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RESUMEN de la tesis de ERIK ESTEBAN RAMIREZ RAMOS, presentada
como requisito para la obtencién del grado de DOCTOR EN CIENCIAS. Mexicali,
Baja California, 2 de abril de 2019.

DIFERENCIAS ENTRE LOS AMBIENTES SEDIMENTARIOS DEL
VALLE DE MEXICALI Y GRANITICO DE LAS SIERRAS
PENINSULARES DE BAJA CALIFORNIA: ANALISIS DE RUIDO Y
ESTRUCTURA DE CORTEZA

Resumen aprobado por:

Dr. Jorge Ramirez Hernédndez Dr. José Antonio Vidal Villegas

Codirector de Tesis Codirector de Tesis

Se realiz6 un analisis de los niveles de ruido sismico ambiental a partir de los registros
de estaciones sismicas ubicadas en el norte de Baja California, México. Se utilizaron
los datos de las estaciones de la Red Sismica del Noroeste de México (RESNOM) con el
objetivo de caracterizar los espectros de ruido de cada estacién. Las estaciones sismicas
estan ubicadas en el ambiente sedimentario del Valle de Mexicali (VM) y en el granitico
de las Sierras Peninsulares de Baja California (SPBC). El ruido ambiente se caracterizd
usando la técnica densidad espectral de potencia (PSD, por sus siglas en inglés) prop-
uesta por Peterson (1993). Se encontré que, a periodos entre 0.1 y 2 s, la mediana de
los niveles de ruido (MNLs, por sus siglas en inglés) de estaciones ubicadas en el VM
son hasta 25 dB mayores, y cercanas al nuevo modelo de ruido alto (NHNM, por sus
siglas en inglés), que las MNLs de estaciones en las SPBC. Para periodos > 2 s, las
MNLs son similares para ambas regiones y se encuentran entre el NHNM y el nuevo
modelo de ruido bajo. Se encontraron diferencias en los niveles de ruido cuando los
sensores sismicos (diferentes marcas pero mismo ancho de banda) se intercambiaron.
Para periodos < 1s, los MNLs calculado a partir de los registros de sensores Giiralp
son ~20 dB mas altos que los MNLs de sensores Nanometrics; para periodos > 10 s
los MNLs de los sensores Nanometrics son ~20 dB mas altos que los MNLs de sensores
Giiralp. Se observaron variaciones diarias en el ruido de periodo corto, relacionado con
la actividad humana, como niveles de ruido alto para periodos > 1 s durante el dia en
una estaciéon en la ciudad de Mexicali. Al menos en dos Sitios, en y al sur del VM,
hay una relacién directa en las variaciones de presion atmosférica y temperatura con el
ruido sismico: presion alta y temperatura baja se relacionan con niveles de ruido alto
en la banada de los 4 - 8.5 s, y vice versa. Para observar cualquier posible cambio en
las velocidades sismicas que se puedan relacionar con el cambio abrupto en la geologia
regional (roca granitica con sedimentos) se realizé un estudio de refraccién sismica en
la region SPBC-suroeste Laguna Salada (LS). Se instalaron 30 estaciones sismicas tem-
porales de tres componentes, complementadas con dos estaciones permanentes de seis
componentes pertenecientes a RESNOM. Las estaciones, espaciadas ~6 km a lo largo
del perfil de refraccion, grabaron dos explosiones: la explosion directa realizada al sur
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de la ciudad de Ensenada y la explosién reversa al suroeste de LS (direccion suroeste-
noreste). Se modelaron los rayos de las dos explosiones (con la teorfa asintética de
rayos) para obtener un modelo de onda P a lo largo del perfil de refraccién. Los re-
sultados del modelado son los siguientes: en la seccion suroeste del perfil se extiende
una zona de baja velocidad de ~2 km/s entre las profundidades de 0 y 3.5 km; en la
Sierra Juarez, la velocidad promedio de onda P es ~5.6 km.s entre las profundidades
de 0 y 5 km; y en el suroeste de LS existe una capa de baja velocidad de ~2.5 km/s
entre las profundidades de 0 y 3 km. Se modelé una capa de ~6.5 km/s entre los 4 y
12 km en la regiéon Ensenada-Ojos Negros y entre las profundidades de 4 y 8 km bajo
el suroeste de LS. Se modeld una zona de velocidad ~6.7 km/s, a distancias de 0 a 50
km del perfil, que aparece entre profundidades de 12 y 15 km.

Palabras Clave: Ruido sismico ambiental, niveles de ruido, densidad espectral de

potencia, redes sismicas, RESNOM, sismometro, refraccién sismica, modelo de corteza,
norte de BC.
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ABSTRACT of the thesis presented by ERIK ESTEBAN RAMIREZ RAMOS,
in fulfillment of the requirements of the degree of DOCTORATE IN SCIENCE. Mexi-
cali, Baja California, 2 de abril 2019.

DIFERENCES BETWEEN THE SEDIMENTARY MEXICALI VALLEY
AND THE GRANITICAL PENINSULAR RANGES OF BAJA
CALIFORNIA ENVIRONMENTS: NOISE ANALYSIS AND CRUSTAL
STRUCTURE

Approved by:

Dr. Jorge Ramirez Hernédndez Dr. José Antonio Vidal Villegas
Thesis Advisor Thesis Advisor

A seismic ambient noise-level analysis was performed from records of seismic sta-
tions located in northern Baja California, Mexico. Data from stations of the Northwest
Mexico Seismic Network (RESNOM) was used, with the goal to characterize the noise
spectrum for each station. The seismic stations are located in the sedimentary environ-
ment of the Mexicali Valley (MV) and the granitic Peninsular Ranges of Baja California
(PRBC). The ambient seismic noise was characterized using the power spectral density
(PSD) technique (Peterson, 1993). It was found that, at periods between 0.1 and 2 s,
the median noise levels (MNLs) of stations in the MV are up to 25 dB higher, and near
the new high-noise model (NHNM), than MNLs of PRBC stations. For periods > 2 s,
the MNLs are similar for both regions and are between the NHNM and new low-noise
models. Differences were found in the noise levels when seismic sensors (different brands
but same bandwidth) were interchanged. For periods < 1 s, the MNLs computed from
records of Giiralp sensors are ~20 dB higher than MNLs from Nanometrics sensors; for
periods > 10 s the MNLs of Nanometrics sensors are ~20 dB higher than the MNLs
from Giiralp sensors. It was observed daily variations in short-period noise, related to
human activity, such as higher noise levels for periods > 1 s at daylight in a station
in the city of Mexicali. At least for two sites, in and south of MV, there is a direct
relationship among variations of atmospheric pressure and temperature with seismic
noise: high pressure and low temperature are related with high-noise levels in the 4.0 -
8.5 s period band and vice versa. To see any change in seismic velocities that may be
associated with an abrupt change in the regional geology (granitic rock in contact with
sediments), refraction seismic study was conducted in the PRBC, Mexico-southwestern
Laguna Salada (LS) region. There were installed 30 three-component portable seis-
mic stations, supplemented with two permanent six-component stations of RESNOM.
The stations, spaced ~6 km along a refraction profile, recorded two blasts; these were
the direct shot located to the south of the city of Ensenada and the reverse shot in
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the southwestern LS (south-west-northeast direction). Rays from the two blasts were
modeled (using asymptotic ray theory) to obtain a P-wave velocity model along the
refraction profile. The modeling results are as follows: in the southwestern part of the
profile a low-velocity zone of ~2 km/s exists between the depths of 0 and 3.5 km; in
Sierra Juérez, the mean P-wave velocity is ~5.6 km/s between the depths of 0 and
5 km ; and in southwestern LS, a low-velocity layer of ~2.5 km/s exists between the
depths of 0 and ~3 km. It was also modeled a layer of ~6.5 km /s between 4 and 12 km
in the Ensenada-Ojos Negros region, and between the depths of 4 and 8 km below the
southwestern LS. From a profile distance of 0 to 50 km, a velocity zone of ~6.7 km/s
appears between the depths of 12 and 15 km.

Keywords: Ambient seismic noise, noise levels, power spectral density, seismic net-
works, RESNOM, seismometer, seismic refraction, crustal model, northern BC.
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Capitulo I

Introduccion

I.1 Planteamiento del problema

La regién norte de Baja California (BC) existe un importante sistema de fallas geoldgicas
que constituyen un segmento de la frontera entre las placas tecténicas del Pacifico y
Norte América (Recuadro Fig. 1), frontera delimitada por el sistema de fallas San
Andrés - Golfo de California (Atwater, 1970). La actividad sismica generada por este

sistema de fallas puede alcanzar valores de magnitud de 7.2 (Vidal-Villegas et al., 2018).

Para estimar la localizacién hipocentral (epicentro y profundidad) de la sismicidad de la
region es esencial contar con una red sismica operando en 6ptimas condiciones (McNa-
mara y Buland, 2004) y un modelo de estructura de velocidades de corteza apropiado

para la region (Ramirez-Ramos et al., 2015).

I.1.1 Marco Geoloégico: Sierras Peninsulares de Baja Califor-
nia y Provincia Extensional del Golfo

La region norte de BC se caracteriza por dos subregiones de geologia y topografia con-

trastantes:

e Las Sierras Peninsulares de Baja California (SPBC, Fig. 1), caracterizadas por ro-

cas de tipo granitico con algunas zonas donde existe cierto grado de metamorfismo



(Gastil, 1975). Esta subregién estd formada por sierras que alcanzan alturas de
hasta de 2800 m sobre el nivel medio del mar, al como la Sierra San Pedro Martir
(SSP, Fig. 1). Las principales fallas de esta regién (Fig. 1) son: falla Vallecitos
(FV), falla Tres Hermanos (FTH), falla San Miguel (FTH), falla Agua Blanca
(FAB), falla Sierra Judrez (FSJ) y falla San Pedro Martir (FSPM). La sismicidad
en las SPBC se asocia principalmente al sistema de fallas San Miguel-Vallecitos
(Gonzélez y Sudrez, 1984). Las magnitudes mas altas de sismos registradas in-
strumentalmente son: My, 5.8 en 1963, en el la unién fallas San Miguel y Vallecitos
(Leeds, 1979); seis sismos My 6.0 ocurridos en 1954 y 1956, el la seccién SE de
la falla San Miguel (Shor Jr y Roberts, 1958; Leeds, 1979); M 5.7 en 1949, en la

falla Vallecitos (Frez et al., 2000).

La Provincia Extensional de Golfo (PEG, zona gris del recuadro de Fig. 1) que se
extiende hacia el este del Escarpe Principal del Golfo (Diaz-Torres et al., 2012)
a lo largo de la parte oriental del norte de la Peninsula de Baja California. Esta
presenta una topografia de cuencas (Laguna Salada y Valle de Mexicali) y sierras
(El Mayor, Cucapah, p. e.) (Stock et al., 1991). Los sedimentos depositados en
las cuencas por el Golfo de California y el Rio Colorado son de origen marino y
continental, respectivamente. Tienen espesores de 4 a 6 km y sub-yacen en un
basamento (Puente y De La Pena, 1979; Abdeslem et al., 2001). Las principales
fallas en la regién del Valle de Mexicali (VM) son (Fig. 1): falla Laguna Salada
(FLS); falla Cucapah (FC); falla Canén Rojo (FCR); falla Imperial (FI), falla
Cerro Prieto (FCP), falla Detachment Canada David (FDCD) y falla Indiviso
(FIn). EI sistema de fallas Cerro Prieto - Imperial y el centro de dispersién
Cerro Prieto, asi como el sistema de fallas Cucapah - Laguna Salada, concentran

la mayor parte de la sismicidad del VM (Fig 1). Las magnitudes més altas de



sismos registradas son (Frez et al., 2000): M 7.0 - 7.5 en 1892, en falla Laguna
Salada (estimada por Strand, 1980); My, 7.2 en 2010, ocurrido en la vecindad de
la falla Cucapah; My 7.1 y 9.8 en 1940 y 1979, respectivamente, asociados a la

falla Imperial; M 6.5 y 7.1 en 1934 asociados a la falla Cerro Prieto.

1.1.2 Evaluacion del funcionamiento de la red sismica local

Dada la ocurrencia de sismos en el norte de BC, que van desde M 1.0 (microsismisidad)
hasta M 7.2, la Red Sismica del Noroeste de México (RENSOM) opera desde finales de
la década de los 70's (Vidal-Villegas et al., 2018). Al presente, dicha red opera estaciones
sismoldgicas integradas por sensores de banda ancha (120 s - 50 Hz) y acelerémetros
con digitalizadores de 24 bits. La operacién apropiada de la red sismica para el registro
y localizacion de sismos requiere de: grabacion y transmision de datos continua; cali-
bracién de equipo; buena relacion senal a ruido, entre otros. Para evaluar la relacion
senal a ruido es necesario realizar un anélsis de ruido sismico ambiental en los sitios de

observacion.

La caracterizacion del ruido sismico ambiental grabado por redes sismicas se realiza
basado en la metodologia propuesta por Peterson (1993), estudio que caracterizé los
niceles de ruido de estaciones sismicas distribuidas en el mundo. Basado en la densidad
espectral de potencia (PSD, por sus siglas en inglés), el autor definié los nuevos mod-
elos de niveles de ruido alto (NHNM, por sus siglas en inglés) y bajo (NLNM, por sus
siglas en inglés), los cuales se han convertido en un estandar en la comparaciones de
niveles de ruido (Custédio et al., 2014). McNamara y Buland (2004) propone una nueva
metodologia de anélisis de los niveles de ruido basada en Peterson (1993), la cual es 1til
para la caracterizacién del desempeno de la red sismica (Custédio et al., 2014), para

detectar problemas con las estaciones (instrumentales o relacionadas con el sitio). Los



principales resultados de estudios de ruido sismico ambiental realizados en el mundo
(Marzorati y Bindi, 2006; Sheen et al., 2009; Evangelidis y Melis, 2012; Rastin et al.,
2012) destacan (Custddio et al., 2014): ruido cultural/antrpogénico, provenientes de
fuentes de periodo corto, con fuertes variaciones diurnas/nocturnas; ruido microsismico
(3 - 20 s) afectado fuertemente por variaciones por estaciones, correlacionadas con
condiciones oceanicas; ruido de periodo largo, afectado por el tipo de instalacion y por

las condiciones de aislamiento (térmico).

Debido a lo anterior, se requiere evaluar y comparar los resultados de las estaciones ubi-
cadas en los distintos ambientes geologicos. Asi mismo, es necesario analizar el posible
efecto sobre los niveles de ruido de factores como: las mareas del Océano Pacifico y el
Golfo de California; la temperatura y presion atmosféfrica; la actividad antropogénica;
maquinaria cercana a la estacién sismica (aires acondicionados, generadores, subesta-
ciones eléctricas, etc.). Aunado a eso, dado a que las estaciones sismicas se encuentran
ubicadas a lo largo de los ambientes geolégicos contrastantes del norte de BC (VM
y SPBC), es necesario evaluar los niveles de ruido sismico ambiental de cada una de
las estaciones para compararlas con los niveles de ruido alto y bajo, NHNM y NLNM,

respectivamente, definidos por Peterson (1993).

1.1.3 Modelo de estructura de velocidades apropiado para el

norte de BC

El marco tecténico activo del norte de BC genera la importante sismicidad regional
(desde longitud 31° a 32.5 ° N) que incluye sismos M,, 7.2 (El Mayor - Cacapah de 4

de abril de 2010). Dicha sismicidad es registrada por RESNOM y para ser localizada
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Figura 1: Mapa que muestra las dos principales provincias geolégicas del norte de
BC y la interaccién entre las placas tectonicas del Pacifico y de Norteamérica (re-
cuadro). El mapa detallado indica las fallas principales (lineas rojas, obtenidas de
Seiler et al. (2010)). Los circulos grises indican la sismicidad M 3.5, desde 1990 hasta
la fecha, registrada por RESNOM. Las estaciones sismicas permanentes de RESNOM
son: Tridngulos negros, sensores Giiralp; triangulos invertidos verdes, sensores Nano-
metrics. Las estaciones meteorologicas de CONAGUA se representan por diamantes
morados. El circulo negro indica la boya Point Loama (46323). La estrella blanca es el
sismo El Mayor-Cucapah del 4 de abril de 2010 My, 7.2. Estudios previos de refraccién
sismica son indicados como: Linea morada (Nava y Brune (1982)); linea azul (Nunez
Cornt et al. (1996)); linea naranja (Ramirez-Ramos et al. (2015)). Los tridngulos in-
vertidos negros indican el perfil de refraccion sismica. Las estrellas Amarilla y Azul
indican la ubicacién de las explosiones A y B, respectivamente. Las regiones indicadas
en el mapa son: SEM, Sierra El Mayor; SC, Sierra Cucapah; SSF, Sierra San Felipe;
SSP; SJ, Sierra Juarez.



hipocentralmente requiere de un modelo de estructura de velocidades de corteza detal-

lado y adecuado para la regién.

Actualmente, la red sismica utiliza esencialmente dos modelos de velocidades para la
localizacién hipocentral: el de capas planas propuesto por Nava y Brune (1982) para
la regién de las SPBC; el de capas planas propuesto por Fabriol y Munguia (1997)
(derivado del propuesto por McMechan y Mooney, 1980), para la regién del Valle de

Mexicali.

I.2 Justificacion

Dadas las caracteristicas geolégicas contrastantes del norte de BC, ambientes sedimen-
tario (VM) y granitico (SPBC), es necesario tener una evaluacién de las caracteristicas
sismicas de la region: niveles de ruido sismico ambiental y la estructura de velocidades
de corteza. En las siguientes secciones se detallard la justificaciéon de cada uno de los

dos estudios necesarios.

1.2.1 Niveles de ruido sismico ambiental de las estaciones del

norte de BC

Debido a la ausencia de estudios de ruido sismico ambiental en el norte de BC y a
la actualizacion de la instrumentacién de las estaciones de la red sismica (reemplazo
de sismémetros de periodo corto con grabadoras de 12 bits por sismémetros de banda
ancha y grabadoras de 24 bits) es necesario un anélsis de esta naturaleza. Este andlisis

tiene dos vertientes, por un lado, analizar el funcionamiento de los nuevos equipos de



registro, y por el otro, caracterizar cuantitativamente los niveles de ruido ambiental en
las estaciones sismicas de la red. Lo cual permitira evaluar las ventajas de los nuevos

equipos y deard mayor robustez a la red.

1.2.2 Modelos de estructura de velocidades de corteza para el

norte de BC

Dado que no existe un estudio de Refraccion Sismica apropiado para ambas provincias
geoldgicas (VM y SPBC), que cuente con al menos 2 explosiones (directa y reversa,
Fig. 1) en los extremos del perfil de andlisis, se pretende realizar un estudio como parte
del andlisis estructural del norte del Baja California para determinar la estructura de

velocidades de la corteza, encontrar posibles fallas geoldgicas y establecer, si es posible,

la profundidad al Moho.

Contar con un modelo de estructura de velocidades de corteza apropiado podria mejo-
rar la localizacion hipocentral de la sismicidad regional, lo cual ayudaria, por ejemplo,
a delimitacion de zonas sismogénicas que puedan trazar posibles fallas o ambientes de

dispersion de corteza, y estudios de peligro sismico del norte de BC.

I.3 Objetivos

I.3.1 Objetivos generales

Caracterizar sSmicamente los ambientes sedimentario del Valle de Mexicali, BC, y

granitico de las Sierras Peninsulares de Baja California.



I.3.2 Objetivos particulares

e Calcular las curvas de ruido sismico ambiental de las estaciones de banda ancha

I.4

ubicadas en el norte de BC y compararlas con los niveles de ruido alto y bajo
(NHNM y NLNM, respectivamente), propuestos por Peterson (1993), para evaluar

su funcionamiento.

Realizar un modelado de corteza del norte de BC con la técnica de Refraccién
Sismica: usar los tiempos de arribo de explosiones grabadas a lo largo de un perfil

de estaciones sismicas con la teoria asintética de rayos.

Hipoétesis

Se espera que los niveles de ruido sismico ambiental de las estaciones de banda
ancha del norte de BC sean: i) en las estaciones ubicadas en el Valle de Mexicali,
cercanos, o mayores, a la curva del NHNM; ii) en estaciones ubicadas en las SPBC,

cercanos a la curva del NLNM.

Ssperarfa que el Moho debajo de las SPBC sea profunda (que alcance profundi-
dades de ~40 km) mientras que bajo Laguna Salada (LS) y en el Valle de Mexicali
el Moho se encuentre a ~25 km. Indicando un adelgazamiento de corteza en di-

reccion este.

Las velocidades de corteza en las SPBC son mayores a las velocidades de corteza

del VM y LS.



I.5 Responsabilidades de autorias en articulos

I.5.1 Articulo: Seismic Noise Levels in Northern Baja Cali-
fornia, Mexico

1. Erik E. Rairez: Autor principal del texto. Acomodé la base de datos contin-
uos, de las estaciones de banda ancha de RESNOM. Realizé todos los calculos

computacionales, asi como todas las figuras del articulo.

2. J. Antonio Vidal-Villegas: Facilité ordenadores para el computo de gran volimen
realizado. Apoyo en la edicién del manuscrito. Gestiond parte de los fondos para

cubrir el costo de la publicacion.

3. M. Alejandra Nunez-Leal: Proporciond, en el formato solicitado (mseed), los
datos de las estaciones de banda ancha de RESNOM. Gener6 las curvas de los
niveles de ruido de cada estaciéon usando PQLX para la comparacién con las
curvas generadas por el primer autor. Escribio la seccion correspondiente a las

caracteristicas de la instrumentacién sismica y de RESNOM.

4. Jorge Ramirez-Hernandez: Facilité los datos meteorolégicos usados en la publi-
cacién. Apoyo en la edicion del manuscrito. Gestioné parte de los fondos para

cubrir el costo de la publicacion.

5. Adén Mejia-Trejo: Facilité los datos de los niveles de marea del Océano Pacifico
en la region norte de BC. Contribuyé en la seccion en la que se describe el com-

portamiento de la marea del Océano Pacifico y del Golfo de California.

6. Eliana Rosas-Verdugo: Consigié los mapas geoldgicos del noroeste de México a

travéz de la base de datos del INEGI. Dibujoé el mapa de las unidades geolégicas
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descritas por el INEGI y las relacioné con la ubicacion de las estaciénes sismicas

de RESNOM vy de las meteorolégicas de CONAGUA.

I.5.2 Articulo: A Crustal Velocity Model for the Peninsular
Ranges of Baja California and Southwestern Laguna

Salada, México.

1. Erik E. Ramirez: Instalé la mayoria de las estaciones, en dos campanas, de los
dos perfiles sismicos de refraccion. Extrajo y armé la base de datos. Modelé de
manera directa los datos del perfil de refraccion sismica. Escribié la mayoria del

manuscrito. Elaboré todas las graficas y mapas.

2. J. Antonio Vidal-Villegas: Gestioné los recursos necesarios para la perforacién
del pozo en Laguna Salada, la compra y detonacion de explosivos. Ademas de
gestionar recursos para cubrir parte de los vidticos, gasolina y renta de vehiculos
necesarios para la instalacion de las estaciones sismicas. Facilito equipo computa-
cional para el proceso de modelado. Apoyd en la edicién del manuscrito. Gestiond

fondos para cubrir parte del costo de la publicacion.

3. Jorge Ramirez-Hernandez: Gestiono los recursos necesarios para cubrir parte de
los viaticos y gasolina, ademés de facilitar vehiculos necesarios para la instalacién
de las estaciones sismicas. Apoy6 en la edicion del manuscrito. Gestioné fondos

para cubrir parte del costo de la publicacion.

4. Antonio Gonzélez-Fernandez: Apoyd en el proceso de modelado directo de corteza
usando el software RAYINVR, ajustando los tiempos de arribo y amplitudes

relativas.

5. Joann M. Stock: Prestd equipo sismico de banda ancha para el estudio de re-
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fraccion sismica. Apoyo en el proceso de escritura, asi como en la edicién del

manuscrito.

1.6 Revision bibliografica

1.6.1 Ruido sismico ambiental del norte de BC

Para la evaluacion del sitio de ubicaciéon de una estacién sismica se calcula la densi-
dad espectral de potencia (PSD, por sus siglas en inglés) como estdndar de calidad
(McNamara y Buland (2004)). Para la evaluacion del PSD, Peterson (1993) defini6
los Nuevos Modelos de Ruido Alto y Bajo usando los niveles de ruido registrados en

estaciones sismicas ubicadas en todo el mundo.

Se han realizado estudios evaluando el PSD, p.e. en el territorio continental de EUA,
para caracterizar el ruido ambiental registrado por redes sismicas (McNamara y Buland,
2004). Asi mismo, trabajos como los de Diaz et al. (2010) y Custédio et al. (2014) han
reportado relaciones entre la geologia de los sitios observados y los niveles de ruido
sismico: en ambientes sedimentarios los niveles de ruido tienden al NHNM, mientras

que en sitios rocosos los niveles de ruido tienden al NLNM.

1.6.2 Estudios de refraccion sismica en el norte de BC

Durante la primera mitad de la década de los 70’s se realizé un estudio de refraccién
sismica para la region de las SPBC usando una explosion en Corona, California, EUA
(como tiro directo) y el sismo de Pino Solo, Baja California, ocurrido el 17 de julio de
1975 con Mp, 5.1 (como tiro reverso). A partir del andlisis de estos registros, Nava y

Brune (1982) proponen un modelo de tres capas, el cual ubica la discontinuidad Corteza
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- Manto a 42 km de profundidad (Tabla 1 y Fig. 1).

Nuniez Cornu et al. (1996) realizaron un estudio de refraccién sismica (no reverso) us-
ando la explosion de Blythe, Arizona, EUA, en un perfil de ~ 300 km de longitud,
orientado en la direccién NE-SO, terminando en Ensenada, BC (Fig. 1). En este estu-
dio, los autores proponen una ntrusion del manto superior debajo de la regién del Valle

de Mexicali a una profundidad de 17 km.

Para el Valle de Mexicali existe un modelo de 7 capas (Tabla 1), el cual es una versién
modificada por Fabriol y Munguia (1997) del propuesto por McMechan y Mooney (1980)
para el Valle Imperial (contiguo hacia el norte del VM, del lado de EUA). En este mod-

elo la discontinuidad Corteza-Manto se ubica a 20 km de profundidad.

Para la regién del sur del VM, BC, Ramirez-Ramos et al. (2015) propusieron un modelo
de estructura de velocidades de tres capas planas (Tabla 1), con una profundidad del
Moho de 15 km, usando una explosién realizada en el sur de Arizona (como tiro directo)

y un sismo relocalizado en la regién de El Mayor, BC (Fig. 1).

Comparado la profundidad del Moho con el modelo de las SPBC apreciamos un adel-

gazamiento de la corteza en la direccion este.

La determinacién del modelo de estructura de velocidades del perfil sismico de refraccion
se obtuvo a partir de la modelacion de los tiempose de arribo y amplitudes relativas
utilizando los programas RAYINVR y TRAMP, respectivamente. A su vez, los sismo-
gramas sintéticos se generaron con el programa PLTSYN utilizando Teoria Asintética

de Rayos (Zelt y Smith, 1992). Lo anterior, para determinar el modelo de estructura
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Tabla I: Modelos de estructura de velocidades de onda P en capas planas, resultado
de estudios previos para la regiéon norte de BC: el modelo para las SPBC propuesto
por Nava y Brune (1982) (NB82); el modelo de Fabriol y Munguia (1997) para el VM
(MVM; Mexicali Valley Model); el modelo propuesto por Ramirez-Ramos et al. (2015)

para el sur del VM (SMVM; Southern Mexicali Valley Model).

Modelos

NB8&2 MVM SMVM

Profundidad Velocidad P Profundidad Velocidad P Profundidad  Velocidad P

(km) promedio (km/s) (km) promedio (km/s) (km) (km/s)
0.0 - 5.0 5.6 0.0-0.1 1.7 0.00 - 1.23 1.90 - 3.81
5.0 - 19.8 6.6 0.1-0.7 2 1.23 - 5.60 4.77 - 6.30
19.8 - 41.8 7 0.7-1.38 2.3 5.60 - 15.25 6.54 - 7.18

41.8 - 8 1.8-29 2.6 15.27 - 7.65

29-5.6 3
5.6 - 10.0 5
10.0 - 20.0 6

20 - 7.8

de velocidades del perfil sismico de refaccion.
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Capitulo 11

Presentacion del estudio

Los métodos, resultados y conclusiones de este estudio son presentados en los articulos
contenidos en los anexos de esta disertacién. El siguiente es un resumen de las con-

tribuciones mas importantes de esta investigacion.

II.1 Resultados: Niveles de ruido sismico ambiental

del norte de BC

Se analizaron 19 estaciones permanentes equipadas con sensores de banda ancha (Gtiralp
CMG-3ESPC, CMG 40-T y Nanometrics Trillium Compact) y acelerémetros Episensor
FBA ES-T. La base de datos consistié de tres anos de registro continuo (100 muestras/s)
ordenada en 24 archivos de una hora de longitud. Para caracterizar el ruido sismico
ambiental de cada estacién sismica se calculé el PSD de acuerdo a lo propuesto por
Peterson (1993). Para el andlisis estadistico de las estaciones (e.j. variaciones, diurnas,
mensuales, anuales) se calcularon los niveles de ruido medio (MNL, por sus siglas en

inglés) de cada dia en cada estacién sismica.

Como primer resultado importante de esta seccién se tienen los derivados de la com-
paracion de las MNL de tres anos de datos continuos de las estaciones ubicadas en
las SPBC y en el VM (Fig. 2). Se calcularon, por cada componente del sismémetro

(Z, vertical; N-S, Norte-Sur;E-O, Este-Oeste), las MNL de cada una de las estaciones
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ubicadas en las SPBC y se agruparon (Fig. 2a-c) para a partir de esas curvas obtener
un MNL representativo de la regién (linea negra de Fig. 2a-c). Lo mismo se realizd
para las estaciones del VM (Fig. 2d-f). Las comparaciones de las MNL de las estaciones
ubicadas en el VM se caracterizan por tener valores hasta 20dB mas altos, a periodos

< 1 s, con respecto a las estaciones ubicadas en las SPBC.

PSD [10log,,(m*/s*/Hz)] dB

10! 10° 10! 10! 10° 10! 10! 10° 10!
Periodo(s) Periodo(s) Periodo(s)

Figura 2: (a-c) Mediana de curvas de ruido para las tres componentes de estaciones
ubicadas en las regiones SPBC y VM (d-f). Curvas calculadas para cada estacién
(lineas grises) y Medianas de curvas de ruido (lineas negras). Las curvas de ruido
propuestas por Peterson (1993) son las NLNM (lineas discontinuas) y NHNM (lineas
punteadas).

Dado que en 5 estaciones sismicas de RESNOM se realizo un cambio en los sensores
de banda ancha (CMG-3ESPC por Trillium Compact), se analizaron los datos de 3
estaciones (RMX, TKX, UABX) por un periodo de tiempo de un ano, del 1 de enero
de 2013 al 31 de diciembre de 2013 (Fig. 3a-c), cuando las estaciones tenifan sensores
CMG-3ESPC; durante el periodo del 1 de enero de 2015 al 31 de diciembre de 2015

(Fig. 3d-f) cuando las estaciones contaron con sensores Trillium Compact.
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De comparar los MNL del PSD debido a cambios en los sensores (ambos del mismo
ancho de banda: 120 s - 50 Hz) se aprecian variaciones en los niveles de ruido. Para
periodos menores a 1 s, los resultados del PSD de estaciones con sensores CMG-3ESPC
tienden al NHNM; a periodos entre 2 y 20 s los PSD de ambos sensores son similares;
a periodos largos los PSD de los sensores Trillium Compact tienen un comportamiento

bimodal.

(a) (b) (9

-80

-120r,

-160F°

0]

PSD [10log10(m¥/s*/Hz)] dB

____________

A RMX2015 o TRX-2015] o UABX2015]
10* 10° 10 10" 10° 10! 101 10° 10!
Periodo(s) Periodo(s) Periodo (s)

Figura 3: Comparacion de los niveles espectrales de ruido para las estaciones RMX, TKX
y UABX, que fueron instrumentadas con diferentes sensores: (a-c) para el ano 2013, con
sensores CMG-3ESPC; (d-f) para el ano 2015, con sensores Trillium Compact. Lineas
punteadas y discontinuas hacen referencia a los niveles de ruido, NHNM y NLNM
(Peterson (1993)), respectivamente.

Para cuantificar la influencia del ruido sismico cultural se calcularon los MNL de las
estaciones UABX y CPX ubicadas en la subregién del VM. La estacion UABX se
encuentra dentro de la zona urbana de la ciudad de Mexicali, BC, mientras que la
estacion CPX se encuentra en la zona agricola del VM ubicada al sur de la ciudad de
Mexicali(Fig. 1). El anélisis se realizé usando 7 dias de registro continuo en cada una

de las tres componentes de la estacion UABX (Fig. 4a-c) y CPX (Fig. 4c-f). De los
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espectrogramas de ambas estaciones se aprecia que los niveles de ruido <1 s son altos

y marcados durante el dia (Fig. 4g), alrededor del horario de actividades humanas,

mientras que en los espectrogramas de la estacion CPX no se aprecian de manera tan

marcada (Fig. 4h). Ejemplificando asi la influencia del ruido cultural (antropogénico)

en las estaciones sismicas.

(a) (b) (c)

UABX - HHZ UABX - HHN

PSD [10log,o(m%s*/Hz)] dB

UABX - HHE

CPX - HHZ CPX - HHN

PSD [10log,o(m?s*/Hz)] dB

CPX - HHE
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Figura 4: Graficas que muestran los valores promedio de los PSD (lineas grises) durante
el 2013 de (a-c) UABC y (d-f) CPX. Lineas negras indican MNL; lineas rojas, NHNM;
lineas azules, NLNM. Se muestran los espectrogramas horarios de los PSD de los siete
dias analizados para (g) UABX y (h) CPX. Las barras de color vertical indican el
nivel del PSD. El eje x de (g,h) indica el tiempo local (UTC-7) en el formato hh:mm

dd/mm/aa.
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Al comparar los registros de presién atmosférica y temperatura de las estaciones de
CONAGUA (Fig. 1) con los espectrogramas de la componente vertical de dos estaciones
(SFX y UABX, Fig. 5) en el VM (donde se alcanzan temperaturas de hasta 50°), se
aprecia lo siguiente: una relacion entre el ciclo de temperatura anual y los cambios en
los niveles de ruido (en la banda de entre los 4.0 y 8.5 s) para estaciones que estan
expuestas a temperaturas ambiente, a diferencia de estaciones que estan en ambientes
con temperatura controlada; en la banda de entre los 4.0 y 8.5 s se aprecia un aumento

en los niveles de ruido al elevarse los niveles de presién atmosférica.
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Figura 5: Comparaciones de los espectrogramas a partir de los MNL de las estaciones
(a) SFX y (b) UABX con los registros de presién atmosférica (linea verde) y temper-
atura ambiente (linea azul) de las estaciones meteroldgicas TO55 y 24, respectivamente
(gréficas abajo de espectrogramas). Graficas azules indican la temperatura promedio
por dia, mientras que las graficas verdes indican la presién atmosférica promedio diaria.
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I1.2 Resultados: Modelo de estructura de corteza
para el norte de BC

El modelo resultante del trazado de rayos y ajuste de tiempos de arribo, para el perfil

sismico SPBC-suroeste LS (Fig. 1), observados vs. calculados se aprecia en la Fig. 6.

Debido a las contrastantes caracteristicas del modelo, p.e. capa de baja velocidad en
la regién de Ensenada y en LS (Fig. 6), se construyeron 3 modelos de capas planas

(promedios de profundidad y velocidades de cada inferfdz) de la siguiente manera:

e EM18: Modelo de cuatro capas para la region de Ensenada (distancias < 22 km).
La velocidad promedio de la primera capa es de 4.1 km/s, donde la profundidad
de la primera interfaz es de ~1.4 km con velocidades superior e inferior de 5.3
y 6.4 km/s, respectivamente. La segunda capa se extiende hasta ~6.6 km de
profundidad con una velocidad promedio de 6.5 km/s. La segunda interféz tiene
velocidades de 6.6 y 6.8 km/s en la parte alta y baja, respectivamente. La tercera
capa tiene una velocidad promedio de 6.9 km/s y alcanza una profundidad de
~10.9 km. La tercera interfdz tiene velocidades arriba y abajo de 7.0 y 7.2 km/s,
respectivamente. La cuarta capa tiene una velocidad promedio de 7.3 km/s. La
interfdz de la cuarta capa con el semiespacio (velocidad de 8.0 km/s) se infiere a

una profundidad de ~ 35.4 km.
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Figura 6: Modelo de velocidades de corteza para las SPBC y el suroeste de LS del perfil
de refraccién sismica (Fig. 1). (a) Profundidad total del modelo, (b) profundidad del
basamento de las capas de baja velocidad en el modelo de Ensenada, (c) velocidad
al basamento de las capas de baja velocidad al suroeste de LS. Las lineas punteadas
indican las fronteras de capas inferidas. La barra de colores lateral derecha indica la
velocidad de onda P.
e SJ18: Para la regién del Valle de Ojos Negros y Sierra Judrez, a distancias de
entre 22 y 87 km del perfil, se modelaron 3 capas. La primera alcanza una
profundidad de ~4.5 km con una velocidad promedio de 5.6 km/s; y velocidades

arriba y abajo de la interfaz de 5.3 y 6.0 km/s, respectivamente. La segunda capa

se ubica entre profundidades de ~4.5 y ~9.5 km y tiene una velocidad promedio
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de 6.8 km/s; con velocidades arriba y abajo de la interfaz de 6.6 y 7.0 km/s,
respectivamente. La tercera capa tiene una velocidad promedio de 7.3 km/s y se
extiende desde ~9.5 km hasta 18.2 km de profundidad; tiene velocidades arriba y
abajo de interfdz de 7.2 y 7.5 km /s, respectivamente. La tultima capa se encuentra

sobre un semiespacio con velocidad promedio de 7.9 km/s.

e [S18: Para la regiéon de LS, a distancias 87 km, se model6 la cuenca LS con una
velocidad promedio de 3.0 km/s alcanzando una profundidad de ~1.6 km. La
primera inferfaz (basamento) tiene velocidades arriba y abajo de 3.7 y 4.6 km/s,
respectivamente. La segunda capa tiene una velocidad promedio de 5.0 km/s y
alcanza una profundidad de ~4.8 km; con velocidades arriba y abajo de la interfaz
de 5.4 y 6.3 km/s, respectivamente. La tercera capa tiene una velocidad promedio
de 6.6 km/s alcanzando una profundidad de ~8.0 km; con velocidades arriba y
abajo de la interfdz de 7.0 y 7.3 km/s, respectivamente. La cuarta capa tiene una
velocidad promedio de 7.4 km/s y se encuentra sobre un semiespacio de velocidad

7.8 km/s a una profundidad de ~11.3 km.

La Fig. 7 muestra la comparacién de los tres modelos resultantes (EM18, SJ18 y LS18)
con los que se tienen para cada subregién del norte de BC: SPBC (Fig. 6a) y VM
(Fig. 6b). La diferencia principal de los tres modelos entre si es el limite de la tltima
intefdz, que profundiza en direccién suroeste, desde ~11 km (LS) hasta la inferencia de
~35 km (sur de la ciudad de Ensenada) de profundidad. La otra diferencia es que los
modelos EM18 y LS18 presentan una capa de baja velocidad en la cima que no esta

presente en SJ18.

Con respecto a las diferencias de velocidad con los modelos previos de la region, los

modelos EM18 y SJ18 presentan velocidades de ~1 km/s més altas que las que tiene el
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modelo NB82 (Nava y Brune, 1982). Por otro lado, el modelo LS18 tiene valores de ve-

locidad ~2 km /s mas altos que los que tiene el modelo MVM (Fabriol y Munguia, 1997).
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Figura 7: (a) Modelos de capas planas resultantes del modelado para las regiones de
Ensenada y Sierra Judrez (EM18 y SJ18, respectivamente) y su comparacién con el

modelo propuesto por Nava y Brune (1982) (NBS82).

(b) Modelo de capas planas

resultante del proceso de modelado para la regién de LS (LS18) y su comparacién con
modelos usados en la regiéon: MVM, propuesto por Fabriol y Munguia (1997); SMVM,
propuesto por Ramirez-Ramos et al. (2015).

Para mayor detalle en cuanto a los datos utilizados, metodologia, resultados, anélisis y

conclusiones ver seccién de Anexos.
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Abstract

We performed a seismic noise level analysis from records of seismic stations located in
Northern Baja California, Mexico. We used data from stations of the Northwestern
Mexico Seismic Network; with the goal to characterize the noise spectrum for each
station as a function of time. The seismic stations are located in the sedimentary en-
vironment of the Mexicali Valley (MV) and the granitic Peninsular Ranges of Baja
California (PRBC). The ambient seismic noise was characterized using the Power Spec-
tral Density (PSD) technique (Peterson, 1993). We found that, at periods between 0.1
and 2 s, the Median Noise Levels (MNLs) of stations in the MV are up to 25 dB higher,
and near the New High Noise Model, than MNLs of PRBC stations. For periods > 2
s, the MNL are similar for both regions and are between the New High and Low Noise
Models. We found differences in the noise levels when seismic sensors (different brands
but same bandwidth) were interchanged. For periods < 1 s the MNLs computed from
records of Giiralp sensors are ~ 20 dB higher than MNLs from Nanometrics sensors; for
periods > 10 s the MNLs of Nanometrics sensors are ~ 20 dB higher than the MNLs
from Giiralp sensors. We observed daily variations in short period noise, related to
human activity, such as higher noise levels for periods < 1 s at daylight in a station
in the city of Mexicali. No influence of variations of the sea level of the Pacific Ocean
on the PSD of stations of North Baja California was observed. At least for two sites,
in and south of MV, there is a direct relationship among variations of pressure and
temperature with seismic noise: high pressure and low temperature are related with

high noise levels in the 4.0 to 8.5 s period band, and vice versa.
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II1.1 Introduction

Northern Baja California, Mexico (NBC) consists mainly of two different geological re-
gions, which are divided by the Main Gulf Escarpment (Fig. 1): the granitic Peninsular
Ranges of Baja California (PRBC) and the sedimentary environment of the Mexicali
Valley (MV) (Lomnitz et al., 1970). The MV is composed of two basins: the Laguna
Salada and the Mexicali Valley. The boundary of these two basins is the Cucapah and
El Mayor mountain ranges, located in the northwest of the Gulf Extensional Province
(Surez-Vidal et al., 2008). The Mexicali Valley basin (5-6 km thick, Pelayo et al., 1991)
lies east of the Cucapah and El Mayor mountains.

In Northern Baja California, earthquakes ranging from microseismicity (M 1.0) to major
earthquakes (M 7.2) occur and, as a result, the Northwestern Mexico Seismic Network
(RESNOM) operates (Vidal-Villegas et al., 2018). An example of the need for proper
operation of this network is the Mw 7.2 El Mayor- Cucapah earthquake, which oc-
curred on 4 April 2010 (Hauksson et al., 2011). This earthquake ruptured a series of
faults including the Indiviso fault (Gonzalez-Ortega et al., 2014). The occurrence of
the El Mayor-Cucapah earthquake motivated efforts to improve the instrumentation of
the RESNOM network (from a short period to broadband seismometers, for instance).
Proper operation of this network requires continuous operation, good signal to noise
ratio, sites of lower levels of noise and continuous transmission to the processing center.
To evaluate a site for a seismic station, the power spectral density from ambient noise
(PSD) has become a standard tool. In this technique, new low and high noise mod-
els are defined (NLNM and NHNM, respectively [Peterson, 1993]) using noise levels
recorded by seismic stations located worldwide. Based on the computation of the prob-
abilistic power spectral densities (PPSDs), McNamara and Buland (2004) proposed a

new approach to assess the background seismic noise levels of seismic stations. Studies
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in other regions (e.g., continental USA, McNamara and Buland, 2004) have character-
ized the ambient noise recorded by seismic networks. Also, there are reports of regions
where a relationship between the geology and the noise levels has been observed; in
sedimentary environments PPSDs are high, and in rock sites, PPSDs are low (Diaz et
al., 2010, and Custédio et al., 2014).

Because of the absence of these kinds of studies in NBC, and the improvement of the in-
strumentation of the RESNOM stations (by replacing short period seismometers/12-bit
recorders with broadband seismometers/24-bit recorders), a study of ambient seismic
noise levels was necessary. Therefore, this study aims to assess the functioning of
RESNOM stations and to characterize, from a statistical analysis, the noise levels of

the MV and PRBC regions.

II1.2 Characteristics of the Instrumentation

Currently, NBC is covered by 26 RESNOM stations instrumented with broadband seis-
mometers and accelerometers (Table 1, Fig. 1). The instrumentation of these seismic
stations is as follows: eleven stations with Giiralp CMG-3ESPC/Reftek 130 recorders
(configured from 120 s to 50 Hz); one station with a Giiralp CMG-40T/Reftek 130
and another one with Giiralp CMG-40T /Reftek 71A-07 (flat from 30 s to 50 Hz); 13
stations with Nanometrics Trillium Compact/Reftek 130 (120 s to 50 Hz). The criteria
for choosing the sites for permanent stations are as follows: to reduce the geographical
gaps between stations; to be as distant as possible from cultural noise sources, to be
installed on bedrock outcrops and to follow security procedures. In the mountain range
environment, sensors were installed on a concrete base over solid rock; in the sedimen-

tary environment, on a concrete base over compact sediments; and in urban areas, for
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safety reasons, inside schools or government facilities. The RESNOM stations use two
types of shelters: (1) Container-type, a concrete base with metal lid. (2) Concrete-type,
with a concrete pillar installed directly into the soil and independent of the concrete
wall structure. High-density insulation walls were installed inside station shelters (Foa-
mular 250, from Owens Corning) to avoid temperature variations; additionally, thermal

insulation boxes, using the same material, covered the seismic sensors.

III.3 Noise Data Processing

To characterize the background seismic noise of the Northwestern Mexico region, we
calculated the PPSDs of each component of the seismic stations. To calculate the
PPSDs we followed the methodology proposed by McNamara and Buland (2004), and
we used the software PQLX by Richard Boaz. In addition to the use of this soft-
ware, we wrote MATLAB (https://www.mathworks.com/products/matlab.html, last
accessed November 2018) scripts to calculate the PSD and to statistically analyze three
years (2013-2015) of seismic noise data (Fig. 2). The whole database was separated into
two 1-year sections (January to December; 2013 and 2015; skipping 2014, in some sta-
tions, due to gaps in the recordings), so that we could analyze variations in the PSDs
due to changes in instrumentation. For instance, stations RHX, RMX, TJX, TKX,
UABX initially operated with CMG-3ESPC, but now operate with Trillium Compact
sensors (Table 1). For each day, the database consisted of 24 records (1 hour-length of
3-component data), in mseed format. We ordered the files into Julian day folders for
each station. Preprocessing the signal included the segmentation of the 1-hour records
into windows of 16384 samples (163.84 s) with 50% of overlap. This overlap was de-

signed to reduce the effects of earthquake signals in the PSD results (Burtin et al.,
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2008). A 30% cosine taper was applied to eliminate possible corner effects. Then, we
calculated the fast Fourier transform for each overlapped segment. Next, derivation
was performed to obtain acceleration spectra. At this point, we computed the PSD
and then converted to decibels (dB) relative to 1 (m?/s*)/Hz. By averaging each one-
hour PSD segment, we generated one file with the PSD of each component. Next, we
calculated the average PSD file per day from the 24-hour PSD files. To analyze how
often an amplitude is observed for each period of acceleration, we plotted histograms
of the amplitudes calculated at each period based on the PSD. Finally, we computed
the median of the PSD for each component (median noise level, MNL), for each 1-year
period, to get a representative noise curve for each station. We chose the median, in-
stead of the average, because the median is less sensitive to outliers.

For comparison purposes, for the vertical component of the SJX station (for instance),
we computed the PPSDs using PQLX (Fig. 3a), and the PSD obtained using our scripts
(Fig. 3b). In both figures, 3a and 3b, the median noise levels are similar. In this case, as
in all other stations, data gaps due to power breakdown (e.g., bottom of Fig. 3b), data
transmission interruption, updates, and maintenance in the network were eliminated.
The effects produced by the rejected signals can be appreciated in the differences be-
tween Fig. 3a and 3b. Although the PPSDs look spread between the NLNM and above
the NHNM, and there is a thick line (produced by electronic noise due to an absence
of seismometer signal) at -200 dB, (Fig. 3a), the PSD is more concentrated around the
MNL (Fig. 3b). To avoid these effects, and to have the possibility of modifying our

programs to process the useful signals, we used our scripts.
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I1I.4 Noise Level Analysis

We compared noise levels based on the seismic records of stations located in MV or
PRBC. For this, we computed the Median Noise Levels (MNLs) for a three-year period
record of each station. Next, we grouped the MNLs according to the location of the sta-
tion and calculated the MNL for stations deployed on the PRBC (Fig. 4a-c) or on the
MV (Fig. 4d-f). For periods shorter than 2 s, the three-component MNLs for stations
in PRBC lie between the NHNM and NLNM (Fig. 4a-c); while the MNLs for stations
in MV trend to the NHNM (Fig. 4d-f). For periods greater than 2 s, the MNLSs of the
two regions have a similar trend; for periods between 2 and 20 s, the MNLs trend to
the NLNM, and for periods greater than 20 s the MNL curves trend to the NHNM.
As previously noted, instruments from stations RHX, RMX, TJX, TKX, and UABX
were changed in the middle of 2014 (Fig. 1 and Table 1). Because of this, we had the
opportunity to assess possible variations in the noise levels due to the use of different
instruments, but with the same bandwidth. The changes made were from Giiralp CMG-
3ESPC (120 s - 50 Hz) to Nanometrics Trillium Compact (NTC, 120 s - 50 Hz). All the
five stations recorded for a 3-year period (from 2013 to 2015); since the sensors were
changed in June 2014, we compared the noise levels in periods of one year: 2013 with
Giiralp CMG-3ESPC and 2015 with NTC. For 2013 we calculated the 3-component
MNLs of RMX, TKX, and UABX stations (Fig. 5a-c), initially instrumented with
Giiralp CMG-3ESPC sensors. For 2015, we also obtained the MNL curves for the same
stations, but now instrumented with NTC sensors (Fig. 5d-f). In the computation of
MNLs curves, proper instrumental constants for each station were considered.

The results indicate that the Giiralp and NTC sensors respond differently to the ambi-
ent noise, which we assume has effectively the same characteristics in each of the years

studied. The first general difference between Giiralp and NTC sensors are the "negative
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spikes” presented in the vertical component of NTC sensors (bimodal behavior, Govoni
et al., 2017) at periods higher than ~10 s (RMX and UABX, mainly [Fig. 5d and
5f]). The NTC sensors are more sensitive to temperature variations (residual thermal
response at long periods), in both cases, due to the proximity of air-conditioned devices
to the sensors. The "negative spikes” are not a characteristic of the ambient noise;
rather, they are due to the bimodal behavior of the NTC sensor at high temperatures.
We understand the bimodal behavior as the probability that, at long periods, the PSD
could have two contrasting values at some period. In computing the median, this be-
havior is shown as "negative spikes”. We also observed that for NTC sensors the MNLs
are higher than the NHNM curve (for periods > 20 s). For the UABX station and
Giiralp sensor, the lower MNL curve for the vertical component relative to the two
horizontal ones is noticeable (Fig. 5c¢), suggesting that the sensor was not well leveled.
In the case of periods between 1 and 10 s, for RMX and TKX stations with Giiralp and
NTC sensors, the MNLs are similar and close to the NLNM (Figs. 5a, b, d, and e).
However for the UABX station, the MNLs trend to the NHNM curve (Fig. 5¢). Finally,
for periods < 1 s in the RMX station three noticeable spikes at around 1 s, 0.35 s, and
0.2 s (Fig. 5a and 5d) are observed. We identify these peaks as due to the vibration
produced when the air conditioning starts to operate. This station is installed inside
a government building, where the temperature is regulated. Due to these effects, this
station will be relocated. In general for TKX and UABX stations (Fig. 5b and 5c¢),
in the 2013-year that functioned with Giiralp sensors (and periods < 1 s), the spectral
noise levels trend to the NHNM curve and are higher than the spectral levels computed
from noise recorded by NTC sensors. To correct the anomalous spikes, at short periods,
in RMX and UABX we will reinstall the sensors in sites far from the air-conditioning
devices and reinforce the thermal insulation around the sensors.

The long-period behavior of the NTC sensor is due to its sensitivity to thermal changes.
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Govoni et al. (2017) observed that the small size and light weight might contribute to
signal pollution due to the high thermal capacity of the aluminum case and to the strain
of the cable. Therefore, an extra layer of thermal insulation was added to stations that
presented this long-period behavior and a reduction in the noise level was obtained (up
to 20 dB). Further experiments (using a shake table) are needed to explain MNLs offset

between sensors at periods < ~1 s.

II1.4.1 Short-Period Noise Analysis

For Short-Periods (SP), less than 1 s, noise levels vary mostly depending on whether the
stations are in the MV or the PRBC. Short period records are affected by local sources
of noise, which are dominated by cultural noise (McNamara and Buland, 2004). MNLs
of the MV stations are higher than those at the PRBC stations; differences are up to
30 dB for the vertical component at periods less than 1 s (Fig. 4). The MNL for PRBC
is comprised between the NHNM and NLNM, whereas the MNL for MV is close to the
NHNM. To illustrate the observed SP noise daily variations due to human activity, we
computed MNLs and spectrograms from records of UABX and CPX stations (Fig. 6),
both located in the MV (Fig. 1). The UABX station is located inside the city of Mexi-
cali, while CPX (on the Cerro Prieto volcano) is located 20 km away from the outskirts
of the city. From the data of the 2013 year, MNLs obtained (Fig. 6a-f) show that, for
periods < 1 s, the differences vary from 5 to 10 dB; the MNLs of the UABX station
are higher than those of the CPX station. Also noticeable are the spikes such as those
reported for the RMX station. The CPX station has similar conditions of operation as
those of the RMX station (Fig. 5a, d). For periods > 1 s, UABX and CPX stations
have similar MNLs (Fig. 6a-f). We also calculated vertical-component spectrograms for

one week (August 1st to 7th, 2013) of the PSD for each hour of noise signal recorded at
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UABX and CPX stations (Fig. 6g, h, respectively). The date (x-axis in spectrograms)
was adjusted 7 hours to get the local time (UTC-T7), showing the daily variation (Fig.
6g, h). The spectrograms of UABX (Fig. 6g) show strong daily variations in SP noise
levels: from -130 dB at midnight to ~ -100 dB in the daytime. At station CPX (Fig.
6h) these SP variations (-140 to -120 dB) are less than in UABX, showing that, for

these two cases, the SP changes in noise levels are due to human activities.

II1.4.2 Microseismic Noise Analysis

Northern Baja California, Mexico, has two long coastal shorelines (Fig. 1). To the
west is the Pacific Ocean, while to the east is the Gulf of California. The wave climate
variability and trends for the Eastern Tropical Pacific, analyzed from a 19-year period
(using high-resolution wave hindcast), show that the ocean adjacent to the Baja Cali-
fornia Peninsula has a seasonal variability in wave height and period (Garcia Nava et
al., 2015). The Pacific coast of the peninsula is dominated by swell generated from the
extratropical North Pacific and extratropical South Pacific (Alves, 2006). Buoy obser-
vations and hindcast show a seasonal pattern with the highest mean sea wave height
(the average of the highest one-third of all of the wave heights during the 20-minute
sampling period) of about 2.5 m for the Pacific coast while in the Gulf of California
values are below 1 m (Garcia Nava et al., 2015). Generation of waves in the Gulf of
California is due to local phenomena (wind) and can reach high values when tropical
storms in the Pacific ocean enter and propagate into the Gulf.

To analyze the effect on noise levels, we used records of the Pacific Ocean Sea Levels
(POSL) of the buoy 46232, located in Point Loma, Southern California, U.S.A. (Fig. 1),
of the National Data Buoy Center; National Oceanic and Atmospheric Administration,

U.S.A. We first analyzed the Average and Dominant Periods of the POSL to have a
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notion of the range of periods (generated by the Pacific Ocean) that could appear in
the MNL curves. The mean Average Period calculated from the buoy records, from
2013 to 2015, is 7.8 s (E Fig. Sla). The Mean Dominant Period, during the same time
interval, is 13.4s (E Fig. S1b). In the spectrograms, we appreciate variations between
4.5 and 8.5 s (pink rectangle of E Fig. S2) from 2013 to 2015. The spectrogram of
station CBX (which provided most of the data) was plotted alongside with the POSL,
for the 2013 period (E Fig. S2).

Regarding the relationship between seismic noise levels and ocean conditions, we fol-
lowed the methodology described in Custdio et al. (2014) to analyze the vertical com-
ponent time evolution at selected periods (Fig. 7a) and the POSL (the significant wave
height [WVHT]), from 2013 to 2015 (Fig. 7b). To examine the possible effect of POSL
in seismic noise, we stacked the PSD of all RESNOM stations for selected periods (1,
6.06, 7.12, 14.24, and 17.24 s) during the three-year period and plotted them alongside
the POSL variations (Fig. 7b). In the POSL records, we observe three peaks in the sea
level: 08/04/2013, 01/03/2014, and 16/11/2016 with peak values at 4.2, 4.5, and 5.1 m,
respectively (indicated by circles in Figure 7b and marked as dotted lines in Figure 7a).
The first two peaks of the sea level, maximum of 4.2 and 4.5 m, are reflected slightly
in variations of the stacked MNLs at 6.06 and 7.12 s (Fig. 7a), while for the 17.24 s
stacked period, the two events are not reflected in the stacked MNLs (Fig. 7a). For
stacked PSD periods of 1.00, 14.24, and 17.24 s, the three major sea rising events are
not reflected in PSD variations (Fig. 7a). The last peak of the sea level (at 16/11/2015)
does not appear at any stacked period. For the three-year analyzed period, we did not
observe any influence of narrow variations of the POSL on the vertical-component noise
recorded in Northern Baja California. The rising sea level does not appear evident (Fig.
7b); it is just observed as three narrow peaks (Fig. 7b) associated with storms of 2-to-3

days duration.
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I11.4.3 Meteorological Related Noise Levels

In Northern Baja California, the PRBC and MV present a considerable range of tem-
peratures. For atmospheric analysis, we chose the following meteorological stations as
representatives of different natural environments: Station 28, Pacific coast of PRBC,
at 174 m above mean sea level (m.a.m.s.1.); station 160, inland the PRBC, in the Main
Gulf Escarpment (Fig. 1), at 1576 m.a.m.s.l.; station 24, located in the MV, at 2
m.a.m.s.l.. Meteorological Stations (Table 2 and Fig. 1) of the National Water Com-
mission, Mexico (CONAGUA) provided us with meteorological records. From these
records (Fig. 8), we observed that temperatures in the PRBC vary from a minimum of
~ -2 to a maximum of ~ 35° C in the Pacific Coast (e.g. MSs 28, 16, 161, 44, and 100),
and from ~ -7 up to ~ 40° C inland PRBC (e.g. MSs 160, 22, 155, and 84). In the MV
(MSs 24, TO40, 59, 162, and TO55) temperatures vary from 0 up to 50° C. Variations
of temperature between winter and summer are: ~ 15° C (Fig. 8a) for stations in the
Pacific coast of the PRBC, showing a more stable temperature controlled by the sea; ~
20° C (Fig. 8b) for stations inland the PRBC; ~ 30° C (Fig. 8c) for stations in the MV
region, where the differences are due to the weather of the Sonora Desert (Fig. 1). To
reduce the influence of the temperature changes on the seismic signals, all broadband
sensors are covered with a box made of high-density insulation material (Foamular 250,
from Owens Corning). In stations where ambient temperatures are high (MV region)
a double-layer insulation box was installed, as well as an internal insulation cover for
the container box.

To see possible effects of temperature during the year, we compared the noise levels
histograms, for stations where temperatures reach up to 50° C (MV region), with the

temperature recordings for stations SFX and UABX (Fig. 9), stations outside and
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inside of government buildings, respectively. In this comparison, for station SFX (Fig.
9) we observed that: from around May to October (time period of the highest tem-
peratures, ~ 39° C) the levels of noise are between -130 and -115 dB; for the other
months (time period of the lower temperatures, ~ 16° C), the levels of noise are high
(-115 to around -90 dB). In the case of UABX, although the surrounding temperature
is regulated, we observe (but not as evident as at station SFX) the same behavior: high
outside temperatures against lower levels of noise (-150 to -130 dB), and less outside
temperatures against levels of noise high (but trending to be constant, at around -130
dB). This implies that the sensor is sensitive to the outside temperatures.

The temperature data were collected from the MSs TO55 and 24 (adjacent to the seis-
mic stations, Fig. 1). In this comparison, we observed that, when the temperature
reaches 40° C, and remains this high for around three months, temperature levels are
correlated with low noise levels of station SFX in the 4.0 - 8.5 s period band (Figure 9a).
While at station UABX, with near the same outside temperature range but inside a
temperature-regulated building, the relationship between temperature and noise levels
(from 4 to 8.5 s period band) is not obvious as at station SFX.

We selected meteorological records of a three-year period (January 2013 to December
2015) to analyze a possible effect of atmospheric pressure in the noise levels recorded.
We observed that station 28 shows a ~ 0.001 MPa variation (between ~ 0.099 and
0.1005 MPa) of pressure levels (Fig. 8a), with maxima during winter and minima dur-
ing summer, and a mean level of ~ 0.1 Mpa (Fig. 8a). For station 24 we observed a
~ 0.025 MPa variation (from ~ 0.100 to 0.125 Mpa) pressure levels recorded during
winter and summer, respectively; mean levels are varying around 0.1125 MPa (Fig. 8c).
For station 160 we do not observe substantial variations during winter and summer,
but atmospheric pressure levels are ~ 0.084 MPa (Fig. 8b). Comparing these values

with those of the other two MS, we observe that they are ~ 0.016 and ~ 0.0284 MPa
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lower than pressure recordings of stations 28 and 24, respectively.

To analyze the possible atmospheric pressure relationship with noise levels, we com-
pared the PSD derived from SFX and UABX records, which are close to the MS that
present the highest pressure variations (24 and TOb55, respectively). The period band
of noise level spectrograms affected by the atmospheric pressure is between 4 and 8.5 s.
At station SFX (Fig. 9a) the relationships between noise levels and atmospheric pres-
sure are as follows: i) from January to July and from October to December pressure
levels are high (~ 0.1025 Mpa) and MNLs rise between -110 and -90 dB; ii) from July
to October pressure levels are low (~ 0.1 MPa) and noise levels descend to ~ -140 dB.
This represents a ~ 40 dB noise level variation related to a ~ 0.0025 MPa atmospheric
pressure variation. At station UABX (Fig. 9b) we see a similar behavior: i) from
January to July and from October to December, when atmospheric pressure levels are
high (~ 0.1025 MPa), the MNLSs vary from -140 to -120 dB; ii) from July to October,
when pressure recordings are low (~ 0.1 MPa), noise levels descend between -160 and
-140 dB. This represents a ~ 40 dB noise level variation related to a ~ 0.0025 MPa
atmospheric pressure variation.

Therefore, from at least for these two sites, there is a direct relationship between the
variation of pressure and seismic noise for the station outside of temperature-regulated
environments: higher pressure values are related to an increase of noise levels, low pres-
sure corresponds to a decrease of noise levels. Also, the relationship with the tempera-
ture and the noise levels are inversely proportional for stations outside of temperature-
regulated environments: low temperature is related to high noise levels, high tempera-
ture corresponds to a decrease of noise levels. For the station inside of a temperature-
regulated, the relationships between temperature and noise levels is inversely. Similar
behaviors were observed by Stutzmann et al. (2000, 2012).

It is hard to differentiate the influence of temperature or pressure on seismic noise.
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It would be necessary to have a single parameter well controlled (the temperature for
instance) to determine the influence, or not, of the other parameter. This is approxi-

mately satisfied at station UABX, where the ambient temperature is regulated.

II1.5 Conclusions

We characterized ambient seismic noise levels of northern Baja California using con-
tinuous noise records and the PSD technique. Based on the PSD Median Noise Level
results, we show that the Mexicali Valley is characterized by levels of noise (up to 20 dB
at periods less than 1 s) higher than those of the Peninsular Ranges of Baja California.
This difference in the PSD Median Noise levels is explained in terms of the influence of
cultural noise. For security reasons, among others, most of our stations on the Mexicali
valley are located close or inside human facilities.

We found variations in the PSD Median Noise Level values due to changes of seismome-
ters (from Giiralp CMG-3ESPC to Nanometrics Trillium Compact, both with the same
bandwidth) at three sites. For periods less than 1 s the PSD results derived from Giiralp
records trend to the NHNM, at periods between 2 and 20 s the results are similar, and
at long periods the PSD results suggest a bimodal behavior of the NTC sensor. Based
on these results, and due to the maximum temperatures in the MV region (up to 50° C)
for the three stations, we conclude that, at least for NBC, the best results are obtained
using Giiralp sensors.

Since northern Baja California, Mexico has long shorelines with the Pacific Ocean
(west coast) and the Gulf of California (east coast), we analyzed the possible influence
of variations of sea level on the ambient noise. We did not find evidence of a correla-

tion between stacked PSDs (at selected periods) and the Pacific Ocean Sea Level data.
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So, we conclude that there is no obvious influence of variations of the sea level on the
ambient noise analized.

Regarding the meteorological influence (temperature and pressure on noise) for stations
in MV, where a wide range of temperatures occurs, we did find a relation between the
annual temperature cycle and changes in the noise levels (in the 4.0 to 8.5 s period
band) for stations that are exposed to outside temperature; stations that are not inside
of temperature-regulated environments (buildings). Concerning the influence of atmo-
spheric pressure on the noise, in the 4.0 to 8.5 s period band, an increase of atmospheric
pressure led to an increase of noise levels and vice versa.

Because the noise spectral levels lie between the NHNM and NLNM, we concluded that

the functioning of RESNOM is overall good.

II1.6 Data and Resources

Data from the Northwestern Mexico Seismic Network are available, since September 10,
2014, from the Incorporated Research Institutions for Seismology Data Management
Center (IRIS-DMC) at http://ds.iris.edu/mda/BC (last accessed on November 2018).
The 2013-up-to-September 9, 2014 data used in this study are available upon request
to M. A. N-L. (anunez@cicese.mx).

INEGI provided the geological data for the Northern Baja California at http://www.
beta.inegi.org.mx/temas/mapas/geologia/ (last accessed on November 2018).
Meteorological recordings of Northern Baja California were provided by CONAGUA,
http://smn.cna.gob.mx/es/pronosticos/8-smn-general /38-estaciones-meteorologicas
-automaticas-emas (last accessed on November 2018) and by request to the General

Coordination of the National Weather Service (CGSMN).
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We obtained POSL of buoy 46232 from the National Data Buoy Center; NOAA, http :
//www.ndbe.noaa.gov/station,age.php?station = 46232 (last accessed on November
2018).

Some plots were made using the Generic Mapping Tools version 5.3.1 http://gmt.soest.
hawaii.edu/ (last accessed on November 2018).

Plots of Figure 3b were computed using PQLX by Boaz Consultancy, https://ds.iris.

edu/ds/nodes/dmc/software/downloads/pqlx/ (last access on November 2018).
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I11.10 Tables

Tabla I: Characteristics of Northwets Mexico Seimic Network(RESNOM)

stations: Their instrumentation and the site geology.

Station Seismometer Operation Latitude Longitude Altitude Site
Code Accelerometer period (°) ©) (m) Geology T
, (mm/yyyy)
ALAMX CMG-3ESPC 11/2015 - today 32.0075 -115.7081 314 Intrusive igneus
FBA ES-T acid rock
(Mesozoic, Cretaceous).
CBX CMG-40T 06/2001 - today 32.3131 -116.6636 1250 Intrusice igneous,
FBA ES-T intermediate rock
(Mesozoic, Cretaceous).
CCX CMG-3ESPC 06/2011 - today 31.8678 -116.6645 33 Extrusive igneous,
FBA ES-T intermediate rock
(Mesozoic, Cretaceous).
CHX CMG-40T 11/2012 - 03/2016 31.4721 -115.0521 49 Intrusive igneous,
CMG-3ESPC 03/2016 - today acid rock
FBA ES-T 03/2016 - today (Cenozoic, Neogene).
CPX CMG-3ESPC 05/2012 - today 32.4195 -115.3050 179 Extrusive igneous,
FBA ES-T basic (Cenozoic,
Quaternary).
pocx” NTC - 120s 06/2014 - today 31.9594 -114.7451 13 Soil (Cenozoic,
FBA ES-T Quaternary).
GUVIX NTC - 120s 06/2014 - today 32.3029 -115.0762 14 Soil (Cenozoic,
FBA ES-T Quaternary).
JARAX” NTC - 120s 06/2015 - today 32.5378 -115.5815 5 Soil (Cenozoic,
FBA ES-T Quaternary).
PESCX NTC - 120s 06/2015 - today 32.4338 -114.9649 23 Soil (Cenozoic,
FBA ES-T Quaternary).
PIX CMG-3ESPC 07/2011 - today 31.5629 -113.4599 72 Metamorphic, Gneiss
FBA ES-T rock (Precambrian, N/D).
RHX CMG-3ESPC 07/2013 - 06/2014 32.1350 -115.2843 16 Soil (Cenozoic,
NTC - 120s 06/2014 - today Quaternary).
FBA ES-T
RITX" NTC - 120s 06/2015 - today 32.1659 -114.9613 14 Soil (Cenozoic,
FBA ES-T Quaternary).
RMX CMG-3ESCP 11/2011 - 06/2014 32.5535 -116.0290 1265 Intrusive igneous,
NTC - 120s 06/2014 - today acid rock
FBA ES-T 11/2011 - today (Mesozoic, Cretaceous).
SFX CMG-3ESCP 06/2012 - today 31.0376 -114.8510 48 Metamorphic
FBA ES-T metasedimentary
rock (Paleozoic, N/D).
SIX CMG-3ESCP 03/2012 - today 32.0048 -115.9480 1609 Intrusive igneous,
FBA ES-T acid rock (Mesozoic,
Cretaceous).
SLRCX NTC - 120s 06/2014 - today 32.4579 -114.7058 49 Soil (Cenozoic,
FBA ES-T Quaternary).
SPX CMG-3ESPC 05/2011 - 08/2015 31.0451 -115.4660 2790 Metamorphic Gneiss
FBA ES-T (Mesozoic, N/D).
SQX CMG-3ESCP 12/2011 - today 30.5762 -115.8758 101 Conglomerate sedimentary
FBA ES-T rock (Cenozoic, Tertiary).
svx” NTC - 120s 05/2015 - today 31.3271 -116.2510 111 Intrusive igneous,
acid rock (Mesozoic,
Cretaceous).
TIX CMG-3ESCP 06/2011 - 06/2014 32.5102 -117.0543 198 Soil (Cenozoic,
NTC - 120s 06/2014 - today Quaternary).
FBA ES-T 06/2011 - today
TKX CMG-3ESCP 11/2011 - 06/2014 32.5687 -116.6075 535 Intrusive igneous,
NTC - 120s 06/2014 - today acid rock (Mesozoic,
FBA ES-T 11/2011 - today Cretaceous).
TLX CMG-40TD 05/2013 - today 32.448 -115.109 17 Soil (Cenozoic,
. Quaternary).
TPICX CMG-3ESCP 09/2014 - today 21.483 104.848 923 Soil.
FBA ES-T
UABX CMG-3ESCP 07/2011 - 06/2014 32.6316 -115.4447 5 Soil (Cenozoic,
NTC - 120s 06/2014 - today Quaternary).
FBA ES-T 07/2011 - today
VTX CMG-3ESCP 11/2011 - today 31.3914 -115.784 746 Soil (Cenozoic,
FBA ES-T Quaternary).
YACAX™ NTC - 120 s 06/2015 - today 32.6054 -115.0938 21 Soil (Cenozoic,
FBA ES-T Quaternary).

" Not included in this study because there was not enough data (more than

1 year).

T Site geology was taken from geology maps (National Institute of Statistics

and Geography [INEGI]: 1:250 000).
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Tabla II: Meteorological stations of the National Water Commission, Mex-
ico (CONAGUA)

Name (Station Code) Latitude (°) Longitude (°) Altitude (m) Site geology™
Ensenada (16) 31.1041 -116.1683 147 Intermediate Igneous Extrusive
(Mesozoic, Cretaceous).
Tecate (22) 32.5411 -116.0475 1245 Intrusive Igneous Acid
(Mesozoic, Cretaceous).
Las Escobas (23) 30.5797 -115.9386 27 Soil (Cenozoic, Quaternary).
Mexicali (24) 32.665 -115.4558 2 Soil (Cenozoic, Quaternary).
P. A. L. Rodrigez (28) 32.4476 -116.9091 174 Soil (Cenozoic, Quaternary).
San Vicente (44) 31.3288 -116.2484 113 Intrusive Igneous Acid
(Mesozoic, Cretaceous).
Valle de las Palmas (56) 32.5369 -116.62 667 Intrusive Igneous Acid
(Mesozoic, Cretaceous).
San Luis (59) 32.4229 -114.7544 32 Soil (Cenozoic, Quaternary).
Ej. Vale de la Trinidad (84) 31.3622 -115.76 763 Soil (Cenozoic, Quaternary).
Ej. Nuevo B. C. (100) 30.5188 -115.9504 13 Soil (Cenozoic, Quaternary).
P. P. Cuchuma (155) 32.569 -116.6611 551 Intrusive Igneous Acid
(Mesozoic, Cretaceous).
Constitucion 1857 (160) 32.0416 -115.9216 1576 Intrusive Igneous Acid
(Mesozoic, Cretaceous).
P. Lopez Zamora (161) 31.8913 -116.603 32 Intrusive Igneous Acid
(Mesozoic, Cretaceous).
El Pinacate (162) 31.6797 -113.3044 99 Soil (Cenozoic, Quaternary).
Nuevo Leon (T0O40) 32.4127 -115.1919 12 Soil (Cenozoic, Quaternary).
San Felipe (TO55) 31.0285 -114.8467 149 Soil (Cenozoic, Quaternary).

*Site geology was taken from geology maps (National Institute of Statis-
tics and Geography [INEGI]: 1:250 000).

I1I.11 Figure Captions

Figure 1. Map showing the two main geological provinces of northwestern Mexico and
the tectonic interaction between the North American and Pacific plates (inset). The
gray area of inset shows the Gulf Extensional Province (Sudrez-Vidal et al., 2008). The
detailed map shows the main faults (red lines) of the Northern Baja California and
southern California regions, and the locations of the permanent seismic stations de-
ployed in Northern Baja California, Mexico, and southern California, USA: RESNOM,
black triangles (CMG-3ESPC and CMG-40T sensors) and inverted blue triangles (Tril-
lium Compact sensors); Southern California Seismic Network, white triangles; Servicio
Sismolgico Nacional, blue diamonds; purple diamonds, meteorological stations with sta-
tion code in purple. The black circle indicates the location of the Point Loma buoy
(46232). The white star denotes the epicenter of the El Mayor - Cucapah earthquake
(April 2010) Mw 7.2. The black dashed line represents the Main Gulf Escarpment.

Abbreviations: MV, Mexicali Valley; PRBC, Peninsular Ranges of Baja California; LS,
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Laguna Salada; EMM, El Mayor Mountains; CM, Cucapah Mountains; SJM, Sierra
Jarez Mountains, SPM; San Pedro Martir Mountains; SFM, San Felipe Mountains.
Faults (in red): SPMF, San Pedro Mrtir fault; ABF, Agua Blanca fault; SDF, San Diego
fault; SCF, San Clemente fault; THF, Tres Hermanos fault; SMF, San Miguel fault;
VF, Vallecitos fault; SJF, Sierra Juarez fault; TF, Tinajas fault; CDDF, Canada David
detachment fault; CRF, Canon Rojo fault; LSF, Laguna Salada fault; CF, Cucapah
fault; InF, Indiviso fault; CPF, Cerro Prieto fault; IF, Imperial fault; AF, Algodones
fault; EF, Elsinore fault. The locations of the plotted main faults were obtained from
Seiler et al. (2010) and Gonzalez-Ortega et al. (2014).

Figure 2. The plot to illustrate the availability of data from RESNOM stations from
2013 to 2016. Data recorded by the network are from the following sensors: Black,
CMG-40T, and CMG-3ESPC; gray, NTC-120s; white, FBA ES-T.

Figure 3. (a) Power Spectral Density computed from the vertical component of back-
ground seismic noise at station SJX during 2013. The median noise level is shown in
black, and the vertical color scale to the right indicates the probability of the pres-
ence of amplitudes. (b) The gray lines and the black line denotes the Average Power
Spectral Density values, and the median value, respectively. In both figures, blue and
red lines indicate the NLNM and the NHNM models. The bottom plot indicates data
availability for the 2013 calendar year period; the data gap (May 2013) is due to loss
of satellite connection.

Figure 4. (a, b, ¢) Three-component median noise curves for PRBC and (d, e, f)
MYV regions. Noise spectral levels computed for each station (gray lines), and median
noise level (black line). The Peterson noise curves are NLNM (dashed line) and NHNM
(dotted-line).

Figure 5. Noise spectral levels comparison for stations RMX, TKX, and UABX, which

were instrumented with different sensors: for the 2013 year, with CMG-3ESPC sensors,
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(a, b, ¢); for the 2015 year with NTC sensors, (d, e, f). Dotted and dashed lines indicate
the reference spectral noise levels, NHNM and NLNM, respectively.

Figure 6. Average values of PSD (gray lines) during 2013 of UABX (a to ¢) and CPX
(d to f) and the MNLs (black line), NHNM (red line) and NLNM (blue line). Also,
shown is the hourly spectrogram of PSD for seven days for UABX (g) and CPX (h).
Vertical color bar indicates the PSD level. The x-axis of (g) and (h) indicates time, in
the local time zone (UTC-7), in the hh:mm DD/MM/YYYY format.

Figure 7. (a) Vertical component of stacked PSD for selected ground-motion periods
(labels on the right side) of all RESNOM stations. (b) POSL elevation at the Point
Loma buoy. Sea level peaks (circles) are projected onto stacked PSD (dotted vertical
lines).

Figure 8. Daily average temperature (black line) and atmospheric pressure (gray line)
recorded by CONAGUA stations. Plots for stations 28 (a) and 24 (c) correspond to a
three-year period, and plot for station 160 (b) is for a two-year period.

Figure 9. Comparison of MNLs spectrograms of stations SFX (a) and UABX (b)
against atmospheric and temperature recordings (plots below spectrograms) of TO55
and 24 (Fig. 1), respectively. Right color bars indicate the PSD level in dB. Blue
plots indicate the average temperature recordings per day, while green plots indicate
the atmospheric pressure. In spectrograms of (a), effects due to changes in tempera-
ture are visible between 4 and 8.5 s. In the period band between 4 and 8.5 s of the
spectrograms, we identify a relationship with the atmospheric pressure, inverse to am-

bient temperature: high levels of noise are related to high-pressure levels, and vice versa.
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II1.12 Figures
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Figura 1: Map showing the two main geological provinces of northwestern Mexico and
the tectonic interaction between the North American and Pacific plates (inset). The
gray area of inset shows the Gulf Extensional Province (Sudrez-Vidal et al., 2008). The
detailed map shows the main faults (red lines) of the Northern Baja California and
southern California regions, and the locations of the permanent seismic stations de-
ployed in Northern Baja California, Mexico, and southern California, USA: RESNOM,
black triangles (CMG-3ESPC and CMG-40T sensors) and inverted blue triangles (Tril-
lium Compact sensors); Southern California Seismic Network, white triangles; Servicio
Sismolgico Nacional, blue diamonds; purple diamonds, meteorological stations with sta-
tion code in purple. The black circle indicates the location of the Point Loma buoy
(46232). The white star denotes the epicenter of the El Mayor - Cucapah earthquake
(April 2010) Mw 7.2. The black dashed line represents the Main Gulf Escarpment.
Abbreviations: MV, Mexicali Valley; PRBC, Peninsular Ranges of Baja California; LS,
Laguna Salada; EMM, El Mayor Mountains; CM, Cucapah Mountains; SJM, Sierra
Jarez Mountains, SPM; San Pedro Martir Mountains; SFM, San Felipe Mountains.
Faults (in red): SPMF, San Pedro Mrtir fault; ABF, Agua Blanca fault; SDF, San Diego
fault; SCF, San Clemente fault; THF, Tres Hermanos fault; SMF, San Miguel fault;
VEF, Vallecitos fault; SJF, Sierra Juarez fault; TF, Tinajas fault; CDDF, Canada David
detachment fault; CRF, Canon Rojo fault; LSF, Laguna Salada fault; CF, Cucapah
fault; InF, Indiviso fault; CPF, Cerro Prieto fault; IF, Imperial fault; AF, Algodones
fault; EF, Elsinore fault. The locations of the plotted main faults were obtained from
Seiler et al. (2010) and Gonzalez-Ortega et al. (2014).
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Figura 2: The plot to illustrate the availability of data from RESNOM stations from

2013 to 2016. Data recorded by the network are from the following sensors: Black,
CMG-40T, and CMG-3ESPC; gray, NTC-120s; white, FBA ES-T.
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Figura 3: (a) Power Spectral Density computed from the vertical component of back-
ground seismic noise at station SJX during 2013. The median noise level is shown in
black, and the vertical color scale to the right indicates the probability of the pres-
ence of amplitudes. (b) The gray lines and the black line denotes the Average Power
Spectral Density values, and the median value, respectively. In both figures, blue and
red lines indicate the NLNM and the NHNM models. The bottom plot indicates data
availability for the 2013 calendar year period; the data gap (May 2013) is due to loss
of satellite connection.
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regions. Noise spectral levels computed for each station (gray lines), and median noise
level (black line). The Peterson noise curves are NLNM (dashed line) and NHNM
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Figura 5: Noise spectral levels comparison for stations RMX, TKX, and UABX, which
were instrumented with different sensors: for the 2013 year, with CMG-3ESPC sensors,
(a, b, ¢); for the 2015 year with NTC sensors, (d, e, f). Dotted and dashed lines indicate
the reference spectral noise levels, NHNM and NLNM, respectively.
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58

@
17.24 s
14.24 s
7.12s
6.06 s
1.00 s
§ J%n/2013 Jan/2014 Jan/2015 Jan/2016

Figura 7: (a) Vertical component of stacked PSD for selected ground-motion periods
(labels on the right side) of all RESNOM stations. (b) POSL elevation at the Point
Loma buoy. Sea level peaks (circles) are projected onto stacked PSD (dotted vertical
lines).
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Figura 8: Daily average temperature (black line) and atmospheric pressure (gray line)
recorded by CONAGUA stations. Plots for stations 28 (a) and 24 (c) correspond to a
three-year period, and plot for station 160 (b) is for a two-year period.
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Figura 9: Comparison of MNLs spectrograms of stations SFX (a) and UABX (b) against
atmospheric and temperature recordings (plots below spectrograms) of TO55 and 24
(Fig. 1), respectively. Right color bars indicate the PSD level in dB. Blue plots indicate
the average temperature recordings per day, while green plots indicate the atmospheric
pressure. In spectrograms of (a), effects due to changes in temperature are visible
between 4 and 8.5 s. In the period band between 4 and 8.5 s of the spectrograms, we
identify a relationship with the atmospheric pressure, inverse to ambient temperature:
high levels of noise are related to high-pressure levels, and vice versa.
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II1.13 Description of the Electronic Supplement

This supplemental material is related to: 1) Plots of the period records in the Pacific
Ocean, recorded in the Point Loma buoy, and the averages values in the period and
dominant period variation. 2) Indicates the variations in the MNL between 4.5 and 8.5

s in the CBX station and its comparison with the Pacific Ocean Sea Levels during 2013.

I11.13.1 List of Figure Captions

Figure S1. Period records of the Point Loma buoy (46232). (a) Indicates the average
period variation, during the 2013 - 2016 period. (b) Shows the dominant period varia-
tion during the same period of time. Both plots indicate the average value in red line
and in text as: Mean Average Period (MAP) and Mean Dominant Period (MDP).

Figure S2. (a) Spectrogram of the CBX station during the 2013, the pink rectangle
indicates a 4.5 to 8.5 s section where fluctuations in the MNL are visible. (b) Height
variations of the Pacific Ocean during 2013, recorded by the Point Loma buoy. Right

color bar indicate the PSD level.

111.13.2 Electronic Figures



62

o

N
o

2 s MAP =7.81
k]
|i_ " ‘ ll | H | | n “ﬂ“w‘ il bttt [0 hA |unl\ J‘l UMW) “ |
L Hm il T W

0
(b)

30 T

MDP =13.39

B %5 1
8 i
£ 20 | |

15 ETRARUBLERANH, Freh AR ik UL Ak L R b L L IR PN I
|m Wl , b L "\ o W T
g, M
Jary2013 JarV2014 JarV2015 JarV2016

Figura 10: Figure S1. Period records of the Point Loma buoy (46232). (a) Indicates
the average period variation, during the 2013 - 2016 period. (b) Shows the dominant
period variation during the same period of time. Both plots indicate the average value

in red line and in text as: Mean Average Period (MAP) and Mean Dominant Period
(MDP).

(a)

=

I I H
10%: ‘Ilr oAl e R .!uh Ji;. lwﬂb ulllll'lh UI‘ 'wm'

8

=
\

o

S

PSD [10 log1o(m/s/Hz)] dB

0 1 L 1 -
Jan/2013 Apr/2013 Jul/2013 Oct/2013 Jan/2014

Figura 11: Figure S2. (a) Spectrogram of the CBX station during the 2013, the pink
rectangle indicates a 4.5 to 8.5 s section where fluctuations in the MNL are visible. (b)
Height variations of the Pacific Ocean during 2013, recorded by the Point Loma buoy.
Right color bar indicate the PSD level.
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Abstract

To see any change in seismic velocities associated with an abrupt change in the regional
geology (granitic rock in contact with sediments), we conducted a refraction seismic
study in the Peninsular Ranges of Baja California, Mexico-southwestern Laguna Salada
region. We installed 30 three-component portable seismic stations, supplemented with
two permanent 6-component stations of the Northwest Mexico Seismic Network. The
stations spaced ~6 km along a refraction profile recorded two blasts: the direct shot
located to the south of the city of Ensenada, and the reverse shot in the southwestern
Laguna Salada (SW - NE direction). Record sections show seismograms with impulsive
P arrivals at nearby stations. Rays from the two blasts were modeled (using asymptotic
ray theory) to obtain a P-wave velocity model from 0 to ~15 km depth along the
refraction profile. Our modeling results are as follows: in the southwestern part of the
profile (0 to 25 km distance), a low-velocity zone of ~2 km/s from 0 - 3.5 km depth;
in Sierra Judrez the mean P-wave velocity is ~5.6 km/s from 0 to 5 km depth; in
southwestern Laguna Salada a low-velocity layer of ~2.5 km/s from 0 to ~3 km depth.
We also modeled a layer of ~6.5 km/s from 4 to 12 km in the Ensenada-Ojos Negros
region, and from 4 to 8 km depth below southwestern Laguna Salada. From 0 - 50 km
profile distance, a velocity zone of ~ 6.7 km/s appears from 12 to 15 km depth.

Key words:

Crustal Velocity Model, Refraction, Northern Baja California.
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IV.1 INTRODUCTION

The transtension due to relative plate motion of Pacific and North America generates
normal and strike-slip faults in northern Baja California (BC; Stock et al., 1991). The
plate boundary, continues northwest with mainly right lateral movement (Fig. 1, inset)
on the San Andreas fault system (Axen and Fletcher, 1998; Sudrez-Vidal et al., 2007;
SuArez-Vidal et al., 2008; Armstrong et al., 2010; Wei et al., 2011; Oskin et al., 2012).
In addition to the faults in northern Baja California (Fig. 1), México, two different geo-
logical domains are present: the granitic Peninsular Range of Baja California (PRBC),
and the sedimentary environment of the Mexicali Valley region (MV; Lomnitz et al.,
1970). The Main Gulf Escarpment (dashed line in Fig. 1) separates these two regions.
The sedimentary environment of the Mexicali Valley region is comprised of two basins:
Laguna Salada (LS) and Mexicali Valley (MV) basins. The boundary between these
basins is the Cucapah and El Mayor mountain ranges, located in the northwestern Gulf
Extensional Province (Sudrez-Vidal et al., 2008). The Laguna Salada basin is 20 km
wide and 100 km long in the north-northwest direction (Garcia-Abdeslem et al., 2001).
It is bordered to the west by the Main Gulf Escarpment (Angelier et al., 1981; Henry,
1989) and by the Cucapah and El Mayor mountain ranges to the east. Sediments thick-
ness in the eastern part of LS is around 720 m to 1500 m, based on data from the ELS-3
well and the 4965 seismic reflection profile, respectively (Fig. 1; Gonzalez-Escobar et
al., 2016), and increases eastward reaching a thickness of 3 km (Garcia-Abdeslem et
al., 2001).

In northern Baja California (BC) refraction studies have been carried out to estimate
crustal velocity models of different geological regions:

(1) Nava and Brune (1982) estimated a crustal velocity model for the PRBC using the

1975 Corona, CA, quarry-blast and a well-located ML 5.1 Pino Solo earthquake (17
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July 1975) in a 400 km long NW-SE refraction profile. This model is composed of 4
horizontal layers, and the Moho depth is ~42 km.

(2) Nunnez-Cornt et al. (1996) performed an unreversed refraction study using a blast
located in Blythe, Arizona, as one end of a ~300 km long profile oriented in the NE-SW
direction, ending at Ensenada, B.C., México.

(3) Ramirez-Ramos et al. (2015) developed a three flat-layer velocity model (for the
southern MV) with a proposed Moho depth at 15 km, using a blast in southern Arizona
and a well-located earthquake (from San Luis Rio Colorado to the El Mayor mountains,
Fig. 1).

Because of the active tectonic environment of northern BC, as well as the significant
seismicity from 31° N to 32.5° N (recorded by the Northwest Mexico Seismic Network,
RESNOM), and the occurrence of the 2010 Mw 7.2 El Mayor-Cucapah earthquake (e.g.
Hauksson et al., 2011, Gonzalez-Ortega et al., 2014), it is necessary to have detailed
velocity models for PRBC and Mexicali Valley. Based on a refraction study, using a
profile of ~ 90 km-length, our purpose was to estimate a crustal P-wave velocity model
beneath the PRBC-southwestern LS (reaching 15-to-20 km depth). The obtained ve-

locity model can be used to improve the locations of earthquakes in the region.

IV.2 INSTRUMENTATION AND DATA

We deployed a temporary seismic refraction profile in May, 2015 and in December, 2016
to record two quarry blasts (Table 1): one at San Carlos, south of the city of Ensenada,
BC (blast A) and one located southwestern LS, BC (blast B). Temporary seismic sta-
tions were installed along the refraction profile with an approximate spacing between

stations of 6-7 km (Table 2 and 3). Instrumentation included: 20 three-component
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short-period stations (Geospace Technologies HS-1 [2 Hz] seismometers - 24-bit SARA
recorders SL06); one intermediate-band station (PMD [15 s| seismometer - 24-bit PMD
recorder); three broadband stations (Nanometrics Trillium Compact [120 s| - 24-bit
Nanometrics Taurus recorders). Finally, we also installed six accelerometer stations
(two Nanometrics Titan - 24-bit Nanometrics Centaur, and four Kinemetrics Episensor
ES-T and 24-bit REFTEK DAS-130 recorders).

Our dataset also includes recordings from two permanent RESNOM broadband sta-
tions: equipped with CMG-3ESPC seismometer, a Kinemetrics FBA ES-T accelerom-

eter, and 6-channel Reftek 130 recorders (white diamonds in Fig. 1).

IV.3 DATA REDUCTION

Raw vertical-component data from the aforementioned explosions were extracted from
recorders, converted to miniSEED format, and used to build a database. Instrument
corrections were not applied since the frequency response of the instruments is linear
in the frequency range of our interest (> ~1.8 Hz). Seismograms corresponding to the
blast A and recorded by the broadband stations were filtered from 1 - 10 Hz; for the
other seismic stations, the P-wave arrivals were clear (good signal-to-noise ratio), so
filtering was not necessary.

For the modeling process, we included topography every 1 km (Fig. 2a). The profile
crosses, from west to east, different geological settings: Ensenada Mountains, from 10
to 800 m above mean sea level (a.m.s.l.); Ojos Negros Valley, ~750 m a.m.s.l.; Sierra
Judrez (SJ), maximum of 1780 m a.m.s.l.; the Main Gulf Escarpment, from 1700 to 250
m a.m.s.l.; LS, from ~ 200 to 10 m a.m.s.l.. The extents of the Ojos Negros Valley and

LS basins were geographically located, along the refraction profile, and included in the
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modeling process.

IV.4 INTERPRETED PHASES

Correlations between arrival times and distances, to each station of the profile, were
made using a series of Matlab (https://www.mathworks.com/products/matlab.html,
last accessed February 2019) scripts written for this purpose; these programs plotted
distance against reduced travel-time vertical component seismograms of the A and B
blasts (Fig. 2b and 2c¢). The following vertical components were not used because
the P arrivals were not clear: from blast B, SS146 and SS136; from blast A, VS132.
Instead, E-components (stations SS146 and SS136) and N-component (station VS132)
were used. Record sections (Fig. 2b) and (Fig. 2c¢) were plotted with a reduced velocity
of 6.4 km/s, which is the average crustal P-wave velocity in northern BC.

The interpreted phases (Fig. 2b) from the direct shot (A, Table 1) are the following:

a direct P wave (PA1,1 wave, P wave traveling through sediments) from blast A
to an offset distance of ~10 km (westeast direction), with a mean velocity of 2.8

km /s;

e areflected phase (PA1,2), in the crystalline basement, that appears from an offset

distance of 5 to 10 km. This phase has an apparent velocity of 5.3 km/s;

e the refracted phase observed in distances between 5 and 58 km is denoted as

PA2,1, and this phase has an apparent velocity of 6.3 km/s;

e we identified reflections, in distances between 5 and 54 km, as PA2,2, with an

apparent velocity of 6.6 km/s;
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e a reflected phase is observed from ~10 to 40 km and is identified as PA3,2 with

an apparent velocity of 7.0 km/s; and

e a reflection (PA4,2) is observed in the record section in distances between 24 and

58 km and has an apparent velocity of 7.4 km/s.

For the reverse shot (B, Table 1), we identify the following P-wave phases from seismo-

grams (the distances are relative to position of blast A, Fig. 2c):

e a direct P-wave (PB1,1) at distances between ~90 ans 86 km that travels through

sediments of eastern LS. The apparent velocity of the shallow sediments is 2.4

km/s.

e a refracted P wave (PB3,1) that appears in the record section between distances

of ~72 and 46 km, with an apparent velocity of 6.4 km/s;

e the refracted phase (PB4,1) with an apparent velocity of 7.2 km/s, which appears

in the record section in the distances between 40 and 7 km; and

e a reflection (PB4,2) that appears in the record section in distances between 71

and 57 km. This phase travels with an apparent velocity of 7.5 km/s.
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IV.5 MODELING TRAVEL TIMES AND AMPLI-

TUDES

IV.5.1 Methodology

We did the forward modeling according to Ramirez-Ramos et al. (2015); which used
the RAYGUI software (by Song and ten Brink, 2005), which is a graphical environment
of the RAYINV scripts (Zelt and Smith, 1992). We started the modeling process by
using the Nava and Brune (1982) flat-layered velocity model (NB82, Table 4) with the
topography added along the top of the profile (Fig. 2a). This initial model is a three-
layer model with P-wave velocities of 5.6, 6.6, and 7.0 km/s with depth discontinuities
at 5.0 km and 19.8 km, respectively. In the NB82 model the Moho is at ~42 km and
the half-space velocity below it is 8.0 km/s. In the modeling process, we considered
the low velocities of the Laguna Salada basin and the basement depth (between 80
to 100 km distance and at ~3 km depth) reported by Ramirez-Ramos et al. (2015)
and Garca-Abdeslem et al. (2001). We performed the forward modeling by adjusting
velocity and topography of each velocity interphase (modifying the number, position,
and velocity of boundary nodes, Fig. 3a and 4a) to reduce the travel time residuals
(calculated minus observed, Fig. 3b and 4b). An arrival time reading error of +/- 0.01
s was considered in the modeling process. By modeling all the observed phases in the
direct and reverse shot (Fig. 2b and c, respectively), we produced a three-layer velocity
model between ~25 and 88 km of distance: Ojos Negros Valley and SJ region. We
also produced a four-layer velocity model for the Ensenada Mountains and LS regions.
We computed the relative amplitudes of synthetic seismograms of the two blasts (Fig.

3c and 4c¢) using TRAMP and then plotted them using PLTSYN, both programs were
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written by Zelt and Smith (1992). The normalized amplitudes of the synthetic data
(Fig. 3c and 4c) were compared to the record sections of the direct and reverse shot
(Fig. 2b and c, respectively). To reproduce the average behavior observed in the two
recorded sections, we adjusted the amplitudes of the synthetic phases by modifying the
velocity contrast and gradient of the nodes. Using DMPLSTSQR (from the RAYINVR
software package; Zelt and Smith, 1992) we calculated the root mean square of the

adjusted travel-time residual model: 0.093.

IV.5.2 Modeling Results

Raytracing of direct and reverse shot models are shown in Figures 3a and 4a, respec-
tively. In the direct shot, the lack of arrival readings (for distances > 65 km and only
two for distances > 50 km) corresponds to the loss of records due to failure of the power
supply (the batteries discharged before the blast took place) or the loss of the Global
Positioning System time connection.

Because of significant changes in depth in the last interface and the presence of a low-
velocity layer at EM and LS in the southwestnortheast direction of the profile (Fig. 5),
our crustal velocity model (VM18) was divided as follows:

1) EM18: We got a 4-layer velocity model for the Ensenada Mountains region (distances
< 22 km), in which the first layer has a mean velocity of 4.1 km/s. The first interface
of this section is located at ~1.4 km depth, with a 5.3 and 6.4 km/s velocity at top
and bottom, respectively. The second layer extends of ~6.6 km depth and has a mean
velocity of 6.5 km/s. The second interface has velocities of 6.6 and 6.8 km/s at the top
and bottom, respectively. The third layer has a mean velocity of 6.9 km/s and reaches

~10.9 km depth. The third interface has velocity at the top and bottom of 7.0 and 7.2



72

km/s, respectively. The fourth layer has a mean velocity of 7.3 km/s. The interface
between the fourth layer and the half-space (velocity of 8.0 km/s) was inferred and is
located at ~35.4 km.

2) SJ18: For the Ojos Negros Valley and Sierra Judrez region, distances from 22 to 87
km, we modeled three layers. The first one, down to ~4.5 km depth, has velocities of
5.3 and 6.0 km/s at top and bottom, respectively, with a mean velocity of 5.6 km/s.
The second layer is located from ~4.5 to ~9.5 km depth and has a mean velocity of 6.8
km/s, with top and bottom velocities of 6.6 and 7.0, respectively. The third layer has
a mean velocity of 7.3 km/s, and extends from ~9.5 to 18.2 km depth; it has a velocity
of 7.2 and 7.5 km/s at top and bottom, respectively. This last layer is over a half-space
with a mean velocity of 7.9 km/s.

3) LS18: For the Laguna Salada region, at a distances > 87 km, we modeled the LS
basin with a mean velocity of 3.0 km/s at ~1.6 km depth. The first interface (basement)
has a velocity, at the top, of 3.7 and 4.6 km/s at its lower part. This basement depth
(~1.6 km) is similar to the results from previous seismic reflection studies (between
0.7 and 1.5 km depth; Gonzélez-Escobar et al., 2016). The second interface, ~4.8 km
depth, has an upper and lower velocity of 5.4 and 6.3 km/s, respectively, the mean
velocity in the second layer is 5.0 km/s. The third interface is at ~8.0 km in depth and
has velocities at the top and bottom of 7.0 and 7.3, respectively, the mean velocity of
the third layer is 6.6 km/s. The fourth layer has a mean velocity of 7.4 km/s; this layer
has a velocity of 7.5 at the bottom. The half-space begins at ~11.3 km depth and has

a velocity of 7.8 km/s.
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IV.6 DISCUSSION

A comparison of crustal velocity models for the two main geological regions of northern
BC is as follows:

1) For the PRBC region, we compared the NB82 model with the EM18 and SJ18 mod-
els that we obtained (Fig. 6a). The EM18 is 1.5 km/s slower than the NB82 between 0
and 1.4 km depth, and ~1.0 km/s faster between depths of 1.4 and 6.6 km. Velocities
of EM18 and SJ18 are ~0.3 km/s faster than those of NB82 between the depths of ~5
and 10 km, whereas from 10 to 18 km, the two models are ~1 km /s faster than NB82.
The velocity model EM18 is 0.3 km/s higher than NB82 between depths of 20 and 35
km.

2) For the MV region, we compared LS18 with the regional velocity model (Fig. 6b),
also known as the Mexicali Valley model (MVM, Fabriol and Mungua, 1997). The
LS18 is 1.30.7 km/s higher than the MVM in depths between 0 and 1.8 km. For
depths between 1.8 and 11.3 km, the crustal velocities of LS18 are ~2 km/s higher
than the MVM. Compared with the crustal velocity model for the southern Mexicali
Valley model (SMVM, Ramrez-Ramos et al., 2015), the velocities are more similar to
those of the LS18 velocity model, with the difference that the last layer interface in the
SMVM is ~4 km deeper than is the case with the LS18.

For the interface between the PRBC and southwestern LS the resulting model shows
a contrasting difference both in depth and in velocity structure: for the southwestern
LS we have a low-velocity layer at the top of the model (~2.5 km/s, reaching ~3 km
depth), since we are in the sedimentary environment, while the velocity structure for
the PRBC presents higher velocities (~5.5 km/s) at ~5 km depth. In addition, the
LS18 model has the last layer boundary at a shallower depth (~11 km) than the last

layer of the EM18 and SJ18 velocity models (~35 and ~18 km, respectively).
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The lack of Pn-arrivals in the seismograms of direct and reverse shots does not allow
us to estimate ther Moho discontinuity. To have an appropriate crustal velocity model
for the PRBC, a receiver function study is in progress. Combining the results of this
study with those from receiver functions will allow for the development of a more com-
plete velocity model for PRBC-southwestern LS region. Some recent studies, using the
receiver function technique, by Persaud et al. (2007) and Fernédndez and Pérez-Campos
(2017), have reported results of the Moho depth in a wider area of study (Southern
California, Gulf of California and Sonora, Mexico). Although it is a good initial point
to constrain our velocity model in northern Baja California, we consider that a receiver

function study will give a detailed variation of the Moho depth (from west to east).

IV.7 CONCLUSIONS

Using a refraction study, we determined a P-wave velocity model for the PRBC and
southwestern LS, Mexico. To record two time-controlled blasts (one located in southern
the city of Ensenada and the other in southwestern LS, BC, Mexico), we installed 30
portable seismic stations, complemented with two permanent stations along a profile.
Our modeling of the travel time of P-wave arrivals and normalized amplitudes using
asymptotic ray theory resulted in the formation of a 2D crustal velocity model. Our
resulting model provides a good fit to the arrival times and relative amplitudes of the
seismograms generated by the two blasts.

Because of the complexity of the region (mountain ranges adjacent to sedimentary
basins), we divided our model into three flat-layer velocity models; these were EM18
(for city of southern the city of Ensenada to the western side of Ojos Negros Valley),

SJ18 (for the Ojos Negros Valley to the eastern side of SJ mountain range [Main Gulf
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Escarpment]), and LS18 (for the Main Gulf Escarpment to the southwestern LS). These
models differ primarily in the depths of the last layer boundaries, which increase in the
southwestern direction, from ~11 km (LS) to an inferred ~35 km (south of the city of
Ensenada). Another difference between the three models is the low-velocity upper layer
of LS18 and EM18 that is not present in the SJ18. Regarding the velocity differences,
EM18 and SJ18 models have values ~1 km/s higher than those of the NB82 model,
and the LS18 model has values ~2 km/s higher than those of the MVM.

Although we did not have Pn arrivals in any of the record sections, depths of the low-
ermost boundaries of the three velocity models become shallower from the southwest
Ensenada Mountains to the southwestern part of LS, suggesting a decrease of the Moho
depth. This is in concordance with results reported from receiver function profiles at
~33° N (Ichinose et al., 1996), ~ 31° N (Lewis et al., 2001), and for the Baja California
peninsula (Persaud et al., 2007, and Fernandez and Pérez-Campos, 2017).

The velocity models reported in this study improve the existing models for Northern
BC. We hope that, as a consequence, their use will allow better locations of the regional

seismicity.



76

IV.8 DATA AND RESOURCES

The map was made using the Generic Mapping Tools version 5.3.1, http://gmt.soest.
hawaii.edu/ (last accessed on August 2018).

Some plots were made using the RAYINVR software http://terra.rice.edu/
department /faculty/zelt /rayinvr.html (last accessed on August 2018).

Data from the Northwestern Mexico Seismic Network are available, since September 10,
2014, from the Incorporated Research Institutions for Seismology Data Management
Center (IRISDMC) at http://ds.iris.edu/mda/BC (last accessed on November 2018).
The data used in this study are available upon request to Maria Alejandra Nunez-Leal.

(anunez@Qcicese.mx).
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IV.12 TABLES

Tabla I: Location, time, and weight of explosives for the refraction study of the PRBC.

Blast Load of  Latitude Longitude  Origin time,
explosives (°) (°) UTC
(kg) (vyyy/mm/dd
hh:mm:ss.ss)
(A) South Ensenada, 2900 31.7689  -116.5462 19/05/2015
B.C., Mexico. 21:51:07.46
(B) Laguna Salada, B.C., 380 32.0251 -115.6406  06/12/2016

B.C., Mexico. 13:06:10.07
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Tabla II: Coordinates of stations that recorded the blast A.

Station Latitude (°) Longitude (°) Elevation (m) Distance from
blast A (km)

B081 31.7655 -116.5575 30 -0.94
B082 31.7709 -116.5549 84 -0.61
B080 31.7439 -116.5441 35 0.68
B086 31.765 -116.5368 38 1.13
QS145 31.7865 -116.5058 77 4.48
QS156 31.7976 -116.4435 196 10.44
QS157 31.8424 -116.303 825 24.68
QS147*  31.8423 -116.2716 760 27.47
QS148*  31.8581 -116.2232 737 32.38
QS133*  31.8787 -116.195 757 35.64
QS126 31.8809 -116.1492 854 39.82
QS146 31.8889 -116.1099 973 43.64
QS152*  31.9059 -116.0824 1221 49.66
QS151 31.9108 -116.0456 1323 50.17
QS138*  31.9218 -116.0001 1564 54.65
QS153 31.9256 -115.986 1530 56.05
QS154*  31.9329 -115.9721 1536 57.55

SJXt 32.0047 -115.9476 1611 62.3
QS140*  31.9491 -115.8998 1755 64.61
QS131* 31.97 -115.8278 1558 70.91

The first two digits in the station code indicate the type of sensor:
B0, ES-T accelometers; QS, short period SARA stations. The
last 3 digits are the last 3 numbers of the digitizer used. Negative
distance values indicate western location from the blast A.

* Stations deployed for the seismic refraction profile but not
recorded the blast A.

f Station belonging to RESNOM.

IV.13 FIGURE CAPTIONS

Figure 1: The two main geological provinces of northern BC, México, and, in the inset,
the tectonic context of the interaction and boundary of the North America and Pacific
plates; dark-gray area represents the Gulf Extensional Province. The detailed map
shows the locations of the shots A (yellow star) and B (blue star) that were used for

the seismic refraction profile (thin white line). Temporary stations used in the modeling



Tabla lll: Coordinates of stations that recorded the blast B.

Station  Latitude (°) Longitude (°) Elevation (m) Distance from

blast A (km)
SJPMD 31.7944 -116.4723 151 7.41
SN553 31.8305 -116.3948 320 15.61
SN552%* 31.843 -116.303 820 24.29
SN546 31.8421 -116.2709 764 27.14
SS126 31.8622 -116.2255 727 31.91
SS142 31.878 -116.1955 752 35.15
SS136 31.881 -116.1492 857 39.41
SS156 31.906 -116.0824 1218 46.27
SS147* 31.9107 -116.0456 1319 49.73
SS150 31.9218 -115.9999 1581 54.22
SS146 31.9328 -115.9722 1535 57.08
SS137 31.9435 -115.9288 1705 61.34
SS157 31.9491 -115.8998 1750 64.13
55149 31.9699 -115.8278 1552 71.04
ALAMX 32.0068 -115.709 320 83.24
VN152 32.0248 -115.6825 268 86.25
VN362 32.0251 -115.6404 166 90.02
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The first two letters in the station code indicate the type of sensor:
SN, Nanometrics Trillum Compact with Taurus recorder; SS, short
period SARA stations; VN, Nanometrics Titan accelerometers with
Centaur recorders. SJPMD is the intermediate-band PMD sensor.
The last 3 digits are the last 3 numbers of the digitizer used.

* Stations deployed for the seismic refraction profile but not recorded
the blast B.

T Station belonging to RESNOM.
Tabla IV: Coordinates of stations that recorded the blast B.

Models
PRBC MV
region region
EM18 SJ18 NB82 LS18 MVM SMVM
Depth Mean Depth Mean Depth Mean Depth Mean Depth Mean P-wave Depth P-wave
(km) P-wave (km) P-wave P-wave (km) P-wave (km) (km) velocity
velocity velocity velocity velocity (km/s)
(km/s) (km/s) (km/s) (km/s)
0 - 4.1 -1.8% 5.6 5.6 0 - 3 0.0 1.7 0.00 - 1.90 -
1.4 4.5 1.6 0.1 1.23 3.81
1.4 - 6.5 4.5 - 6.8 6.6 1.6 - 5 0.1 - 2 1.23 - 4.77 -
6.6 9.5 4.8 0.7 5.60 6.30
6.6 - 6.9 9.5 - 7.3 7 4.8 - 6.6 0.7 - 2.3 5.60 - 6.54 -
10.9 18.2 8.0 1.8 15.25 7.18
10.9 - 7.3 18.2 - 7.9 8 8.0 - 7.4 1.8 - 2.6 15.27 - 7.65 -
35.4 11.3 2.9
35.4 - 8 11.3 - 7.8 2.9 - 3
5.6
5.6 - 5
10.0
10.0 - 6
20.0
20 - 7.8

*This value represents the altitude a.m.s.l. due the consideration of topography of
the PRBC.
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process (black inverted triangles), and permanent broadband stations (white diamonds)
belonging to the RESNOM are also shown. The gray circle indicates the ELS-3 well,
and the black line below 4965 indicates a seismic reflection profile (Gonzalez-Escobar
et al., 2016). Previous refraction studies in the region are shown as: purple line, Nava
and Brune (1982); blue line, Nunez-Cornu et al. (1996); orange line, Ramirez-Ramos et
al. (2015). The dashed black line represents the limit of the Main Gulf Escarpment in
northern BC. Gray star indicates the location of the 2010 Mw 7.2 El Mayor-Cucapah
earthquake. Gray circles show the seismicity M > 3.4 since 1990 reported by RESNOM.
Regions or sites: PRBC, Peninsular Ranges of Baja California; MV, Mexicali Valley;
LS, Laguna Salada; SLRC, San Luis Rio Colorado; EMM, El Mayor Mountains; CM,
Cucapah Mountains; SJM, Sierra Juarez Mountains, SPM, Sierra San Pedro Martir;
ONV, Ojos Negros Valley; EM, Ensenada Mountains. The main faults (red labels),
that crosses the refraction profiles, of northern Baja California and southern California
regions shown are: SPMF, San Pedro Martir fault; ABF, Agua Blanca fault; SDF, San
Diego fault; SCF, San Clemente, fault; THF, Tres Hermanos fault; SMF, San Miguel
fault; VF, Vallecitos fault; SJF, Sierra Juéarez fault; CDDF, Canada David detachment
fault; LSF, Laguna Salada fault; CF, Cucapah fault; CPF, Cerro Prieto fault; IF, Im-
perial fault; AF, Algodones fault; EF, Elsinore fault; CRF, Canon Rojo fault; InF,
Indiviso fault. Locations of plotted faults (red lines) were obtained from Seiler et al.

(2010).

Figure 2: (a) Elevations along the Ensenada - southwestern LS profile (thin white line
of Fig. 1). Both record sections have a travel-time reduction and are shown with off-
set distance relative to blast A. (b) Record section that recorded the blast A (Table
2). (c) Record section from station SJPMD to VN362 (Table 3) that recorded the

blast B. Notation of interpreted phases that are also explained in the INTERPRETED
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PHASES section: PSnm, where: S can be A or B for blasts; n indicates the number

of the phase; m can be 1 or 2, which means a refraction or reflection phase, respectively.

Figure 3: Plots that illustrate the process of forward modeling using the direct blast
(A, Table 1). (a) Ray tracing through the proposed velocity model. (b) Calculated
travel times (black lines) and readings of interpreted phases (vertical bars), both plot-
ted with travel-time reduction. (c) Synthetic seismograms of normalized amplitudes
plotted with travel-time reduction. Interpreted phases are labeled for comparison to

the ones observed in the record section of the blast A (Fig. 2b).

Figure 4: Plots that illustrate the process of forward modeling using the reverse blast
(B, Table 1). (a) Ray tracing through the proposed velocity model. (b) Calculated
travel times (black lines) and readings of interpreted phases (vertical bars), both plot-
ted with travel-time reduction. (c) Synthetic seismograms of normalized amplitudes
plotted with travel-time reduction. Interpreted phases are labeled for comparison to

the ones observed in the record section of the blast B (Fig. 2c).

Figure 5: (a) Crustal velocity model for the PRBC and the southwestern part of LS of
the refraction profile (thin line Fig. 1). This model was obtained by forward modeling
using a direct and reverse blast (Fig. 2 to 4). Thick black lines indicate from top to
bottom: elevation; basement of the low-velocity layers in the Ensenada Mountains and
LS model sections; the last velocity gradient interface proposed. Dashed lines indicated
the inferred layer boundaries. Color bar to the right indicates the P-wave velocity in
km/s. (b) and (c) detailed insets of the dashed-line rectangles of (a) with the same

velocity color code of (a).
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Figure 6: Comparison of the velocity models resulting from this work with previous
crustal velocity models. (a) Comparison of our EM18 and SJ18 velocity models with
NB82 (Nava and Brune, 1982). The main difference is SJ18 and EM18 have velocities
that are ~1 km/s higher than the NB82 model. (b) Comparison of our LS18 velocity
model with the one used in the MV region (MVM; Fabriol and Munguia, 1997). The

velocities in LS18 are ~2 km/s higher than those of MVM.

IV.14 FIGURES
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Figura 1: The two main geological provinces of northern BC, México, and, in the inset,
the tectonic context of the interaction and boundary of the North America and Pacific
plates; dark-gray area represents the Gulf Extensional Province. The detailed map
shows the locations of the shots A (yellow star) and B (blue star) that were used for
the seismic refraction profile (thin white line). Temporary stations used in the modeling
process (black inverted triangles), and permanent broadband stations (white diamonds)
belonging to the RESNOM are also shown. The gray circle indicates the ELS-3 well,
and the black line below 4965 indicates a seismic reflection profile (Gonzélez-Escobar
et al., 2016). Previous refraction studies in the region are shown as: purple line, Nava
and Brune (1982); blue line, Nuniez-Cornti et al. (1996); orange line, Ramirez-Ramos et
al. (2015). The dashed black line represents the limit of the Main Gulf Escarpment in
northern BC. Gray star indicates the location of the 2010 Mw 7.2 El Mayor-Cucapah
earthquake. Gray circles show the seismicity M > 3.4 since 1990 reported by RESNOM.
Regions or sites: PRBC, Peninsular Ranges of Baja California; MV, Mexicali Valley;
LS, Laguna Salada; SLRC, San Luis Rio Colorado; EMM, El Mayor Mountains; CM,
Cucapah Mountains; SJM, Sierra Juarez Mountains, SPM, Sierra San Pedro Maértir;
ONV, Ojos Negros Valley; EM, Ensenada Mountains. The main faults (red labels),
that crosses the refraction profiles, of northern Baja California and southern California
regions shown are: SPMF, San Pedro Martir fault; ABF, Agua Blanca fault; SDF, San
Diego fault; SCF, San Clemente, fault; THF, Tres Hermanos fault; SMF, San Miguel
fault; VF, Vallecitos fault; SJF, Sierra Judrez fault; CDDF, Canada David detachment
fault; LSF, Laguna Salada fault; CF, Cucapah fault; CPF, Cerro Prieto fault; IF,
Imperial fault; AF, Algodones fault; EF, Elsinore fault; CRF, Canon Rojo fault; InF,
Indiviso fault. Locations of plotted faults (red lines) were obtained from Seiler et al.
(2010).
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Figura 2: (a) Elevations along the Ensenada - southwestern LS profile (thin white line
of Fig. 1). Both record sections have a travel-time reduction and are shown with offset
distance relative to blast A. (b) Record section that recorded the blast A (Table 2).
(¢) Record section from station SJPMD to VN362 (Table 3) that recorded the blast B.
Notation of interpreted phases that are also explained in the INTERPRETED PHASES
section: PSn,m, where: S can be A or B for blasts; n indicates the number of the phase;
m can be 1 or 2, which means a refraction or reflection phase, respectively.
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Figura 3: Plots that illustrate the process of forward modeling using the direct blast (A,
Table 1). (a) Ray tracing through the proposed velocity model. (b) Calculated travel
times (black lines) and readings of interpreted phases (vertical bars), both plotted with
travel-time reduction. (c) Synthetic seismograms of normalized amplitudes plotted
with travel-time reduction. Interpreted phases are labeled for comparison to the ones
observed in the record section of the blast A (Fig. 2b).
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Figura 4: Plots that illustrate the process of forward modeling using the reverse blast (B,
Table 1). (a) Ray tracing through the proposed velocity model. (b) Calculated travel
times (black lines) and readings of interpreted phases (vertical bars), both plotted with
travel-time reduction. (c) Synthetic seismograms of normalized amplitudes plotted
with travel-time reduction. Interpreted phases are labeled for comparison to the ones
observed in the record section of the blast B (Fig. 2c).
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Figura 5: (a) Crustal velocity model for the PRBC and the southwestern part of LS of
the refraction profile (thin line Fig. 1). This model was obtained by forward modeling
using a direct and reverse blast (Fig. 2 to 4). Thick black lines indicate from top to
bottom: elevation; basement of the low-velocity layers in the Ensenada Mountains and
LS model sections; the last velocity gradient interface proposed. Dashed lines indicated
the inferred layer boundaries. Color bar to the right indicates the P-wave velocity in
km/s. (b) and (c¢) detailed insets of the dashed-line rectangles of (a) with the same
velocity color code of (a).
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Figura 6: Comparison of the velocity models resulting from this work with previous
crustal velocity models. (a) Comparison of our EM18 and SJ18 velocity models with
NB82 (Nava and Brune, 1982). The main difference is SJ18 and EM18 have velocities
that are ~1 km/s higher than the NB82 model. (b) Comparison of our LS18 velocity

model with the one used in the MV region (MVM; Fabriol and Munguia, 1997). The
velocities in LS18 are ~2 km/s higher than those of MVM.



