031.0 | 246.4 | 12.8 | 7.6 | SKKS | 42.4 | 1.9 | FAIR
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Null measurements;

Table S2: Summary all individual null splitting measurements.

STA Net Date Day | EvLa | EvLo | Dep | Baz | Anc | Mag | Phase | AutoQuality
ASO77-ATH | GSN | 14-Aug-2012 | 227 | 49.80 | 145.10 | 583 | 327.6 | 05.5 | 7.7 SKS | GOOD
AS077-ATH | GSN | 26-Apr-2013 | 116 | -28.70 | -178.90 | 351 | 240.1 | 09.1 | 6.1 SKS | GOOD
ASO077-ATH | GSN | 11-May-2013 | 131 | -18.00 | -175.10 | 213 | 251.3 | 09.4 | 6.4 SKS | GOOD
AS077-ATH | GSN | 23-May-2013 | 143 | -20.60 | -175.80 | 150 | 248.6 | 09.4 | 6.3 SKS | GOOD
AS077-ATH | GSN | 23-May-2013 | 143 | -23.00 | -177.20 | 174 | 246.0 | 09.3 | 7.4 SKS | GOOD
ASO77-ATH | GSN | 12-Apr-2014 | 102 | -11.30 | 162.10 | 023 | 253.4 | 06.4 | 7.6 SKS GOOD
AS077-ATH | GSN | 23-Jan-2015 | 023 | -17.00 | 168.50 | 220 | 249.0 | 07.2 | 6.8 SKS | GOOD
AS077-ATH | GSN | 16-Apr-2015 | 106 | 35.20 | 026.80 | 020 | 055.3 | 07.6 | 6.0 SKS | GOOD
AS077-ATH | GSN | 20-May-2015 | 140 | -19.30 | -175.50 | 203 | 249.9 | 094 | 6.0 SKS | GOOD
AS077-ATH | GSN | 29-May-2015 | 149 | 56.60 | -156.40 | 073 | 327.4 | 10.3 | 6.7 SKS | FAIR
AS077-ATH | GSN | 30-May-2015 | 150 | -15.70 | -173.40 | 010 | 253.8 | 09.7 | 6.0 SKS | GOOD
AS077-ATH | GSN | 27-May-2016 | 148 | -20.80 | -178.60 | 567 | 2479 | 08.8 | 6.4 SKS | GOOD
AS077-ATH | GSN | 12-Aug-2016 | 225 | -22.50 | 173.10 | 016 | 244.6 | 08.0 | 7.2 SKS GOOD
AS077-ATH | GSN | 01-Sep-2016 | 245 | -37.40 | 179.10 | 019 | 231.2 | 12.7 | 7.0 | SKKS | GOOD
AS077-ATH | GSN | 05-Sep-2016 | 249 | 54.40 | 168.50 | 008 | 325.5 | 07.3 | 6.1 SKS | GOOD
ASO077-ATH | GSN | 03-Aug-2014 | 215 | 00.80 | 146.20 | 013 | 264.0 | 05.5 | 6.9 PKS | GOOD
AS077-ATH | GSN | 25-Dec-2015 | 359 | 36.50 | 071.10 | 206 | 039.0 | 04.8 | 6.3 PKS | GOOD
AS077-ATH | GSN | 17-Oct-2016 | 291 | -06.00 | 148.90 | 042 | 255.6 | 074 | 6.8 PKS | GOOD
ASO077-ATH | GSN | 07-Nov-2017 | 311 | -04.20 | 143.50 | 111 | 256.0 | 05.2 | 6.5 PKS | GOOD
AS077-ATH | GSN | 08-Oct-2017 | 281 | -19.00 | -175.60 | 010 | 250.2 | 12.8 | 6.1 | SKKS | GOOD

CZSB BR | 21-Jul-2014 | 202 | -19.80 | -178.40 | 615 | 247.8 | 08.1 | 6.9 SKS | GOOD
CZSB BR 21-Jul-2014 202 | -19.80 | -178.40 | 615 | 247.8 | 12.3 | 6.9 | SKKS | GOOD
CZSB BR | 04-Sep-2014 | 247 | -21.40 | -173.30 | 035 | 247.2 | 12.7 | 6.0 | SKKS | GOOD
CZSB BR | 25-Sep-2014 | 268 | 61.90 | -151.80 | 109 | 332.5 | 09.9 | 6.2 SKS | FAIR
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STA | Net Date Day | EvLa | EvLo | Dep | Baz | Anc | Mag | Phase | AutoQuality
CZSB | BR | 01-Nov-2014 | 305 | -19.70 | -177.80 | 434 | 248.0 | 08.2 | 7.1 SKS | GOOD
CZSB | BR | 30-Dec-2014 | 364 | -20.30 | -178.60 | 599 | 247.2 | 08.1 | 6.0 SKS | GOOD
CZSB | BR | 28-Jan-2015 | 028 | -21.00 | -178.30 | 484 | 246.6 | 08.2 | 6.2 SKS | FAIR
CZSB | BR | 30-Mar-2015 | 089 | -15.40 | -173.00 | 010 | 253.2 | 08.9 | 6.0 SKS | GOOD
CZSB | BR | 24-Apr-2015 | 114 | -42.10 | 173.00 | 048 | 223.8 | 08.2 | 6.1 SKS GOOD
CZSB | BR | 24-Apr-2015 | 114 | -42.10 | 173.00 | 048 | 223.8 | 12.4 | 6.1 SKKS | GOOD
CZSB | BR | 20-May-2015 | 140 | -19.30 | -175.50 | 203 | 248.9 | 08.6 | 6.0 SKS | GOOD
CZSB | BR | 29-May-2015 | 149 | 56.60 | -156.40 | 073 | 326.8 | 09.7 | 6.7 SKS | GOOD
CZSB | BR | 30-May-2015 | 150 | -15.70 | -173.40 | 010 | 252.8 | 12.6 | 6.0 | SKKS | GOOD
CZSB | BR | 16-Jun-2015 | 167 | -20.40 | -179.00 | 656 | 247.1 | 08.0 | 5.9 SKS | GOOD
CZSB | BR | 20-Jun-2015 | 171 | -23.50 | -177.10 | 151 | 244.4 | 08.5 | 5.9 SKS | GOOD
CZSB | BR | 25-Jun-2015 | 176 | -32.10 | -178.30 | 010 | 235.7 | 08.7 | 6.0 SKS | GOOD
CZSB | BR | 06-Jul-2015 | 187 | -20.70 | -174.50 | 044 | 247.7 | 12.6 | 5.8 | SKKS | GOOD
CZSB | BR | 27-Jul-2015 | 208 | 52.40 | -169.40 | 029 | 322.0 | 08.5 | 6.9 SKS | GOOD
CZSB | BR | 29-Jul-2015 | 210 | 59.90 | -153.20 | 119 | 330.3 | 09.8 | 6.3 SKS | GOOD
CZSB | BR | 09-Aug-2015 | 221 | -27.50 | -176.20 | 010 | 240.7 | 08.8 | 5.8 SKS | GOOD
CZSB | BR | 07-Sep-2015 | 250 | -32.80 | -178.20 | 010 | 235.0 | 08.8 | 5.9 SKS | GOOD
CZSB | BR | 07-Sep-2015 | 250 | -32.80 | -177.90 | 017 | 235.1 | 08.8 | 6.3 SKS | GOOD
CZSB | BR | 08-Sep-2015 | 251 | -33.00 | -178.50 | 010 | 234.7 | 08.8 | 5.8 SKS | GOOD
CZSB | BR | 01-Feb-2016 | 032 | -30.80 | -180.00 | 391 | 236.6 | 08.4 | 6.2 SKS | GOOD
CZSB | BR | 27-May-2016 | 148 | -20.80 | -178.60 | 567 | 246.7 | 08.1 | 6.4 SKS | GOOD
CZSB | BR | 28-May-2016 | 149 | -22.00 | -178.20 | 406 | 245.7 | 08.3 | 6.9 SKS | GOOD
CZSB | BR | 06-Jun-2016 | 158 | -30.00 | -177.80 | 044 | 237.8 | 08.7 | 6.1 SKS | GOOD
CZSB | BR | 10-Jul-2016 | 192 | -15.00 | -172.90 | 008 | 253.6 | 08.9 | 5.8 SKS | GOOD
CZSB | BR | 13-Jul-2016 | 195 | -28.00 | -176.40 | 012 | 240.1 | 08.8 | 6.3 SKS | GOOD
CZSB | BR | 08-Sep-2016 | 252 | -54.60 | 158.70 | 010 | 207.9 | 07.9 | 6.1 SKS | GOOD
CZSB | BR | 22-Nov-2016 | 327 | -40.60 | 177.00 | 009 | 226.3 | 08.6 | 5.9 SKS | GOOD
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STA | Net Date Day | EvLa | EvLo | Dep | Baz | Anc | Mag | Phase | AutoQuality
CZSB | BR | 24-Feb-2017 | 055 | -23.30 | -178.80 | 414 | 244.3 | 08.2 | 6.9 SKS | GOOD
CZSB | BR | 17-Jun-2017 | 168 | -24.10 | 179.60 | 511 | 243.1 | 08.0 | 6.1 SKS | GOOD
CZSB | BR | 28-Jun-2017 | 179 | -30.30 | -177.70 | 019 | 237.6 | 08.8 | 6.0 SKS | GOOD
CZSB | BR | 19-Aug-2017 | 231 | -18.00 | -178.80 | 544 | 249.5 | 08.0 | 6.4 SKS | GOOD
CZSB | BR | 26-Sep-2017 | 269 | -23.60 | -176.80 | 096 | 244.4 | 08.6 | 6.4 SKS | GOOD
CZSB | BR | 08-Oct-2017 | 281 | 52.40 | 176.80 | 119 | 3229 | 074 | 6.5 SKS | GOOD
CZSB | BR | 18-Oct-2017 | 291 | -20.60 | -173.80 | 010 | 247.9 | 08.9 | 6.1 SKS | GOOD
CZSB | BR | 07-Nov-2014 | 311 | -06.00 | 148.20 | 053 | 252.6 | 05.2 | 6.6 PKS | GOOD
CZSB | BR | 22-Nov-2014 | 326 | 36.60 | 137.90 | 009 | 320.7 | 04.8 | 6.2 PKS | GOOD
CZSB | BR | 07-Dec-2014 | 341 | -06.50 | 154.50 | 023 | 254.4 | 07.3 | 6.6 PKS | GOOD
CZSB | BR | 07-May-2015 | 127 | -07.20 | 154.60 | 010 | 253.6 | 07.3 | 7.1 PKS | GOOD
CZSB | BR | 26-Oct-2015 | 299 | 36.50 | 070.40 | 231 | 043.8 | 05.4 | 7.5 PKS | GOOD
CZSB | BR | 08-Feb-2016 | 039 | -06.60 | 154.70 | 029 | 254.4 | 07.3 | 6.4 | PKS | GOOD
CZSB | BR | 21-Nov-2016 | 326 | 37.40 | 141.40 | 009 | 319.1 | 05.2 | 6.9 | PKS | GOOD
CZSB | BR | 10-Dec-2016 | 345 | -05.70 | 154.50 | 143 | 255.5 | 074 | 6.0 | PKS | GOOD
CZSB | BR | 20-Sep-2017 | 263 | 38.00 | 144.70 | 011 | 317.7 | 05.6 | 6.1 PKS | GOOD
CZSB | BR | 06-Oct-2017 | 279 | 37.50 | 144.00 | 009 | 317.5 | 05.5 | 6.2 PKS | GOOD
TBTG | BR | 01-Nov-2014 | 305 | -19.70 | -177.80 | 434 | 248.3 | 07.7 | 7.1 SKS | GOOD
TBTG | BR | 30-Dec-2014 | 364 | -20.30 | -178.60 | 599 | 247.5 | 07.6 | 6.0 SKS | GOOD
TBTG | BR | 23-Jan-2015 | 023 | -17.00 | 168.50 | 220 | 248.0 | 06.1 | 6.8 SKS | GOOD
TBTG | BR | 28-Jan-2015 | 028 | -21.00 | -178.30 | 484 | 246.9 | 07.6 | 6.2 SKS | GOOD
TBTG | BR | 30-Mar-2015 | 089 | -15.40 | -172.90 | 010 | 253.3 | 08.4 | 5.8 SKS | GOOD
TBTG | BR | 30-Mar-2015 | 089 | -15.40 | -172.90 | 015 | 253.4 | 08.4 | 6.4 SKS | GOOD
TBTG | BR | 30-Mar-2015 | 089 | -15.40 | -173.00 | 010 | 253.3 | 08.4 | 6.0 SKS | GOOD
TBTG | BR | 07-Apr-2015 | 097 | -15.20 | -173.20 | 030 | 253.6 | 08.3 | 6.3 SKS | GOOD
TBTG | BR | 28-Apr-2015 | 118 | -20.90 | -178.60 | 581 | 246.9 | 07.6 | 6.1 SKS | FAIR
TBTG | BR | 20-May-2015 | 140 | -10.90 | 164.20 | 011 | 253.9 | 05.6 | 6.8 SKS | GOOD
TBTG | BR | 20-May-2015 | 140 | -19.30 | -175.50 | 203 | 249.0 | 08.0 | 6.0 SKS | GOOD
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STA | Net Date Day | EvLa | EvLo | Dep | Baz | Anc | Mag | Phase | AutoQuality
TBTG | BR | 22-May-2015 | 142 | -11.10 | 163.70 | 011 | 253.5 | 05.5 | 6.9 SKS | GOOD
TBTG | BR | 24-May-2015 | 144 | -19.40 | -176.00 | 010 | 248.9 | 08.0 | 6.2 SKS | GOOD
TBTG | BR | 29-May-2015 | 149 | 56.60 | -156.40 | 073 | 326.6 | 09.9 | 6.7 SKS | GOOD
TBTG | BR | 12-Jun-2015 | 163 | -15.70 | -173.00 | 048 | 253.1 | 08.4 | 6.0 SKS | GOOD
TBTG | BR | 20-Jun-2015 | 171 | -23.50 | -177.10 | 151 | 244.5 | 07.9 | 5.9 SKS | GOOD
TBTG | BR | 17-Jul-2015 | 198 | -18.10 | -178.20 | 536 | 249.8 | 07.6 | 5.8 SKS | FAIR
TBTG | BR | 18-Jul-2015 | 199 | -10.40 | 165.10 | 011 | 254.7 | 05.7 | 7.0 SKS | GOOD
TBTG | BR | 27-Jul-2015 | 208 | 52.40 | -169.40 | 029 | 322.4 | 08.7 | 6.9 SKS | GOOD
TBTG | BR | 29-Jul-2015 | 210 | 59.90 | -153.20 | 119 | 330.1 | 10.1 | 6.3 SKS | GOOD
TBTG | BR | 15-Aug-2015 | 227 | -10.90 | 163.80 | 008 | 253.7 | 05.5 | 6.4 SKS | GOOD
TBTG | BR | 07-Sep-2015 | 250 | -24.20 | 179.10 | 535 | 243.0 | 074 | 6.0 SKS | GOOD
TBTG | BR | 18-Oct-2015 | 291 | -16.20 | -173.30 | 012 | 252.5 | 08.3 | 6.0 SKS | GOOD
TBTG | BR | 13-Jan-2016 | 013 | -15.20 | -174.90 | 263 | 253.3 | 08.0 | 5.9 SKS | FAIR
TBTG | BR | 06-Apr-2016 | 097 | -14.20 | 166.70 | 035 | 250.7 | 05.9 | 5.8 SKS | GOOD
TBTG | BR | 24-Sep-2016 | 268 | -18.20 | -175.00 | 202 | 250.3 | 08.1 | 6.4 SKS | GOOD
TBTG | BR | 03-Dec-2016 | 338 | 52.30 | 174.20 | 028 | 324.4 | 07.3 | 5.9 SKS | GOOD
TBTG | BR | 24-Feb-2017 | 055 | -08.40 | 030.00 | 030 | 099.3 | 08.7 | 5.9 SKS | GOOD
TBTG | BR | 19-Aug-2017 | 231 | -18.00 | -178.80 | 544 | 2499 | 07.5 | 6.4 SKS | GOOD
TBTG | BR | 20-Sep-2017 | 263 | -18.80 | 169.10 | 197 | 246.3 | 06.2 | 6.4 SKS | GOOD
TBTG | BR | 26-Sep-2017 | 269 | -23.60 | -176.80 | 096 | 244.5 | 08.0 | 6.4 SKS | GOOD
TBTG | BR | 26-Sep-2017 | 269 | -23.60 | -176.80 | 096 | 244.5 | 12.3 | 6.4 | SKKS | GOOD
TBTG | BR | 18-Oct-2017 | 291 | -20.60 | -173.80 | 010 | 248.0 | 08.4 | 6.1 SKS | GOOD
TBTG | BR | 04-Nov-2017 | 308 | -15.30 | -173.20 | 010 | 253.4 | 08.3 | 6.8 SKS | GOOD
TBTG | BR | 04-Dec-2017 | 338 | -32.70 | -178.80 | 038 | 234.9 | 08.1 | 5.8 SKS | GOOD
TBTG | BR | 07-Dec-2014 | 341 | -06.50 | 154.50 | 023 | 256.6 | 05.6 | 6.6 PKS | GOOD
TBTG | BR | 31-Mar-2015 | 090 | -04.90 | 152.50 | 039 | 258.3 | 05.3 | 6.0 PKS | FAIR
TBTG | BR | 30-Apr-2015 | 120 | -05.40 | 151.80 | 031 | 257.4 | 05.2 | 6.7 PKS | GOOD
TBTG | BR | 30-May-2015 | 150 | 30.80 | 143.00 | 006 | 314.5 | 04.9 | 6.2 PKS | GOOD
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TBTG | BR | 08-Jun-2015 | 159 | 41.60 142.00 | 042 | 327.2 | 05.9 | 6.1 PKS | GOOD
TBTG | BR | 10-Aug-2015 | 222 | -09.30 | 158.10 | 022 | 254.0 | 07.3 | 6.6 PKS | GOOD
TBTG | BR | 18-Nov-2015 | 322 | -08.90 | 158.40 | 013 | 254.7 | 07.2 | 6.8 PKS | GOOD
TBTG | BR | 08-Feb-2016 | 039 | -06.60 | 154.70 | 029 | 256.6 | 05.7 | 6.4 PKS | FAIR
TBTG | BR | 31-Aug-2016 | 244 | -03.70 | 152.80 | 476 | 260.1 | 05.1 | 6.8 PKS | GOOD
TBTG | BR | 22-Jan-2017 | 022 | -06.20 | 155.20 | 135 | 257.2 | 05.7 | 7.9 PKS | GOOD
TBTG | BR | 04-Mar-2017 | 063 | -07.30 | 155.70 | 017 | 255.9 | 05.9 | 6.1 PKS | GOOD
TBTG | BR | 13-Jul-2017 | 194 | -04.80 | 153.20 | 034 | 258.7 | 05.4 | 6.4 PKS | GOOD
TBTG | BR | 06-Oct-2017 | 279 | 37.50 | 144.00 | 009 | 321.6 | 05.6 | 6.2 PKS | GOOD

ZUM EC | 19-Mar-2016 | 079 | 51.50 | -174.10 | 017 | 321.4 | 09.1 | 6.0 SKS FAIR

ZUM | EC | 15-Jun-2017 | 166 | -30.50 | -178.10 | 034 | 238.7 | 09.3 | 6.0 SKS | GOOD

ZUM | EC | 29-Jun-2017 | 180 | -31.10 | 179.90 | 405 | 237.8 | 08.9 | 6.0 SKS | GOOD

ZUM | EC | 30-Oct-2016 | 304 | 42.90 | 013.10 | 008 | 047.3 | 09.4 | 6.6 SKS | FAIR

ZUM | EC | 31-Oct-2017 | 304 | -21.70 | 169.10 | 024 | 245.3 | 07.4 | 6.7 SKS | GOOD

ZUM | EC | 01-Dec-2017 | 335 | 30.70 | 057.30 | 009 | 052.4 | 07.4 | 6.1 PKS | GOOD

ZUM | EC | 10-Apr-2016 | 101 | 36.50 | 071.10 | 212 | 036.8 | 05.0 | 6.6 PKS | GOOD

ZUM | EC | 05-Sep-2016 | 249 | 54.40 | 168.50 | 008 | 325.8 | 12.2 | 6.1 | SKKS | FAIR
ARNL | EC | 10-Jul-2016 | 192 | -15.00 | -172.90 | 008 | 254.8 | 12.8 | 5.8 | SKKS | GOOD
ARNL | EC | 14-Jan-2017 | 014 | -18.60 | 176.20 | 004 | 250.1 | 08.3 | 5.9 SKS | GOOD
ARNL | EC | 05-Sep-2016 | 249 | 54.40 | 168.50 | 008 | 325.8 | 07.8 | 6.1 SKS | FAIR
ARNL | EC | 24-Sep-2016 | 268 | -18.20 | -175.00 | 202 | 251.5 | 09.5 | 6.4 SKS | GOOD
ARNL | EC | 24-Sep-2016 | 268 | -19.80 | -178.20 | 596 | 249.6 | 08.9 | 6.9 SKS | GOOD
ARNL | EC | 17-Oct-2016 | 291 | -06.00 | 148.90 | 042 | 259.1 | 07.2 | 6.8 PKS | GOOD
BOSC | EC | 23-Oct-2017 | 296 | -52.30 | 016.80 | 010 | 142.5 | 10.1 | 5.8 SKS | GOOD
BOSC | EC | 13-Jul-2016 | 195 | -28.00 | -176.40 | 010 | 241.5 | 09.3 | 5.9 SKS | FAIR
BOSC | EC | 03-Dec-2016 | 338 | 52.30 | 174.20 | 028 | 323.1 | 08.1 | 5.9 SKS | GOOD
BOSC | EC | 10-Jul-2016 | 192 | -15.10 | -173.20 | 008 | 254.6 | 12.8 | 6.0 | SKKS | GOOD
BOSC | EC | 05-Sep-2016 | 249 | 54.40 | 168.50 | 008 | 326.2 | 07.7 | 6.1 SKS | GOOD
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BOSC | EC | 18-Oct-2017 | 291 | -20.60 | -173.80 | 010 | 249.1 | 09.5 | 6.1 SKS | GOOD
BOSC | EC | 08-Oct-2017 | 281 | -61.70 | 154.60 | 010 | 202.9 | 08.0 | 6.2 SKS | GOOD
BOSC | EC | 13-Jul-2016 | 195 | -28.00 | -176.40 | 012 | 241.5 | 12.7 | 6.3 | SKKS | GOOD
BOSC | EC | 08-Oct-2017 | 281 | 52.40 | 176.80 | 119 | 323.0 | 08.3 | 6.5 SKS | GOOD
BOSC | EC | 30-Oct-2016 | 304 | 42.90 | 013.10 | 008 | 047.2 | 09.6 | 6.6 SKS | GOOD
BOSC | EC | 31-Oct-2017 | 304 | -21.70 | 169.10 | 024 | 245.7 | 07.2 | 6.7 SKS | GOOD
BOSC | EC | 06-Apr-2016 | 097 | -14.10 | 166.60 | 024 | 253.2 | 06.8 | 6.7 SKS | GOOD
BOSC | EC | 17-Oct-2016 | 291 | -06.00 | 148.90 | 042 | 259.1 | 06.1 | 6.8 PKS | GOOD
BOSC | EC | 01-Dec-2017 | 335 | 30.70 | 057.30 | 009 | 051.5 | 07.2 | 6.1 PKS | GOOD
MCRA | EC | 23-Oct-2017 | 296 | -52.30 | 016.80 | 010 | 142.6 | 10.1 | 5.8 SKS | GOOD
MCRA | EC | 22-Nov-2016 | 327 | -40.60 | 177.00 | 009 | 228.2 | 09.1 | 5.9 SKS | GOOD
MCRA | EC | 03-Dec-2016 | 338 | 52.30 | 174.20 | 028 | 322.8 | 08.1 | 5.9 SKS | GOOD
MCRA | EC | 18-Oct-2017 | 291 | -20.60 | -173.80 | 010 | 249.2 | 09.9 | 6.1 SKS | GOOD
MCRA | EC | 24-Sep-2016 | 268 | -18.20 | -175.00 | 202 | 251.5 | 09.5 | 6.4 SKS | GOOD
MCRA | EC | 19-Aug-2017 | 231 | -18.00 | -178.80 | 544 | 251.3 | 08.8 | 6.4 SKS | GOOD
MCRA | EC | 20-Jul-2017 | 201 | 36.90 | 027.40 | 007 | 052.7 | 07.6 | 6.6 SKS | GOOD
MCRA | EC | 02-Jun-2017 | 153 | 54.00 | 170.90 | 005 | 325.0 | 07.9 | 6.8 SKS | GOOD
MCRA | EC | 24-Feb-2017 | 055 | -23.30 | -178.80 | 414 | 246.0 | 09.0 | 6.9 SKS | GOOD
MCRA | EC | 07-Nov-2017 | 311 | -04.20 | 143.50 | 111 | 259.3 | 05.4 | 6.5 PKS | GOOD

1QT PE | 17-Sep-2014 | 260 | 13.80 | 144.40 | 130 | 287.4 | 04.6 | 6.7 PKS | GOOD
BVTA | PE | 10-Apr-2016 | 101 | 36.50 | 071.10 | 212 | 040.3 | 05.0 | 6.6 PKS | GOOD
BVTA | PE | 01-Jul-2009 | 182 | 34.20 | 025.50 | 019 | 056.5 | 08.0 | 6.4 SKS | GOOD
BVTA | PE | 09-Dec-2008 | 344 | -31.20 | -176.90 | 018 | 237.6 | 09.3 | 6.8 SKS | GOOD
HUAC | PE | 01-Jan-2016 | 001 | -50.60 | 139.40 | 010 | 204.1 | 07.2 | 6.3 SKS | GOOD

CHO | PE | 28-Jun-2017 | 179 | -30.30 | -177.70 | 019 | 239.2 | 09.7 | 6.0 SKS | GOOD

CHO PE | 29-Jun-2017 | 180 | -31.10 | 179.90 | 405 | 238.1 | 09.2 | 6.0 SKS | GOOD

CHO PE | 26-Sep-2017 | 269 | -23.60 | -176.80 | 096 | 245.9 | 09.6 | 6.4 SKS | GOOD

CHO PE | 08-Oct-2017 | 281 | -61.70 | 154.60 | 010 | 203.4 | 08.4 | 6.2 SKS | FAIR
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CHO | PE | 09-Jan-2012 | 009 | -10.60 | 165.20 | 028 | 256.3 | 06.9 | 6.4 SKS | GOOD
CHO | PE | 24-Jan-2012 | 024 | -25.00 | 178.50 | 580 | 244.0 | 08.8 | 6.3 SKS | GOOD
CHO | PE | 10-Feb-2013 | 041 | -10.90 | 165.50 | 011 | 256.0 | 07.0 | 6.0 SKS | GOOD
CHO | PE | 01-Feb-2016 | 032 | -30.80 | -180.00 | 391 | 238.4 | 09.2 | 6.2 SKS | GOOD
CHO | PE | 27-May-2016 | 148 | -20.80 | -178.60 | 567 | 248.5 | 09.1 | 6.4 SKS | GOOD
CHO | PE | 28-May-2016 | 149 | -22.00 | -178.20 | 406 | 247.4 | 09.3 | 6.9 SKS | GOOD
CHO | PE | 24-Aug-2016 | 237 | 42.70 | 013.20 | 004 | 047.5 | 09.1 | 6.2 SKS | GOOD
CHO | PE | 24-Sep-2016 | 268 | -18.20 | -175.00 | 202 | 251.5 | 09.8 | 6.4 SKS | GOOD
PCH | PE | 05-Apr-2017 | 095 | 35.80 | 060.40 | 013 | 045.2 | 05.9 | 6.1 PKS | GOOD
PCH | PE | 07-Nov-2017 | 311 | -04.20 | 143.50 | 111 | 257.6 | 05.4 | 6.5 PKS | GOOD
PCH | PE | 24-Feb-2017 | 055 | -23.30 | -178.80 | 414 | 245.8 | 12.7 | 6.9 | SKKS | GOOD
PCH | PE | 27-Mar-2017 | 086 | 52.80 | 172.30 | 020 | 323.3 | 07.8 | 6.2 SKS | GOOD
PCH | PE | 18-Apr-2017 | 108 | -18.10 | -178.40 | 628 | 251.0 | 08.9 | 6.0 SKS | GOOD
PCH | PE | 08-May-2017 | 128 | 51.70 | -178.60 | 013 | 321.6 | 08.5 | 6.2 SKS | GOOD
PCH | PE | 26-Sep-2017 | 269 | -23.60 | -176.80 | 096 | 245.7 | 09.5 | 6.4 SKS | GOOD
PCH | PE | 18-Oct-2017 | 291 | -20.60 | -173.80 | 010 | 249.1 | 09.9 | 6.1 SKS | GOOD
PCH | PE | 28-May-2016 | 149 | -22.00 | -178.20 | 406 | 247.1 | 09.1 | 6.9 SKS FAIR
PCH | PE 13-Jul-2016 195 | -28.00 | -176.40 | 012 | 241.4 | 09.7 | 6.3 SKS | GOOD
PCH | PE | 05-Sep-2016 | 249 | 54.40 | 168.50 | 008 | 325.5 | 07.5 | 6.1 SKS | GOOD
PCH | PE | 24-Sep-2016 | 268 | -19.80 | -178.20 | 596 | 249.3 | 09.0 | 6.9 SKS | GOOD
PCH | PE | 04-May-2014 | 124 | -24.60 | 179.10 | 527 | 244.1 | 08.8 | 6.6 SKS GOOD
SNIG | PE | 27-Jul-2015 | 208 | -02.60 | 138.50 | 048 | 259.2 | 04.6 | 7.0 PKS | GOOD
SNIG | PE | 26-Oct-2015 | 299 | 36.50 | 070.40 | 231 | 037.6 | 05.0 | 7.5 PKS | GOOD
SNIG | PE | 30-May-2015 | 150 | -15.70 | -173.40 | 010 | 253.9 | 09.7 | 6.0 SKS | GOOD
SNIG | PE | 25-Jun-2015 | 176 | -32.10 | -178.30 | 010 | 237.1 | 09.3 | 6.0 SKS | GOOD
SNIG | PE | 17-Nov-2015 | 321 | 38.70 | 020.60 | 011 | 051.6 | 08.5 | 6.5 SKS | GOOD
SNIG | PE | 01-Feb-2016 | 032 | -30.80 | -180.00 | 391 | 238.2 | 09.0 | 6.2 SKS | GOOD
SNIG | PE | 20-Mar-2016 | 080 | 54.30 | 162.80 | 030 | 326.7 | 07.2 | 6.4 SKS | GOOD
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SNIG | PE | 13-Jul-2016 | 195 | -28.00 | -176.40 | 012 | 241.4 | 09.5 | 6.3 SKS | GOOD
SNIG | PE | 05-Sep-2016 | 249 | 54.40 | 168.50 | 008 | 325.8 | 07.5 | 6.1 SKS | GOOD
SNIG | PE | 05-Apr-2017 | 095 | 35.80 | 060.40 | 013 | 045.0 | 06.1 | 6.1 PKS | GOOD
SNIG | PE | 29-Jan-2017 | 029 | -30.10 | -177.50 | 018 | 239.2 | 09.4 | 5.9 SKS | GOOD
SNIG | PE | 27-Mar-2017 | 086 | 52.80 | 172.30 | 020 | 323.5 | 07.8 | 6.2 SKS | GOOD
SNIG | PE | 08-May-2017 | 128 | 51.70 | -178.60 | 013 | 321.7 | 08.6 | 6.2 SKS | GOOD
SNIG | PE | 24-May-2009 | 144 | -31.50 | -177.70 | 004 | 237.8 | 09.4 | 6.0 SKS | GOOD
SNIG | PE | 16-May-2009 | 136 | -31.60 | -178.80 | 043 | 237.5 | 09.3 | 6.5 SKS | GOOD
CHCH | PE | 17-Sep-2014 | 260 | 13.80 | 144.40 | 130 | 283.6 | 05.1 | 6.7 PKS | GOOD
CHCH | PE | 25-Oct-2013 | 298 | 37.20 | 144.70 | 035 | 314.9 | 07.3 | 7.1 PKS | GOOD
CHCH | PE | 14-Aug-2012 | 227 | 49.80 | 145.10 | 583 | 328.2 | 11.2 | 7.7 | SKKS | GOOD
CHCH | PE | 26-Sep-2012 | 270 | 51.60 | -178.30 | 016 | 321.5 | 08.4 | 6.4 SKS | GOOD
CHCH | PE | 20-Oct-2012 | 294 | -13.60 | 166.60 | 036 | 252.4 | 11.9 | 6.2 | SKKS | GOOD
CHCH | PE | 23-May-2013 | 143 | -23.00 | -177.20 | 174 | 246.0 | 09.1 | 7.4 SKS | GOOD
CHCH | PE | 15-Jun-2013 | 166 | -33.90 | 179.40 | 195 | 234.7 | 09.0 | 6.0 SKS | GOOD
CHCH | PE | 21-Jul-2013 | 202 | -41.70 | 174.30 | 017 | 226.0 | 08.7 | 6.5 SKS | GOOD
CHCH | PE | 16-Aug-2013 | 228 | -41.70 | 174.20 | 008 | 225.9 | 08.7 | 6.5 SKS | GOOD
CHCH | PE | 11-Oct-2013 | 284 | -30.70 | -178.50 | 151 | 238.2 | 09.2 | 6.2 SKS | GOOD
CHCH | PE | 26-Feb-2014 | 057 | 53.60 | -171.80 | 265 | 323.4 | 08.9 | 6.1 SKS | GOOD
CHCH | PE | 12-Apr-2014 | 102 | -11.30 | 162.10 | 023 | 253.8 | 06.3 | 7.6 SKS | GOOD
CHCH | PE | 10-Apr-2016 | 101 | 36.50 | 071.10 | 212 | 038.7 | 04.9 | 6.6 PKS | GOOD
CHCH | PE | 29-Jul-2016 | 211 | 18.50 | 145.50 | 196 | 290.3 | 05.3 | 7.7 PKS | GOOD
CHCH | PE | 21-Nov-2016 | 326 | 37.40 | 141.40 | 009 | 316.9 | 05.9 | 6.9 PKS | GOOD
CHCH | PE | 03-Apr-2016 | 094 | -14.30 | 166.90 | 026 | 251.6 | 06.9 | 6.9 SKS | GOOD
CHCH | PE | 27-May-2016 | 148 | -20.80 | -178.60 | 567 | 247.9 | 08.7 | 6.4 SKS | GOOD
CHCH | PE | 31-Aug-2016 | 244 | -03.70 | 152.80 | 476 | 260.3 | 05.1 | 6.8 SKS | GOOD
CHCH | PE | 24-Feb-2017 | 055 | -23.30 | -178.80 | 414 | 245.5 | 08.8 | 6.9 SKS | GOOD
CHCH | PE | 17-Jul-2017 | 198 | 54.60 | 168.60 | 009 | 325.9 | 074 | 6.3 SKS | GOOD
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CHCH | PE | 26-Sep-2017 | 269 | -23.60 | -176.80 | 096 | 245.5 | 09.2 | 6.4 SKS | GOOD
YRM | PE | 24-Jun-2012 | 176 | 57.60 | 163.20 | 010 | 330.4 | 07.1 | 6.0 SKS | GOOD
YRM | PE | 31-Aug-2013 | 243 | 51.20 | -174.90 | 018 | 321.1 | 08.5 | 6.0 SKS | GOOD
YRM PE | 31-Aug-2016 | 244 | -03.70 | 152.80 | 476 | 260.1 | 07.4 | 6.8 PKS | GOOD
YRM | PE | 07-Nov-2017 | 311 | -04.20 | 143.50 | 111 | 256.5 | 04.9 | 6.5 PKS | GOOD
TAR PE | 07-Nov-2017 | 311 | -04.20 | 143.50 | 111 | 255.9 | 04.9 | 6.5 PKS | GOOD
TAR | PE | 25-Dec-2015 | 359 | 36.50 | 071.10 | 206 | 040.0 | 05.0 | 6.3 | PKS | GOOD
PUC | PE | 26-Sep-2017 | 269 | -23.60 | -176.80 | 096 | 244.7 | 08.9 | 6.4 SKS | GOOD
PUC | PE | 18-Oct-2017 | 291 | -20.60 | -173.80 | 010 | 248.2 | 09.3 | 6.1 SKS | GOOD
PUC | PE | 11-May-2013 | 131 | -18.00 | -175.10 | 213 | 250.6 | 08.9 | 6.4 SKS | GOOD
PUC | PE | 12-Aug-2013 | 224 | -30.60 | -179.70 | 341 | 237.2 | 08.7 | 6.1 SKS | GOOD
PUC | PE | 04-May-2014 | 124 | -24.60 | 179.10 | 527 | 242.8 | 08.3 | 6.6 SKS | GOOD
PUC | PE | 21-Jul-2014 | 202 | -19.80 | -178.40 | 615 | 248.1 | 08.4 | 6.9 SKS | GOOD
PUC | PE | 01-Nov-2014 | 305 | -19.70 | -177.80 | 434 | 248.3 | 08.5 | 7.1 SKS | GOOD
PUC | PE | 28-Jan-2015 | 028 | -21.00 | -178.30 | 484 | 247.0 | 08.5 | 6.2 SKS | GOOD
PUC | PE | 07-Sep-2015 | 250 | -32.80 | -177.90 | 017 | 235.4 | 09.1 | 6.3 SKS | GOOD
PUC | PE | 25-Dec-2015 | 359 | 36.50 | 071.10 | 206 | 042.6 | 05.0 | 6.3 | PKS | GOOD
PUC | PE | 31-Aug-2016 | 244 | -03.70 | 152.80 | 476 | 257.6 | 06.0 | 6.8 | PKS | GOOD
PUC | PE | 17-Oct-2016 | 291 | -06.00 | 148.90 | 042 | 253.1 | 05.6 | 6.8 | PKS | GOOD
TICA | PE | 29-Jun-2017 | 180 | -31.10 | 179.90 | 405 | 237.3 | 09.0 | 6.0 SKS | GOOD
TICA | PE | 24-May-2015 | 144 | -19.40 | -176.00 | 010 | 249.6 | 09.4 | 6.2 SKS | GOOD
TICA | PE | 07-Sep-2015 | 250 | -32.80 | -177.90 | 017 | 236.1 | 09.5 | 6.3 SKS | GOOD
TICA | PE | 09-Dec-2015 | 343 | -16.70 | 175.20 | 010 | 250.6 | 08.0 | 6.1 SKS | GOOD
TICA | PE | 01-Jan-2016 | 001 | -50.60 | 139.40 | 010 | 204.8 | 06.8 | 6.3 SKS | GOOD
TICA | PE | 01-Feb-2016 | 032 | -30.80 | -180.00 | 391 | 237.7 | 09.1 | 6.2 SKS | GOOD
QRHC | PE | 30-May-2015 | 150 | -15.70 | -173.40 | 010 | 253.8 | 09.8 | 6.0 SKS | GOOD
QRHC | PE | 12-Mar-2016 | 072 | 51.60 | -173.90 | 019 | 321.1 | 08.6 | 6.3 SKS | GOOD
QRHC | PE | 31-Aug-2016 | 244 | -03.70 | 152.80 | 476 | 259.1 | 05.2 | 6.8 SKS | GOOD
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QRHC | PE | 26-Oct-2016 | 300 | -15.40 | -174.90 | 010 | 253.8 | 09.6 | 6.1 SKS | FAIR
HMY PE 29-Jul-2016 211 18.50 145.50 | 196 | 286.4 | 05.2 | 7.7 PKS | FAIR
HMY | PE | 17-Sep-2014 | 260 | 13.80 | 144.40 | 130 | 279.4 | 05.0 | 6.7 PKS | GOOD

YLS PE | 03-Jan-2017 | 003 | -19.40 | 176.10 | 012 | 247.9 | 08.3 | 6.9 SKS | GOOD

YLS PE | 24-Jun-2012 | 176 | 57.60 | 163.20 | 010 | 329.4 | 06.9 | 6.0 SKS | GOOD

YLS PE | 16-Aug-2013 | 228 | -41.70 | 174.20 | 008 | 225.7 | 09.0 | 6.5 SKS | FAIR

YLS PE | 23-Jun-2014 | 174 | -29.90 | -177.50 | 010 | 238.9 | 09.5 | 6.5 SKS | GOOD
YANA | PE | 24-Jun-2014 | 175 | 52.20 | 176.70 | 004 | 321.8 | 07.3 | 6.3 SKS | GOOD
YANA | PE | 01-Jan-2016 | 001 | -50.60 | 139.40 | 010 | 203.4 | 07.0 | 6.3 SKS | GOOD
YANA | PE 29-Jul-2016 211 18.50 145.50 | 196 | 286.1 | 04.9 | 7.7 PKS | GOOD
YANA | PE | 21-Nov-2016 | 326 | 37.40 | 141.40 | 009 | 314.8 | 05.2 | 6.9 PKS | GOOD
MNZN | PE | 31-Oct-2017 | 304 | -21.70 | 169.10 | 024 | 243.2 | 07.4 | 6.7 SKS GOOD
MNZN | PE | 05-Apr-2017 | 095 | 35.80 | 060.40 | 013 | 049.1 | 05.9 | 6.1 PKS | GOOD
MNZN | PE | 12-Dec-2017 | 346 | 30.70 | 057.30 | 012 | 056.7 | 06.1 | 6.0 PKS | GOOD
MNZN | PE | 20-May-2015 | 140 | -19.30 | -175.50 | 203 | 249.4 | 09.2 | 6.0 SKS | GOOD
MNZN | PE | 29-May-2015 | 149 | 56.60 | -156.40 | 073 | 327.1 | 09.8 | 6.7 SKS | GOOD
MNZN | PE | 07-Sep-2015 | 250 | -32.80 | -177.90 | 017 | 235.7 | 09.4 | 6.3 SKS | GOOD
MNZN | PE | 01-Jan-2016 | 001 | -50.60 | 139.40 | 010 | 203.7 | 11.9 | 6.3 | SKKS | GOOD
MNZN | PE | 28-Apr-2016 | 119 | -16.00 | 167.40 | 024 | 2484 | 06.9 | 7.0 SKS GOOD
MNZN | PE | 08-Sep-2016 | 252 | -54.60 | 158.70 | 010 | 209.0 | 08.4 | 6.1 SKS | GOOD
MNZN | PE | 08-Dec-2016 | 343 | -10.70 | 161.30 | 040 | 252.1 | 06.1 | 7.8 SKS | GOOD
MNZN | PE | 29-Jul-2016 | 211 | 1850 | 145.50 | 196 | 287.6 | 05.0 | 7.7 PKS | GOOD
MNZN | PE | 21-Nov-2016 | 326 | 37.40 | 141.40 | 009 | 315.7 | 054 | 6.9 PKS | GOOD
PBER | PE | 08-May-2017 | 128 | 51.70 | -178.60 | 013 | 321.1 | 07.6 | 6.2 SKS | GOOD
HCO PE | 24-Jun-2011 | 175 | 52.00 | -171.80 | 052 | 321.4 | 08.4 | 7.3 SKS | GOOD
HCO PE | 23-Jun-2014 | 174 | -29.90 | -177.60 | 027 | 238.5 | 09.4 | 6.7 SKS | GOOD
HCO PE | 26-Oct-2015 | 299 | 36.50 | 070.40 | 231 | 043.2 | 04.8 | 7.5 PKS | GOOD
OXAP | PE | 15-Apr-2016 | 106 | 32.80 | 130.80 | 010 | 316.7 | 03.9 | 7.0 | PKS | GOOD
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STA | Net Date Day | EvLa | EvLo | Dep | Baz | Anc | Mag | Phase | AutoQuality
PTM | PE | 20-Mar-2016 | 080 | 54.30 | 162.80 | 030 | 327.2 | 05.8 | 6.4 SKS | GOOD
PTM | PE | 03-Apr-2016 | 094 | -14.30 | 166.90 | 026 | 245.9 | 06.2 | 6.9 SKS | GOOD
PTM | PE | 24-Feb-2017 | 055 | -23.30 | -178.80 | 414 | 242.4 | 08.1 | 6.9 SKS | GOOD
PTM | PE | 26-Sep-2017 | 269 | -23.60 | -176.80 | 096 | 242.7 | 08.4 | 6.4 SKS FAIR
PTM | PE | 08-Feb-2016 | 039 | -06.60 | 154.70 | 029 | 248.7 | 06.0 | 6.4 PKS | GOOD
PTM | PE | 17-Oct-2016 | 291 | -06.00 | 148.90 | 042 | 246.0 | 05.1 | 6.8 PKS | GOOD
PTM | PE | 21-Nov-2016 | 326 | 37.40 | 141.40 | 009 | 317.7 | 04.4 | 6.9 PKS | GOOD
PTM | PE | 22-Jan-2017 | 022 | -06.20 | 155.20 | 135 | 249.4 | 06.0 | 7.9 PKS | GOOD
PTM | PE | 20-Sep-2017 | 263 | 38.00 144.70 | 011 | 316.2 | 04.7 | 6.1 PKS | GOOD
SMR | PE | 31-Aug-2016 | 244 | -03.70 | 152.80 | 476 | 260.1 | 05.0 | 6.8 SKS | GOOD
SMR | PE | 25-Jul-2016 | 207 | -03.00 | 148.00 | 014 | 259.8 | 05.7 | 6.4 PKS | GOOD
PCZ | PE | 30-Mar-2015 | 089 | -15.50 | -173.00 | 011 | 253.9 | 12.8 | 6.5 | SKKS | GOOD
PCZ | PE | 27-Jul-2015 | 208 | 52.40 | -169.40 | 029 | 322.1 | 09.1 | 6.9 SKS | GOOD
PBL | PE | 30-Mar-2015 | 089 | -15.50 | -173.00 | 011 | 253.9 | 12.8 | 6.5 | SKKS | GOOD
PBL | PE | 27-Jul-2015 | 208 | 52.40 | -169.40 | 029 | 322.1 | 09.1 | 6.9 SKS | GOOD
NRJ | PE | 20-Mar-2016 | 080 | 54.30 | 162.80 | 030 | 326.9 | 12.0 | 6.4 | SKKS | GOOD
NCJ | PE | 28-Apr-2016 | 119 | -16.00 | 167.40 | 024 | 249.9 | 06.9 | 7.0 SKS | GOOD
MOY | PE | 29-May-2015 | 149 | 56.60 | -156.40 | 073 | 327.2 | 10.3 | 6.7 SKS | GOOD
MOY | PE | 12-Jun-2015 | 163 | -15.70 | -173.00 | 048 | 253.7 | 09.5 | 6.0 SKS | GOOD
MOY | PE | 25-Jun-2015 | 176 | -32.10 | -178.30 | 010 | 236.7 | 09.1 | 6.0 SKS | GOOD
MOY | PE | 06-Aug-2015 | 218 | -26.50 | -178.30 | 269 | 242.3 | 08.9 | 6.0 SKS | GOOD
MOY | PE | 09-Aug-2015 | 221 | -27.50 | -176.20 | 010 | 241.6 | 09.3 | 5.8 SKS | GOOD
MOY | PE | 15-Aug-2015 | 227 | -10.90 | 163.80 | 008 | 254.5 | 06.3 | 6.4 SKS | GOOD
MOY | PE | 24-Aug-2015 | 236 | -30.70 | -178.70 | 228 | 238.0 | 09.0 | 6.0 SKS | FAIR
MOY | PE | 07-Sep-2015 | 250 | -32.80 | -177.90 | 017 | 236.0 | 09.2 | 6.3 SKS | GOOD
MOY | PE | 20-Feb-2015 | 051 | 39.80 | 143.60 | 010 | 319.0 | 07.2 | 6.2 PKS | GOOD
MOY | PE | 21-Feb-2015 | 052 | 39.80 | 143.50 | 007 | 319.1 | 07.3 | 6.0 PKS | GOOD
MOY | PE | 09-Dec-2008 | 344 | -31.20 | -176.90 | 018 | 237.8 | 09.3 | 6.8 SKS | GOOD
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STA | Net Date Day | EvLa | EvLo | Dep | Baz | Anc | Mag | Phase | AutoQuality
MOY | PE | 18-Feb-2009 | 049 | -27.40 | -176.30 | 025 | 241.6 | 09.3 | 7.0 SKS | GOOD
MOY | PE | 19-Mar-2009 | 078 | -23.00 | -174.70 | 031 | 246.2 | 12.8 | 7.6 | SKKS | GOOD
LAM | PE | 29-Jul-2016 | 211 | 18.50 | 145.50 | 196 | 290.5 | 05.1 | 7.7 PKS | GOOD
PCM | PE | 18-Jan-2009 | 018 | -30.20 | -178.00 | 033 | 238.9 | 09.6 | 6.4 SKS | FAIR
PCM | PE | 18-Feb-2009 | 049 | -27.40 | -176.30 | 025 | 241.9 | 09.8 | 7.0 SKS | GOOD
PCM | PE | 04-Jun-2009 | 155 | -45.80 | 035.10 | 016 | 139.8 | 08.4 | 6.0 SKS | GOOD
MTP | PE | 18-Jan-2009 | 018 | -30.20 | -178.00 | 033 | 238.9 | 09.6 | 6.4 SKS | FAIR
MTP | PE | 18-Feb-2009 | 049 | -27.40 | -176.30 | 025 | 241.9 | 09.8 | 7.0 SKS | GOOD
MTP | PE | 04-Jun-2009 | 155 | -45.80 | 035.10 | 016 | 139.8 | 08.4 | 6.0 SKS | GOOD
LCN | PE | 09-Dec-2008 | 344 | -31.20 | -176.90 | 018 | 238.3 | 09.7 | 6.8 SKS | GOOD
LCN | PE | 15-Jan-2009 | 015 | 46.90 | 155.20 | 036 | 320.9 | 11.7 | 7.4 | SKKS | GOOD
LCN | PE | 18-Feb-2009 | 049 | -27.40 | -176.30 | 025 | 242.2 | 09.7 | 7.0 SKS | GOOD
LCN | PE | 19-Mar-2009 | 078 | -23.00 | -174.70 | 031 | 246.7 | 12.8 | 7.6 | SKKS | GOOD
FIC | PE | 18-Jan-2009 | 018 | -30.20 | -178.00 | 033 | 239.1 | 09.5 | 6.4 SKS | GOOD
FIC | PE | 15-Jan-2009 | 015 | -22.40 | 170.60 | 027 | 244.9 | 07.8 | 6.7 SKS | GOOD
FIC | PE | 09-Dec-2008 | 344 | -31.20 | -176.90 | 018 | 238.2 | 09.7 | 6.8 SKS | GOOD
FIC PE | 18-Feb-2009 | 049 | -27.40 | -176.30 | 025 | 242.1 | 12.8 | 7.0 | SKKS | GOOD
FIC | PE | 15-Jan-2009 | 015 | 46.90 | 155.20 | 036 | 320.7 | 06.3 | 7.4 SKS | GOOD
FIC | PE | 19-Mar-2009 | 078 | -23.00 | -174.70 | 031 | 246.6 | 09.9 | 7.6 SKS | GOOD
CLL | PE | 18-Feb-2009 | 049 | -27.40 | -176.30 | 025 | 241.9 | 09.6 | 7.0 SKS | GOOD
CLL | PE | 19-Mar-2009 | 078 | -23.00 | -174.70 | 031 | 246.4 | 09.7 | 7.6 SKS | GOOD
CLL | PE | 15-Jul-2009 | 196 | -45.80 | 166.60 | 012 | 220.5 | 12.4 | 7.8 | SKKS | GOOD
CLB | PE | 09-Dec-2008 | 344 | -31.20 | -176.90 | 018 | 238.4 | 09.7 | 6.8 SKS | FAIR
CLB | PE | 18-Feb-2009 | 049 | -27.40 | -176.30 | 025 | 242.3 | 09.8 | 7.0 SKS | GOOD
CHL | PE | 30-Aug-2009 | 242 | -15.20 | -172.60 | 011 | 254.6 | 129 | 6.6 | SKKS | GOOD
CHL | PE | 18-Feb-2009 | 049 | -27.40 | -176.30 | 025 | 242.1 | 09.7 | 7.0 SKS | GOOD
CHL | PE | 15-Jan-2009 | 015 | 46.90 | 155.20 | 036 | 320.9 | 06.4 | 7.4 SKS | GOOD
BAG | PE | 09-Dec-2008 | 344 | -31.20 | -176.90 | 018 | 238.0 | 09.5 | 6.8 SKS | GOOD

166



STA | Net Date Day | EvLa | EvLo | Dep | Baz | Anc | Mag | Phase | AutoQuality
BAG | PE | 18-Jan-2009 | 018 | -30.20 | -178.00 | 033 | 238.9 | 09.3 | 6.4 SKS | GOOD
BAG | PE | 15-Jul-2009 | 196 | -45.80 | 166.60 | 012 | 220.5 | 08.2 | 7.8 SKS | GOOD
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Supplementary information of SWS manuscript
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Figure B1: Shear wave splitting parameters estimated with different time windows and range of filters for two stations; one in Northern and one

in Central Peru. Results are generally consistent across frequencies and time windows, and show clear stability within our chosen frequency band

(0.04-0.125 Hz).
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Apéndice C

Mapas de velocidade de fase e testes de resolucao Checkerboard
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Figura C1: Mapa de velocidades de fase para os periodos de 14 e 16 segundos.
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Figura C2: Mapa de velocidades de fase para os periodos de 18 e 20 segundos.
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Figura C3: Mapa de velocidades de fase para os periodos de 25 e 30 segundos.
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Figura C4: Mapa de velocidades de fase para o periodo de 35 segundos.
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Figura C5: Teste de resolucdo dos dados Checkerboard com um tamanho de grade de 1.75° para as tomografias de 14, 16, 18, 20, 25 e 30

segundos.

173



: (PR [
' T20s \ -2 T30s \

80° -78° -76° -74° 72° 70° -68° -82° -80° =787 -76° -74° ~72° -70° —68°

Phase Velocity (km/s)
W

Figura C6: Teste de resolucdo dos dados Checkerboard com um tamanho de grade de 2.5°, para as tomografias de 14, 16, 18, 20, 25 e 30

segundos.
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Supplementary information of ANT manuscript

N —
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station raypaths for all station pairs (over 1045) that yielded phase velocity

Inter-

.
.

measurements that passed quality controls. The number of paths is indicated in the top right

corner of each panel.

Figure C7
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Figure C8: Phase velocity maps at 14s, 16s, 18s, 20s, 25, and 30s periods. Regions outside

the area of resolution are obscured.
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Figure C9: Shear velocity maps at 14km (a), 18km (b), 20km (c), and 25km (d) depth derived
from uniform mantle velocity (4.5 km s in the upper 55km and AK135 (Kennett et al.,
1995) velocities below 55km) starting model. Slab contours from Slab 2 (Hayes et al.,
2018) are shown.
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Figure C10: Cross-section A-A’, B-B’ and C-C’ perpendicular to the to the Andean margin
(see Figure 2) through our uniform mantle velocity (4.5 km s™ in the upper 55km and AK135
(Kennett et al., 1995) velocities below 55km) starting model. The upper ~10 km and lower
~35 km are obscured to reflect the lack of depth sensitivity of our results in the upper and

lower most crust.
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Figure C11: Cross-sections D-D’ and E-E’ parallel to the Western (a) and Eastern Cordillera
(b) regions (see Figure 4.2) our uniform mantle velocity (4.5 km s™ in the upper 55km and
AK135 (Kennett et al., 1995) velocities below 55km) starting model. The upper ~10 km and

lower ~35 km are obscured to reflect the lack of depth sensitivity of our results in the upper

and lower most crust.
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Figure C12: Shear velocity maps at 14km, 18km, 20km, and 25km depth derived from
uniform thick crustal model, with crustal velocities (3.6 km s™ in the upper 55 km, and mantle
velocities (4.5 km s ) below 55 km, and AK135 (Kennett et al., 1995) velocities at deeper
depths) starting model. Slab contours from Slab2 (Hayes et al., 2018) are shown.
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Figure C13: Cross-section A-A’, B-B’ and C-C’ perpendicular to the Andean margin (see
Figure 4.2) through our uniform thick crustal model, with crustal velocities (3.6 km s™ in the
upper 55 km, and mantle velocities (4.5 km s™) below 55 km, and AK135 (Kennett et al.,
1995) velocities at deeper depths) starting model. The upper ~10 km and lower ~35 km are
obscured to reflect the lack of depth sensitivity of our results in the upper and lower most

crust.
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Figure C14: Cross-sections D-D’ and E-E’ parallel to the Western (a) and Eastern Cordillera
(b) regions (see Figure 4.2) our uniform thick crustal model, with crustal velocities (3.6 km s™
in the upper 55 km, and mantle velocities (4.5 km s™ ) below 55 km, and AK135 (Kennett et
al., 1995) velocities at deeper depths) starting model. The upper ~10 km and lower ~35 km
are obscured to reflect the lack of depth sensitivity of our results in the upper and lower most

crust.
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Figure C15: Shear velocity maps at 14km (a), 18km (b), 20km (c), and 25km (d) depth
derived from the shallow crustal model (3.6 km s™ velocities in the upper 26km, mantle
velocities (4.5 km s™) to 55km, and AK135 (Kennett et al., 1995) velocities at deeper depths)

starting model. Slab contours from Slab 2 (Hayes et al., 2018) are shown.
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Figure C16: Cross-section A-A’, B-B’ and C-C’ perpendicular to the Andean margin (see
Figure 4.2) through our shallow crustal model (3.6 km s™ velocities in the upper 26km,
mantle velocities (4.5 km s™) to 55km, and AK135 (Kennett et al., 1995) velocities at deeper
depths) starting model. The upper ~10 km and lower ~35 km are obscured to reflect the lack

of depth sensitivity of our results in the upper and lower most crust.
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Figure C17: Cross-sections D-D’ and E-E’ parallel to the Western (a) and Eastern Cordillera
(b) regions (see Figure 4.2) our shallow crustal model (3.6 km s™ velocities in the upper
26km, mantle velocities (4.5 km s™) to 55km, and AK135 (Kennett et al., 1995) velocities at
deeper depths) starting model. The upper ~10 km and lower ~35 km are obscured to reflect

the lack of depth sensitivity of our results in the upper and lower most crust.
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