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Resumen

El texto de esta tesis doctoral mediante la modalidad de articulos publicados en re-
vistas indexadas internacionales parafrasea, en espanol, el contenido de los mismos articulos
presentados en el documento. Este trabajo incluye estudios de exploracion geofisica somera
multi-técnica realizados en distintos puntos dentro de la Zona Metropolitana de la Ciudad de
México, en particular en Teoloyucan, Estado de México y en la parte occidental de Ciudad de
México (CDMX), zona que resulté fuertemente danada por el sismo Mw 7.1 Puebla-Morelos
del 19 de septiembre de 2017. En cada estudio se combinan al menos dos de las siguientes
técnicas: radar de penetracién terrestre (GPR), tomografia de resistividad eléctrica (ERT),
gradiente magnético (MG), induccién electromagnética (EMI), tomografia de refraccién sismi-
ca (SRT), analisis multicanal de ondas superficiales (MASW), arreglo multicanal de microtre-
mores (MAM) y cociente espectral H/V (HVSR), todas abreviadas por sus siglas en inglés.

A raiz de la necesidad de contar en México con campos de pruebas en el area de ex-
ploracién geofisica que estén documentados y enfocados a fortalecer las técnicas ingenieriles
y aquellas que coadyuven a la arqueologia y el patrimonio cultural, se disend y construyé
el Campo de Pruebas Geofisicas Teoloyucan (TGTS - por sus siglas en inglés) dentro del
Observatorio Geomagnético de Teoloyucan (TGO - por sus siglas en inglés), de la Universi-
dad Nacional Auténoma de México (UNAM) en Teoloyucan, Estado de México. Previo a su
construccidn, el area se caracterizo geofisicamente por la combinacion de cinco técnicas: GPR,
ERT, MG, EMI y SRT. Los resultados se integraron con los resultados de un andlisis granu-
lométrico y el perfil litoestratigrafico. La integracion muestra que el subsuelo se conforma de
cuatro capas de suelo grueso bien gradado con interfaces relativamente planas y la presencia
de anomalias someras atribuidas a desechos antropogénicos. Un segundo estudio se realizé en
el TGTS con las técnicas de MG y EMI en el que se propone complementar las metodologias
de adquisicion y procesamiento de datos, incluyendo emplear la novedosa técnica de Gradiente
de Induccién Electromagnética (EMIG - por sus siglas en inglés). Los resultados indican la
conveniencia de utilizar las metodologias propuestas y de aplicar la técnica EMIG pues con
ello se resaltan anomalias que pasarian desapercibidas con las metodologias convencionales.

Por otra lado se aborda la caracterizacion pasiva y activa de la parte occidental de
la CDMX mediante la combinacién de técnicas sismicas: MASW, MAM y HVSR. En este
estudio se conjuntan perfiles 1D de velocidad de onda de corte (V) y mediciones de periodo
fundamental del sitio; estas ultimas se compararon con los periodos fundamentales obtenidos
por otros estudios y por las Normas Técnicas Complementarias por Diseno Sismico de la
CDMX. Los resultados muestran que los primeros 60 m del subsuelo estan conformados por
cinco capas principales cuyos valores de V; y espesor dependen de la ubicacion, puesto que
varian a lo largo de la zona de estudio. De igual forma se analiza con mayor detalle la capa
de arcillas lacustres blanda no consolidada por dominar los efectos sismicos. Por ultimo se
mencionan otros productos y actividades realizadas durante el doctorado que han contribuido
a mi formacion integra como profesional y académico en el area de las Ciencias de la Tierra.



Abstract

The text contained in this PhD dissertation through the modality of published articles
in indexed international journals paraphrases, in Spanish, the content of the same articles pre-
sented in the document. This work presents multi-technique shallow geophysical exploration
studies carried out at different sites within Mexico City’s Metropolitan Area, particularly in
Teoloyucan, State of Mexico and in the western portion of Mexico City (CDMX) that was hea-
vily damaged by the Mw 7.1 Puebla-Morelos earthquake on September 19, 2017. Each study
combines at least two of the following techniques: ground penetrating radar (GPR), electrical
resistivity tomography (ERT), magnetic gradient (MG), electromagnetic induction (EMI),
seismic refraction tomography (SRT), multichannel analysis of surface waves (MASW), mul-
tichannel array of microtremors (MAM) and H/V spectral ratio (HVSR).

The Teoloyucan Geophysical Test Site (TGTS) was designed and built within the Teolo-
yucan Geomagnetic Observatory (TGO), National Autonomous University of Mexico (UNAM
- for its acronym in Spanish) in Teoloyucan, State of Mexico due to the need to have documen-
ted geophysical exploration test sites in Mexico that are focused on strengthening engineering
techniques and those that contribute to archaeology and cultural heritage. Prior to its cons-
truction, the area was geophysically characterized by combining five techniques: GPR, TRE,
MG, EMI and SRT. The results were integrated with the results of a granulometric analysis
and the lithostratigraphic profile. They show that the subsoil is made up of four layers of
thick, well-graded soil with relatively flat interfaces and the presence of shallow anomalies
attributed to anthropogenic debris. A second study is carried out at the TGTS with MG and
EMI techniques which suggests to complement the data acquisition and processing methodo-
logies, including the implementation of the new Electromagnetic Induction Gradient (EMIG)
technique. The results indicate the convenience of using the proposed methodologies and
applying the EMIG technique since this enhances anomalies that would go unnoticed with
the application of conventional methodologies.

On the other hand, a passive and active characterization of the western portion of
CDMX is addressed through the combination of seismic wave techniques: MASW, MAM and
HVSR. In this study, 1D shear wave velocity (V) profiles and site period measurements are
combined, the latter were compared with site periods obtained by other studies and with
CDMX’s Complementary Technical Standards for Seismic Design. The results show that the
first 60 m of the subsoil are composed by five main layers whose V, and thickness values vary
throughout the study area since they depend on the location. Likewise, the unconsolidated soft
lacustrine clay layer is analyzed in greater detail because it dominates the seismic site effects.
Finally, other products and activities carried out during the doctorate that have contributed
to fully consolidating me as a professional and academic in the field of Earth Sciences are
mentioned.



Introduccion

La exploracién geofisica engloba una amplia variedad de métodos, técnicas y metodo-
logias fisicas y matematicas, tanto cuantitativas como analiticas. Su finalidad es inferir desde
la superficie y mediante la distribucion de las propiedades fisicas del subsuelo la ubicacion,
geometria, profundidad, area de afectacion y zonas de continuidad y discontinuidad de cual-
quier estructura geoldgica o antropogénica que se encuentre en el subsuelo. Por su versatilidad,
los métodos de exploracién geofisica (MEG) se aplican en diversas disciplinas como geologia,
agricultura, ciencias forenses, geotermia, hidrocarburos, mineria, proteccién civil e hidrologia
[Erkan, 2008; Everett, 2013; Reynolds, 1997; Telford et al., 1978|. En particular, los estudios
geofisicos reportados en esta tesis se concentran a casos particulares de aplicacién en contex-
tos ingenieriles, arqueolégicos y de patrimonio cultural.

En muchos contextos los estudios geofisicos enriquecen, complementan y precisan infor-
macién, contribuyendo en el diseno, proyeccién, planeaciéon y ejecucion de proyectos y ahorran
recursos y tiempo. La complejidad de establecer guias de trabajo radica en que la seleccion
del método y técnica a utilizar depende de los objetivos del estudio, las caracteristicas fisicas
del objeto de estudio y del subsuelo en su entorno, las condiciones ambientales y del terreno,
de las caracteristicas y limitaciones de los sensores y de las metodologias de adquisicién y
procesamiento de datos [Isaacson et al., 1999]. Considerando adicionalmente el principio de
la no unicidad de modelos, por ser métodos no directos, y que un cambio en la distribucion
de las propiedades fisicas del subsuelo no necesariamente refleja un cambio litologico; para
reducir la incertidumbre en los modelos y su interpretacién es conveniente realizar estudios
multi-técnica e integrar los diferentes resultados [Erkan, 2008; Everett, 2013; Reynolds, 1997].
Por lo anterior, en cada articulo mencionado en este trabajo se realizaron estudios multi-técni-
ca combinando al menos dos de las siguientes técnicas: gradiente magnético (MG), induccién
electromagnética (EMI), tomografia de resistividad eléctrica (ERT), tomografia de refraccién
sismica (SRT), radar de penetracién terrestre (GPR), analisis multicanal de ondas superficia-
les (MASW), arreglo multicanal de microtremores (MAM) y cociente espectral H/V (HVSR),
todas abreviadas por sus siglas en inglés.

Aunando al péarrafo anterior, en muchos estudios geofisicos no se tiene certeza de la
presencia, o no, de las caracteristicas geoldgicas o antropogénicas que se deducen de los resul-
tados. Aunque se trabaje con una combinacion de métodos y técnicas, esta incertidumbre es
sostenida también por el poco o nulo contraste de propiedades fisicas que puedan tener las dis-
tintas caracteristicas del subsuelo y su entorno, a que el contexto en el que se encuentran esta
conformado por diversas capas superpuestas con propiedades similares y poca distancia entre
ellas o inclusive a que los objetos de interés estén hechos con los mismos materiales que se en-
cuentran en su entorno [Pringle et al., 2012]. Esto conlleva a que en algunos casos sea necesario
verificar los resultados geofisicos con métodos directos como excavaciones o perforaciones, o
realizar métodos directos para recuperar los objetos de interés y/o extraer muestras para otros
estudios en laboratorio que complementen los estudios de exploracién geofisica [Everett, 2013].
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4 Introduccion

Surge entonces la necesidad de contar con campos de pruebas para investigar la res-
puesta geofisica del subsuelo por caracteristicas geoldgicas o antropogénicas conocidas dentro
de un contexto también conocido. Los campos de prueba son ttiles para validar métodos,
técnicas o metodologias, probar nuevas ideas, comparar datos sintéticos con mediciones de
campo, probar nuevas tecnologias, sensores o arreglos y para calibrar instrumentos [Isaacson
et al., 1999; Wai-Lok Lai et al., 2018]. Por otro lado, estos sitios pueden ser usados para la
formacién de recursos humanos, capacitando estudiantes y técnicos en el uso y manejo de
equipo geofisico. Su disenio y construccién replica y simula contextos con caracteristicas se-
mejantes a sitios de distintas ramas de estudio para estudiar su respuesta geofisica.

El presente trabajo para obtener el grado de doctor muestra parte de las investigaciones
realizadas en exploracion geofisica durante el lapso del doctorado. El escrito conjunta tres
articulos que tratan de estudios multi-técnica de exploracion geofisica somera en diversos si-
tios dentro de la Zona Metropolitana de la Ciudad de México (ZMVM). Si bien el resto de
las investigaciones y sus productos se mencionna en el tltimo capitulo, Capitulo 4, no fueron
incluidos en este escrito por no tener una relacion tan estrecha con los articulos tratados aqui.
Sin embargo, se reconocen y agradecen todos los apoyos obtenidos a lo largo del doctorado.

En este sentido, dos de los articulos mostrados en el presente escrito abarcan estudios
realizados en el Campo de Pruebas Geofisicas de Teoloyucan (TGTS). Este campo fue di-
senado para contextos de ingenieria y patrimonio cultural y se ubica dentro del Observatorio
Geomagnético de Teoloyucan, UNAM en el municipio de Teoloyucan, Estado de México. El
primer articulo, presentado en el Capitulo 1, abarca el disefio y construccion del TGTS en
un area primeramente caracterizada geofisicamente con el estudio multi-técnica de MG, EMI,
ERT, SRT y GPR que se describe también en ese mismo articulo [Rosado-Fuentes et al., 2021].
El segundo articulo, presentado en el Capitulo 2, trata de una propuesta que complementa
las metodologias de adquisicion y procesamiento de datos para MG y EMI. En este segundo
articulo se propone y presentan resultados de la novedosa técnica de Gradiente de Induccion
Electromagnética (EMIG) [Rosado-Fuentes et al., 2023]. Cabe mencionar que el TGTS se
encuentra disponible para la comunidad académica y la iniciativa privada previa solicitud a
los autores de los articulos y el Instituto de Geofisica, UNAM. El grupo de investigacion con-
formado durante el doctorado continuamente aplica diferentes técnicas geofisicas en el TGTS;
nuestros resultados podran encontrarse en otro tipo de trabajos y publicaciones en el futuro.

Por otro lado, gran parte de la ZMVM se encuentra dentro de la Cuenca de México, una
cuenca endorréica de forma elipsoidal que comenzoé a formarse por una compleja e intensa
actividad volcdnica desde el Oligoceno Tardio. Al cerrarse por completo en el Pleistoceno con
la formacién de la Sierra Chichinautzin, el agua no desemboca hacia el rio Balsas y comienza
su acumulacién, y la de los sedimentos que arrastra, en las partes més bajas [Mooser et al.,
1974; Padilla y Sédnchez, 1989]. Asi nace el sistema lacustre de la Cuenca de México, del cual
hoy en dia quedan algunos remanentes en Texcoco, Zumpango, Xochimilco y Tlahuac. Las
caracteristicas topograficas que tenia la Cuenca antes de cerrarse provocaron que los lechos
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de los lagos que conformaban el sistema lacustre fueran topograficamente irregulares. Estas
caracteristicas también propiciaron la formacién de islotes y una deposicion sedimentaria de
tamano granular variable y con distribucién horizontal [Padilla y Sénchez, 1989]. Si bien el
propio sistema lacustre favorecio el asentamiento, desarrollo, evolucién y subsistencia del ser
humano dentro de la Cuenca, es la propia actividad humana, desde tiempos Prehispédnicos,
que modifica la naturaleza del ecosistema hasta desecar, casi en su totalidad, el sistema la-
custre que tanto le favorecié. Con el constante crecimiento de la mancha urbana continuamos
modificando y disminuyendo las zonas de recarga del acuifero, sobre-explotamos el acuifero y
desechamos las aguas fuera de la Cuenca mediante un sistema complejo de obras hidraulicas
[Alcocer y Williams, 1996; Campos-Enriquez et al., 1997; Lozano-Garcia y Ortega-Guerrero,
1998].

Con més de 21,436,911 habitantes [SEDATU, 2024], la ZMVM es claramente la ur-
be mas poblada del pais y una de las mas pobladas del mundo. Los MEG pueden aportar
mucha informacién valiosa y ayudar a resolver problemas relacionados con la localizacion y
caracterizacion de agua subterranea, agrietamientos y hundimientos, urbanizaciéon y planea-
cion, identificacién de zonas de riesgo y filtrado, ubicacién, localizacion y construccion de
infraestructura publica y privada, identificacion de restos arqueolégicos y paleontoldgicos e
interaccion suelo-estructura ante un evento sismico, por mencionar algunos. Si bien estos pro-
blemas no son exclusivos de la ZMVM, es aqui donde toman mayor relevancia, en particular
aquellos entorno al riesgo y peligro sismico. A lo largo de la historia la ZMVM ha sufrido
graves danos por el efecto de los sismos (e.g. Franke et al. [2019]; Pestana et al. [2002]; Seed
et al. [1988]; Singh et al. [1988, 2018]). Uno de los eventos mas recientes fue el sismo Puebla-
Morelos del 19 de septiembre de 2017 con Mw 7.1. Con una distancia epicentral de 120 km al
sureste de la Ciudad de México, el evento generd un estado de emergencia en 320 municipios
del centro del pais, 369 personas perdieron la vida y se afecté un estimado de 28 millones de
personas, 54,000 escuelas y 5,700 edificaciones del sector salud. En la CDMX colapsaron 38
edificaciones, 340 se catalogaron como de alto riesgo y otras 273 fueron catalogadas como de
seguridad incierta [GEER, 2017; Singh et al., 2018].

Asociado a que gran parte de la CDMX estd asentada sobre los lechos del practicamente
extinto sistema lacustre, estudios previos han mostrado una amplificacién significativa de las
ondas sismicas dentro de la Cuenca [Chévez-Garcia y Bard, 1994; Kawase y Aki, 1989; Lermo
y Chévez-Garcia, 1994; Seed et al., 1988], una zonificaciéon de la CDMX por la categorizacién
del periodo fundamental del sitio [Lermo et al., 2020; Pérez-Rocha et al., 1995; Sanchez-Sesma
et al., 1993], una prolongada duracién de las ondas sismicas dentro de la Cuenca [Kawase y
Aki, 1989] y que las dreas circundantes estan conformadas por depdsitos de roca erosionada y
suelos duros, mientras que las areas centrales estan conformadas principalmente por depdsitos
de arcilla lacustre muy blanda no consolidada que aumentan su espesor desde el borde de
la Cuenca hacia su centro. Estos depdsitos lacustres estan intercalados con capas de limo
arenoso muy denso o arcillas més gruesas [Mooser, 1975; Santoyo Villa et al., 2005]. De las
capas lacustres, la capa maés critica es la de arcilla no consolidada muy blanda por dominar los
efectos de sitio como la amplificacién y larga duracién del movimiento del terreno [Kawase y
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Aki, 1989; Molina-Villegas et al., 2018; Pestana et al., 2002; Seed et al., 1988; Sanchez-Sesma
et al., 1993; Wood et al., 2019]. Aunque su velocidad de onda de corte (V) es generalmente
menor a 100 m/s, su valor real y espesor dependen de la ubicacién [Mayoral et al., 2016;
Pestana et al., 2002; Wood et al., 2019]. Adicionalmente, se ha demostrado el acortamiento
de los periodos de sitio con el tiempo debido a cambios constantes de las propiedades de
esta capa de arcilla lacustre [Arroyo et al., 2013; Wood et al., 2019]. Por ello es sumamente
importante caracterizar geoldgica y geofisicamente toda la Cuenca de México. En particular,
realizar estudios dirigidos a conocer mas a fondo las caracteristicas y propiedades estéticas
y dinamicas de la capa de arcilla lacustre no consolidada muy blanda. A pesar de poder
investigar sus propiedades utilizando distintos métodos, un ntimero limitado de estudios se
han realizado al respecto en toda la Cuenca [Mayoral et al., 2008, 2016; Wood et al., 2019]. En
este sentido, el tercer articulo, presentado en el Capitulo 3, trata de la caracterizacion activa
y pasiva con métodos de ondas sismicas superficiales de la parte occidental de la CDMX, la
cual sufrié graves danos por el sismo de Mw 7.1 de Puebla-Morelos de 2017 [Wood et al.,
2023].



1. Caracterizacion geofisica, diseno y construc-
cion del Campo de Pruebas Geofisicas de
Teoloyucan para aplicaciones arqueoldgicas
y de ingenieria, Centro de México

(Articulo publicado, citar como: Rosado-Fuentes, A., Arciniega-Ceballos, A., Herndndez-Quintero, E., Arango-
Galvén, C., Salas-Corrales, J. L. and Mendo-Pérez, G. (2021). Geophysical characterization, design and cons-
truction of the Teoloyucan Geophysical Test Site for archaeological and engineering applications, Central
Mexico. Journal of Applied Geophysics, 194, 104459. https://doi.org/10.1016/j.jappgeo.2021.104459)

Este capitulo trata del primer articulo publicado referente al Campo de Pruebas Geofisi-
cas de Teoloyucan (TGTS). Es el punto de partida para cualquier estudio que se realice en
este sitio y es referencia para otros campos de prueba disenados con otros objetivos y en otros
contextos geoldgicos.

Hasta donde sabemos, existian solamente tres sitios de pruebas en México que se han
estudiado con diferentes técnicas geofisicas. Dos de ellos estan disenados para contextos de
ingenieria, uno esta compuesto por contenedores de plastico y metal vacios o llenos de algtin
liquido enterrados a 1.20 m de profundidad [Blancas-Vazquez et al., 1996] y el otro con-
tiene tubos de concreto, plastico y metal enterrados a una profundidad maxima de 1.00 m
[Gres-Hernéndez, 2010]. El tercer sitio fue disenado para un contexto forense donde los ob-
jetos fueron enterrados en los primeros 1.40 m de profundidad [Quiroz-Suérez, 2020]. A ellos
se agrega el Campo de Pruebas Geofisicas de Teoloyucan, siendo el campo mas completo y
complejo hasta ahora disenado para varios contextos de ingenieria y arqueologia en México.
El TGTS, ubicado en el Observatorio Geomagnético de Teoloyucan, UNAM en el municipio
de Teoloyucan, Estado de México, cuenta con 17 estructuras enterradas a menos de 2.0 m
de profundidad que cubren una amplia variedad de geometrias, secuencias estratigraficas y
materiales que se han usado para la construccion, en México, desde la época Prehispanica.

Previo a la construccién del TGTS, el sitio seleccionado fue caracterizado con una com-
binaciéon de técnicas someras no invasivas, como MG, EMI, GPR, ERT y SRT. Se diseno
el TGTS para calibrar equipo, probar técnicas someras de exploracion geofisica, capacitar
estudiantes e investigar nuevas ideas en la adquisicién, procesamiento e interpretacién de es-
tructuras someras en contextos de ingenieria y arqueologia. La construccién del campo fue
documentada para controlar cuantitativamente los parametros espaciales y materiales de las
estructuras enterradas. Aunque ya se completd su construccion y no se tiene prevista ninguna
modificacién al campo ni extenderlo anadiendo nuevas estructuras, el equipo de investigacion
conformado durante el doctorado continiia realizando estudios de investigacion en el sitio.
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1.1 Resumen del articulo

El TGTS estéa disenado para replicar y simular diversos escenarios encontrados en con-
textos arqueoldgicos e ingenieriles. Esta concebido para calibrar instrumentos, probar técnicas
geofisicas someras, capacitar estudiantes y desarrollar nuevas ideas para estudios someros e
interpretacion de datos. E1 TGTS fue construido dentro del Observatorio Geomagnético de
Teoloyucan de la UNAM en el poblado de Teoloyucan, al norte de la Ciudad de México.
El campo de pruebas tiene una superficie de 864.00 m?, estd conformado por 17 estructu-
ras enterradas a menos de 2.00 m de profundidad con formas regulares e irregulares, y con
capas verticales y horizontales que simulan secuencias estratigraficas. Para su elaboracion
se seleccionaron materiales similares a aquellos que comtunmente se emplean desde la épo-
ca prehispanica (adobe, madera, basalto, tezontle) y materiales actuales (concreto, concreto
armado, contenedores de plastico y PVC). Previo a la construccién, el area de estudio fue
caracterizada por una combinacién de técnicas geofisicas someras no invasivas que incluyen
gradiente magnético, induccién electromagnética, radar de penetracién terrestre, tomografia
de refraccion sismica y tomografia de resistividad eléctrica. Las propiedades fisicas de las es-
tructuras (densidad, médulos eldsticos, conductividad eléctrica y susceptibilidad magnética)
y sus caracteristicas geométricas son bien conocidas, por lo que en ese aspecto la respuesta
geofisica somera del TGTS esta controlada. Los resultados geofisicos indican la presencia de
tres interfases planas a profundidades aproximadas de 0.45 m, 0.91 m y 1.82 m, respectiva-
mente. El andlisis litolégico indica que las capas estdn conformadas por suelos bien gradados
y de grano grueso, incluyendo dos horizontes volcanicos duros (tepetates). Los resultados
geofisicos coinciden con la litologia de Teoloyucan, demostrando que el area seleccionada es
adecuada para el campo de pruebas. Hasta donde se sabe, es el inico campo de pruebas para
estructuras arqueoldgicas e ingenieriles en México y de los pocos existentes en América.

1.2 Resumen de los resultados del articulo

= Creacién de una seccién litoestratigrafica de los primeros 20.00 m de profundidad a lo
largo de los pozos de extraccién de agua del Programa de Accién Inmediata (PAT) ramal
Teoloyucan con informacion solicitada a la Comisién Nacional del Agua (CONAGUA).

- Conformada mayoritariamente por sedimentos aluviales o lacustres intercalados
con depdsitos de arena, arcilla o limo que pueden extenderse hasta 280.00 m de
profundidad.

- Presencia de sedimentos volcanoclasticos en los primeros 10.00 m de profundidad
como toba o una capa de ceniza de 8.00 m de espesor.

- El perfil sugiere que el limite norte de la unidad geolégica TplA (andesita-dacita
del Nedgeno) al norte del centro de Teoloyucan deberia estar mds cercana a la
bateria de pozos del PAI-Teoloyucan. Manteniendo una frontera similar a la unidad
geoldgica Qhoal (aluvién del Cuaternario) como se observa al limite sur del centro
de Teoloyucan y el Observatorio Geomagnético Teoloyucan (TGO).
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» Caracterizacion geofisica somera multi-técnica en un area de 24 x 36 m dentro del TGO
de la UNAM, en Teoloyucan, Estado de México. Misma que puede ser empleada como
referencia para otras zonas del municipio de Teoloyucan o en zonas de los municipios
circundantes como Coyotepec, Cuautitlan, Melchor Ocampo, Tepotzotlan y Tultepec.

= Mapeo y perfiles coincidentes empleando las técnicas MG, EMI, GPR, SRT y ERT.

El mapa de MG muestra que el campo magnético total en el sitio se encuentra en
el rango 120.00 - 420.00 nT.

Los mapas generados con la técnica EMI muestra valores de conductividad aparente
y fase de 70.00 - 120.00 mS/m y 1.14 - 1.63 ppt, respectivamente.

La esquina noreste tiene los valores de conductividad y fase mas altos, mientras
que los valores méas bajos se encuentran en la esquina sureste.

El drea del TGTS puede ser considerada magnética y electromagnéticamente cons-
tante por el rango de valores y porque no se presenta ninguna tendencia conside-
rable.

Los perfiles de SRT indican la existencia de tres capas planas. La capa més somera
tiene un espesor promedio de 0.50 m y un rango de velocidad de onda P (V,) de
380 - 560 m/s. La segunda capa tiene un espesor de 0.25 m y un rango de V, de
560 - 750 m/s. Le tercera capa inicia a una profundidad promedio de 0.75 m y
su V,, incrementa ligeramente de 750 m/s en la esquina noroeste a 930 m/s en la
esquina sureste.

Los perfiles de ERT y GPR indican la existencia de cuatro capas planas con pe-
quenos desniveles. Las primeras tres capas tienen espesores promedio de 0.43 m,
0.56 m y 0.86 m, y rangos de resistividad aparente de 12.50 - 20.20 Qm, 7.70 -
28.00 Qm y 3.00 - 20.20 Om; respectivamente. La capa maés profunda comienza a
una profundidad promedio de 1.85 m y tiene un rango de resitividad aparente de

3.0 - 12.5 Om.

Las interfases de SRT coinciden con las primeras dos interfases de ERT y GPR, a
profundidades promedio de 0.45 m y 0.91 m.

La interfase mas profunda de ERT y GPR no se observa claramente en los perfiles
de SRT por el bajo contraste de impedancia entre las capas contiguas.

Los perfiles de SRT, ERT y GPR muestran depresiones similares a una profundidad
promedio de 0.90 m y con un ancho promedio de 6.50 m.

Los perfiles de ERT muestran cuatro dipolos eléctricos centrados a una profundidad
promedio de 1.40 m y ubicados a un lado de reflectores observados en los perfiles
de GPR localizados a una profundidad promedio de 1.14 m.

Los resultados indican que el sitio presenta una distribucién suave de propiedades
fisicas sin la presencia de discontinuidades ni cambios abruptos. Las anomalias
presentes en el sitio no debieran enmascarar ni contribuir a la respuesta geofisica
de los objetos enterrados en futuros estudios. El area estudiada es ideal para la
construccién del TGTS.
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= Ubicacién, excavacién y remocion de anomalias magnéticas someras generadas por
desechos antropogénicos modernos, asi como la recuperacion de tepalcates y obsidia-
na.

- La profundidad del dipolo magnético mas intenso fue estimada en 0.22 m y 0.15
m mediante las reglas de Tilburg y Hansel, respectivamente.

- Mediante una excavacion del area se encontraron restos de una cubeta metéalica de
pintura a una profundidad promedio de 0.20 m, dentro del rango estimado por las
reglas de Tilburg y Hansel.

= Diseno y construccién del TGTS con base en los resultados obtenidos por la interpre-
tacion individual y conjunta de las técnicas geofisicas someras empleadas.

- Diseno de 17 estructuras con formas regulares e irregulares.

+ Ocho estructuras cubicas con las mismas dimensiones: concreto (2), concreto
armado (1), basalto (1), tezontle (1), tabique (1), madera (1) y adobe (1) .

+ Dos contenedores cuadrados de plastico que simulan una cavidades: 1 vacia y
una que se puede llenar con algin liquido.

+ Tres estructuras cilindricas: concreto (1) y tuberias de PVC selladas (2).

+ Dos estructuras que simulan secuencias estratigraficas compuestas de cubos de
materiales descritos anteriormente: secuencia vertical (1) y secuencia horizontal
(1).

+ Dos estructuras irregulares hechas de concreto sin estructuras metéalicas.

- Excavacién de 17 hoyos a menos de 2.00 m de profundidad para la construcciéon in
situ de las 17 estructuras, niveladas y orientadas oeste-este o sur-norte. Los hoyos
fueron rellenados y compactados con el material de la excavacion, salvo por una
estructura de concreto que fue rellenada con arena.

- Se tuvo un estricto control de la ubicaciéon de los hoyos y de las estructuras en-
terradas, sus dimensiones, profundidad y espesor del material de relleno en cada
hoyo. Con ello se generaron planos de ubicacion y secciones transversales sur-norte
y oeste-este de cada estructura enterrada.

» Toma y andlisis granulométrico de 19 muestras de suelo recuperadas en tres hoyos
excavados.

- Para cada muestra analizada se grafican las curvas de frecuencia acumulada de
sedimentos utilizando la transformacién Phi (®). Los pardmetros estadisticos cal-
culados son diametro promedio, didmetro medio, desviacion estandar, asimetria,
segunda asimetria y curtosis.

- Para cada muestra se determina la densidad promedio y el indice promedio de
vesicularidad.

- El anélisis muestra que el TGTS esta compuesto por tres capas de suelo grueso
bien gradado.
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+ La primera es una capa de arena gruesa con raices, en ella se encontraron los
tepalcates y obsidiana.

+ La segunda es una capa de transicion de grava fina compuesta por un tepetate
beige mezclado ligeramente con tierra y raices delgadas.

+ La tercera capa es un tepetate de arena gruesa a grava fina.

+ La esquina suroeste del TGTS parece tener una capa adicional de suelo grueso
compuesto por un tepetate de arena.

+ Lo anterior se plasma en una seccion litoestratigrafica de TGTS con sentido
suroeste-noreste.

+ La mayoria de los porcentajes de composicién de los tepetates no concuerdan
con valores obtenidos en otros estudios.

+ La primer interfase de esta secuencia es muy somera y no se muestra en los
resultados geofisicos.

+ Considerando las profundidades promedio de las interfases, la segunda y tercera
interfases de la secuencia litoestratigrafica coinciden con la primera y segunda
interfase geofisica.

+ La tercera interfase geofisica se encuentra a mayor profundidad que la alcan-
zada por la secuencia litroestratigrafica.
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The Teoloyucan Geophysical Test Site (TGTS) is designed to replicate and simulate scenarios encountered in
engineering and archaeological contexts. It is meant for calibrating instruments, testing near-surface geophysical
techniques, training students and developing new ideas for shallow surveys and data interpretation. TGTS has
been built within the Teolyucan Geomagnetic Observatory of the Universidad Nacional Auténoma de México

Teols
NZZ: :r:f:e (UNAM) in the town of Teoloyucan, N of Mexico City. The test site covers an area of 864.00 m?, consisting of 17
Test site structures buried less than 2.00 m deep with regular and irregular shapes, and vertical and horizontal layers

simulating stratigraphic sequences. We selected materials similar to those commonly used since the Pre-Hispanic
period (adobe, wood, basalt, tezontle), and current materials (concrete, reinforced concrete, plastic containers
and PVC). Prior to the construction, the field area was characterized by a combination of non-invasive near-
surface geophysical techniques including magnetic gradiometry, electromagnetic induction, ground penetrating
radar, seismic refraction tomography and electrical resistivity tomography. The structures’ physical properties
(density, elastic modules, electrical conductivity and magnetic susceptibility) and their geometrical character-
istics are well known, therefore the near-surface geophysical response of the TGTS is controlled. The geophysical
results indicate three flat interfaces at approximate depths of 0.45 m, 0.91 m and 1.82 m, respectively. The
lithological analysis indicate that the layers are well graded coarse soil layers, including two volcanic hard-
horizons (tepetates). Geophysical results coincide with Teoloyucan’s lithology, proving that the field area
selected is suitable for a test site.

1. Introduction

Near-surface geophysical surveys encompass an ample range of
methods and techniques whereby signals and fields observed at the
Earth’s surface (Lai et al., 2018) are used to map features in the sub-
surface. They are widely implemented in research in geology, sedi-
mentology, hydrology, mining, permafrost, engineering, agriculture,
forensic investigations, civil protection, archaeology and cultural heri-
tage. Applied geophysical methods are selected depending on the par-
ticularities of each site and the objectives of the survey. The physical
characteristics of the targets and the subsoil (e.g. mass, geometry, di-
mensions, depth, orientation, physical properties, porosity, moisture,
salinity), the field and environmental conditions (e.g. vegetation,

* Corresponding author.
E-mail address: arosadof@ciencias.unam.mx (A. Rosado-Fuentes).

https://doi.org/10.1016/j.jappgeo.2021.104459

climate, proximity of sources of noise, human activity) and the inter-
action between all these factors challenge the capabilities of the
geophysical techniques (e.g. sensor type, sensibility, configuration,
location with respect of the target, penetration, resolution), data pro-
cessing methodologies and interpretation (Isaacson et al., 1999). All
these characteristics determine the success or failure of an investigation.
Not all techniques and methods are appropriate for all sites and work
well under all ambient conditions. Therefore, the complexity to establish
specific guidelines for any conjunction of factors makes the combination
of geophysical techniques the best practice for target detection (Pringle
et al., 2012), reducing uncertainties to some degree. Nevertheless, the
final interpretation may need verification with direct methods such as
drilling or digging. Some sites represent unique opportunities for
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Fig. 1. A) Left panel shows Teoloyucan Geomagnetic Observatory (TGO) location and a zoom out of Teoloyucan Geophysical Test Site (TGTS). Right panel shows
local lithology, the geologic units shown are andesite-dacite (TplA) and alluvial (Qhoal) from the Neogene and Quaternary, respectively. Teoloyucan’s water wells
located at less than 2.00 km from TGTS are indicated in green and red dots depending if there is lithology information available or not, respectively. B) Lithological
profile of the first 20.00 m deep using data of the Teoloyucan water wells (CONAGUA) that are shown with green dots in panel A. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

engineering, archaeology or cultural heritage, therefore detecting the
underground features and estimating their depths is crucial. Thus,
geophysical surveys provide economic, non-destructive and rapid tools
to distinguish underground characteristics, saving resources.

Test sites are built to investigate the ground’s geophysical response
by targets of known attributes and properties in a certain environment.
They are useful to validate geophysical methods (Lai et al., 2018),
software, compare models with field measurements (Isaacson et al.,
1999), test new technologies, sensors and arrays, calibrate the
geophysical response of particular objects in certain environments and
to design, optimize and integrate techniques. Moreover, test sites are
ideal to train students and technicians in the use of geophysical methods,
providing experience and expertise. Most test sites are designed to
replicate and simulate a broad range of features commonly encountered
in different fields of study and scenarios. Geotechnical sites like Mon-
tagnole test site, France, where structural experiments are carried out
(Catapano et al., 2012) or the National Geotechnical Experimentation
Sites of Texas A&M University, USA, for full scale testing structures
(Briaud, 2000). Environmental test sites where steel and plastic drums
were buried to simulate waste containers are found at the Sydney Basin
test site, Australia (Emerson et al., 1992), and in Central Italy (Marchetti
et al., 1998). The Laboratoire Central des Ponts et Chaussées test site,
France (Grandjean et al., 2000), and the National Technical University
of Athens, Greece, test site (Orfanos and Apostolopoulos, 2012) were
designed to simulate urban contexts. In Illinois, USA, an exclusive

controlled archaeological test site was constructed (Isaacson et al.,
1999). Forensic scenarios have also been simulated around the globe.
Some examples include test sites by the Llano University, Colombia, in
which simulated burials have been studied and monitored with different
methods (Molina et al., 2016) and the test site by Keele University, UK,
in which the effects of seasonal changes in climate and soil type were
studied on simulated graves (Jervis and Pringle, 2014). Multi-purpose
test sites designed for urban, geotechnical, archaeological and envi-
ronmental contexts include the West Michigan University geophysical
test site, USA (Sauck, 2009), the IAG/USP test site, Brazil (Porsani et al.,
2006), and the shallow geophysical test site facility at the University of
Leicester, UK (Cassidy et al., 2011). Even areas with little to no human
activity or terrain alteration, where the geology and lithology are well
known through previous historic, geophysical, geologic and drilling
studies, can be designated as testing grounds. Examples include Nauen
test site, Germany, for aquifer characterization (Yaramanci et al., 2002),
Gypsy test site, USA, for reservoir characterization (Parra et al., 1996),
Grimel test site, Switzerland, for radioactive waste disposal research
(Buehnemann and Holliger, 1998), Bornheim test site, Germany, for
local seismic response (Richwalski et al., 2007), and also Reid-Mahaffy
(Reford and Fyon, 2000) and Cavendish (MacNae, 1980) test sites,
Canada, for local and regional geological features.

To the best of our knowledge there are three test sites in Mexico that
have been studied with different geophysical techniques. Two sites deal
with engineering situations, one contains plastic and metal drums filled
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with air and liquids located within the first 1.20 m deep (Blancas-
Vazquez et al., 1996), the other has concrete, plastic and metal pipes
situated at a maximum depth of 1.00 m (Gres-Hernandez, 2010). The
third site focuses on forensic research where the objects were buried in
the first 1.40 m of the subsoil (Quiroz-Suarez, 2020). Teoloyucan
Geophysical Test Site (TGTS) is designed to represent ground environ-
ments like those encountered in various engineering and archaeological
contexts in Mexico. The structures’ characteristics cover a range of
features in geometry, stratigraphic sequences and material composition
(Pre-Hispanic materials like adobe, wood, basalt, tezontle and current
materials like concrete, reinforced concrete, plastic containers and
PVQ). In this work we first describe the site characterization by applying
non-invasive near-surface geophysical techniques such as magnetic
gradiometry, electromagnetic induction, ground penetrating radar,
seismic refraction tomography and electrical resistivity tomography.
Later, we describe how TGTS was designed and built, showing that it
was quantitatively constructed controlling the spatial and material pa-
rameters (density, granulometry, elastic modules, electrical conductiv-
ity and magnetic susceptibility) of 17 structures buried at less than 2.00
m, aiming to control the near-surface geophysical response of the test
site. Although the construction of the test site is completed and some
geophysical methods have been applied to measure the geophysical
response of the designed targets, these results will be part of further
publications which are currently in preparation.

2. Regional geological settings

TGTS is located in a field area of 864.00 m? (24.00 m E by 36.00 m N)
within the Teoloyucan Geomagnetic Observatory of the Universidad
Nacional Auténoma de México (UNAM) in the town of Teoloyucan, N of
Mexico City (Fig. 1A). Teoloyucan is situated N of the endorheic Valley
of Mexico, in the 3870.00 km®> NNW-NNE oriented Cuautitlan-Pachuca
Aquifer (Huizar-Alvarez et al., 2003; Roy et al., 2010; SEMARNAT,
2016). The Aquifer has an average altitude of 2450 masl (Lafragua
Contreras et al., 2003), a temperate semi-dry climate with an annual
temperature ranging between 12 °C and 18 °C and an average annual
precipitation of 578.55 mm (CONAGUA, 2002). The largest body of
water is Lake Zumpango (Lafragua Contreras et al., 2003) and among
the most important rivers are Tepozotlan, Tlalnepantla and Cuautitlan
(CONAGUA, 2002; Galindo Castillo et al., 2011; Lafragua Contreras
et al., 2003).

In Teoloyucan region, the carbonate rocks from the Quaternary and
the volcano-clastic deposits since the Paleocene (Hernandez-Garcia and
Huizar-Alvarez, 2003) have originated cumulative exogenous forms (e.
g. foothills, alluvial and flood plains), erosive valleys, gullys and erosive-
denudatory cirques of variable sizes and thickness that are interleaved
and, for most of the Aquifer, covered by alluvial and lacustrine deposits
(CONAGUA, 2002; Huizar-Alvarez et al., 2003) formed by gravel, sand,
silt, clays, tuffs, sandstone and breccia (Hernandez-Garcia and Huizar-
Alvarez, 2003; Huizar-Alvarez et al., 2003; Lafragua Contreras et al.,
2003; Vazquez-Sanchez and Jaimes-Palomera, 1989). TGTS sits on top
of a Neogene andesite-dacite unit (TplA) from the Sierra de Tepotzotaan
(SGM, 2002) surrounded by Quaternary alluvial deposits (Qhoal), inside
a 90.00 km long and 15.00 km wide graben limited by two SW-NE
normal faults: Zumpango Norte and Tepotzotlan (Huizar-Alvarez
et al., 2003). In 2010, the static water level of the Aquifer system in the
region was between 70.00 m and 90.00 m deep (Galindo Castillo et al.,
2011). Subsidence gradients can be observed (Siles et al., 2015) along
the Teoloyucan water well system, found in alluvial deposits (Vazquez-
Sanchez and Jaimes-Palomera, 1989) next to the Cuautitlan River
(Fig. 1A).

Fig. 1B shows a lithological profile of the first 20.00 m of the subsoil
generated with data from water wells located at less than 2.00 km from
TGTS (Fig. 1A), data was provided by the Mexican National Water
Commission (CONAGUA). The profile mostly presents alluvial or
lacustrine sediments alternating between sand, clay and silt deposits
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that can extend to 280.00 m deep. Volcano-clastic sediments are present
in the first 10.00 m deep according to well 25 as tuff and in well 26 as a
pocket of ash of 8.00 m thick. This profile suggests that the N limit of
unit TplA, N of downtown Teoloyucan (Fig. 1A), should be closer to
water well 25; having a similar frontier with unit Qhoal as shown in the
S boundary of downtown Teoloyucan and Teoloyucan Geomagnetic
Observatory (TGO). Other geological profiles elsewhere in the Aquifer
can be consulted in Aguilar-Téllez et al. (2012), Carrera-Hernandez and
Gaskin (2007) and Roy et al. (2010).

At least the first 3.00 m of the subsoil of unit TplA in TGO is con-
formed by tepetate, term derived from the Nahuatl tepetlatl. It can be
defined as a rock-like hard-consolidated horizon of volcanic origin.
Indeed, Teoloyucan presents the geological and meteorological char-
acteristics related to fine pyroclastic flows (Acevedo-Sandoval et al.,
2003; Dubroeucq, 1992; Gama-Castro et al., 2007; Pena and Zebrowski,
1992; Quantin et al., 1993; Zebrowski, 1992). Tepetates have been re-
ported elsewhere in America under different names (Pena and
Zebrowski, 1992; Zebrowski, 1992) and are commonly associated with
underlying or emerging soil or alluvium or colluvium deposits (Gama-
Castro et al., 2007; Williams, 1972). The overlying sand-silt soil is
formed by pyroclastic material, in some areas it has fragments of pottery
and obsidian (Pena and Zebrowski, 1992; Quantin et al., 1993; Williams,
1972).

Tepetates are impervious to air, water and root growth. They vary in
colour, from whitish gray to yellowish brown, and have a 13-24%
porosity; although some authors have calculated it between 40% and
55%. Their matrix is a mixture of sand (22-82%), silt (9-42%), clay
(25-54%), gravel, pumice, conglomerates and caliche; expanding the
range of texture, structure and consistence. Their apparent density
ranges from 1.2 g/cm® to 1.9 g/cm® and their real density from 2.4 g/
em?® to 2.8 g/cm®. Their resistance varies from 26 kg/cm? to 800 kg/cm?>.
They are similar to rhyolites and rhyodacites, rich in silica and clays
(Dubroeucq, 1992; Gama-Castro et al., 2007; Hidalgo et al., 1997; Pena
and Zebrowski, 1992; Quantin et al., 1993; Williams, 1972).
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3. Site description and geophysical characterization

TGO covers an irregular area of 2.10 ha, the geomagnetic sensors are
located in the buildings at the center of the terrain. TGTS is in the W
center portion of TGO (red striped area in Fig. 1A left), warehouses are
close to its SW and NW corners. The area is flat and overgrown with
grass and weed. TGTS is delimited every 2.00 m with half-buried con-
crete cylinders of 0.15 m in diameter and 0.30 m in height. The area was
characterized to determine any subsurface anomaly with five non-
invasive near-surface geophysical methods: magnetic gradiometry
(MG), electromagnetic induction (EMI), ground penetrating radar
(GPR), seismic refraction tomography (SRT) and electrical resistivity
tomography (ERT). The results of the multi-geophysical data provided
the basis to design and build the test site. The surveyed areas and profiles
for each method are shown in Fig. 2 and explained in detail below.

3.1. Magnetic Gradiometry (MG)

The magnetic method measures the Earth’s geomagnetic field as the
sum of the principal field, the lithospheric field and the field generated
by sources in the magnetosphere and ionosphere. Since the geomagnetic
field’s diurnal variation is random and irregular, the residual field can
be obtained by a diurnal correction or applying the magnetic gradiom-
etry (MG) method. This method consists in measuring simultaneously
the Earth’s magnetic field with two equal sensors with the same
configuration but separated a certain distance from each other. The
measurements can be obtained vertically or horizontally (Langel and
Hinze, 1998; Telford et al., 1978).

In TGTS area we conducted an MG survey on March 24, 2017 using
two Geometrics G-858 cesium vapor magnetometers oriented vertically
and separated 1.00 m from each other, the lower sensor was in average
0.45 m from the ground surface. A mesh consisting of 18 N-S and 11 E-W
transects separated every 2.00 m covered an area of 680.00 m? (20.00 m
E by 34.00 m N, see green box in Fig. 2) preventing the effects of the
concrete bodies that delimit the site . Measurements were taken
approximately every 0.50 m, giving a total of 1445 points. The average
value of the Kyoto Dst Geomagnetic Index, available from the World
Data Center for Geomagnetism, Kyoto, Japan is -7.54 nT. The average
value of the Postdam Kp Index, available from the Geo-
ForschungsZentrum, Postdam, Germany, is 0.71 nT. Both indexes
correspond to a quiet geomagnetic day, therefore there were no unde-
sirable effects due to the natural field variations. TGO data indicates a
total field diurnal variation of <2.00 nT during the prospection. After
corrections, data was interpolated using the Kriging method (Haas and
Viallix, 1976) and reduced to the magnetic pole.

3.2. Electromagnetic Induction (EMI)

Electromagnetic induction (EMI) is a controlled low-frequency
domain method in which time-varying electromagnetic fields origi-
nated near the surface are induced into the subsurface according to in-
duction phenomena. The EMI sensor features a transmitter and a
receiver coil. A current flow in the transmitter coil generates a primary
magnetic field which induces eddy currents in the soil, which induce a
secondary magnetic field that is characterized by the target’s geometry,
position and electrical conductivity. Primary and secondary magnetic
fields induce a current in the receiver coil that is corrected by removing
the primary field, giving the normalized response function. Its real term
is related to the magnetic susceptibility of the measured material, it is a
relative quantity in parts per thousand (ppt) of the primary magnetic
field and it is referred to as the in-phase signal since its time variation
coincides with that of the transmitter’s current. The imaginary part is
referred to as the quadrature since its time variation is 90° out of phase
with the transmitter’s current, it is related to the apparent conductivity
of the subsoil which is measured in Siemens per meter (S/m) (Everett,
2013; GF Instruments, 2020; Spies and Frischknecht, 1991). The target
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Fig. 3. W-E (top) and N-S (bottom) SRT profiles’ geometry. Triangles and stars
indicate the geophones and source-points locations, respectively.

depth range is determined by the frequencies used, the source-receiver
distance and coil configuration with respect of the center of the array
(GF Instruments, 2020; Spies and Frischknecht, 1991).

The EMI survey covered the full TGTS area (see black dotted area in
Fig. 2) using two GF Instruments conductivity meters (CMD-2 and CMD-
4) equipped with a differential GPS. The sensor measures apparent
conductivity and the in-phase values simultaneously. CMD-2 and CMD-4
have a dipole distance of 1.89 m and 3.77 m and effective depth range of
1.50 m and 3.00 m, respectively (GF Instruments, 2020). The survey had
vertical coplanar coil configuration (VCL or low mode) and sampling
rate of 1 Hz following a N-S zig-zag path, starting in the NE corner of the
site and moving W; sampling lines are separated every 2.00 m. This
procedure was carried out with both instruments. Data processing in-
cludes removing incomplete acquisition points, averaging data from
points with the same geographical coordinates, changing the units to
mS/m and transforming data to TGTS relative coordinates (Northing
and Easting); data was interpolated using Kriging method (Haas and
Viallix, 1976).

3.3. Seismic Refraction Tomography (SRT)

Seismic refraction is based on Snell’s Law, and Fermat’s and Huy-
gens’ Principles. Data acquisition requires an active seismic source to
generate elastic waves that travel from the source point to a geophone
array distributed in the surface. The objectives of the study and the
maximum depth of interest determine the distribution and geometry of
the array. This method solves lateral and vertical velocity changes but
assumes that P-wave velocity increases with depth and may not be
sensible to low velocity layers or hidden layers between high velocity
layers. The seismic inversion used consists in a non-linear least-squares
scheme which calculates the ray path, travel times and slowness by
minimizing the difference between the observed and calculated first
arrival travel-time curves (Stein and Wysession, 2003; Telford et al.,
1978). In this work, seismic data was processed by applying a 2D seismic
refraction tomography (SRT).

For data acquisition we used a 48-channel Geometrics Stratavisor
NZII seismograph and twenty-three 14-Hz natural frequency Oyo-
Geospace vertical geophones. Three parallel 24.00 m long W-E profiles
and three parallel 36.00 m long N-S profiles were set along the site (see
blue lines in Fig. 2), with a geophone spacing of 1.00 m (Fig. 3 top) and
1.50 m (Fig. 3 bottom), respectively. Five source-points using an 8 kg
sledgehammer vertically impacting on a ground-coupled steel plate
were distributed along each profile (stars in Fig. 3). Five impacts were
stacked per source-point to enhance the signal-to-noise ratio and the
sampling rate was 0.125 ms. We evaluate the quality of the data with the
principle of reciprocity by calculating the reciprocal travel-times for the
first arrival travel-time curves. Then we applied the time-term inversion
to generate a P-wave velocity (Vp) layered model. Later in the iterative
tomographic inversion, the Vp model is meshed into cells of 8 nodes and
width equal to the geophone spacing (Arciniega-Ceballos et al., 2009;
Rosado-Fuentes and Arciniega-Ceballos, 2015; Stein and Wysession,
2003). The best Vp model is selected by analyzing the root-mean-square
(RMS) values versus the number of iterations. This model corresponds to
the first iteration whose difference with respect to the curve’s trend is
<5.0%.
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The calculated reciprocal travel-times differences are below 3.5%.
The RMS travel-time inversion error for a 2-layered initial model ranges
between 0.30 ms and 0.92 ms. The tomographic inversion models were
determined after 7-8 iterations, their RMS error in the range 0.36-0.80
ms.

3.4. Electrical Resistivity Tomography (ERT)

Electrical resistivity is based on Ohm’s Law, a group of electrodes
driven into the ground are used to inject an artificial direct electric
current into the subsoil and to measure the resulting voltage. The
impedance and a geometric factor that depends on the array are trans-
formed into an apparent resistivity, an indicator of the actual electrical
resistivity of the subsoil. A pseudo-section is obtained by alternating the
current and potential electrodes along the array (Everett, 2013; Telford
etal., 1978). In this work, data was processed by applying a 2D electrical
resistivity tomography (ERT).

Field data is filtered to have a standard deviation of less than 0.20,
this eliminates <5.0% of the measured points; bad data points are also
eliminated. The pseudo-section is meshed into cells of 4 nodes and width
equal to the electrode spacing to apply an iterative tomographic inver-
sion technique based on a robust on the model least-squares scheme
which calculates the resistivity values by minimizing the difference
between the observed and calculated data. The best 2D resistivity model
of the subsoil (Everett, 2013; Telford et al., 1978) is selected by
analyzing the RMS values versus the number of iterations. This model
corresponds to the first iteration whose RMS value difference with
respect to the curve’s trend is <5.0%.

The survey was carried out with an IRIS Instruments computer
controlled multi-electrode Syscal Pro. Dipole-dipole data sets were ac-
quired along three parallel E-W 23.50 m long profiles consisting of 47
ground-coupled electrodes separated every 0.50 m (see red lines in
Fig. 2). Dipole-dipole is more sensitive to the regions beneath each
dipole than regions between the dipoles and is highly sensitive to near-
surface heterogeneities (Everett, 2013; Telford et al., 1978). Electrodes’
contact resistance was below 1.0 Q and current was injected for 1 s. The
tomographic inversion models were determined after 5-6 iterations
with a RMS error range of 0.87-1.23%.

3.5. Ground Penetrating Radar (GPR)

Ground penetrating radar is based on radio wave propagation from a

signal generator to a receiving antenna. The antenna scans the area of
interest detecting changes in the electromagnetic (EM) impedance of the
subsoil. The spatial distribution of the medium’s electric properties and
water content directly affect both the EM waves properties and the
vertical penetration of the signal. The vertical resolution of this tech-
nique will depend on the sensibility to detect and differentiate two radar
returns closely in time and on the emitted frequency of the signal
(Everett, 2013; Jol, 2009).

The GPR survey was carried out using a 400 MHz shielded antenna
controlled by a GSSI SIR 3000 console, both were mounted on a survey
cart with an integrated survey wheel. Three parallel 32.00 m long N-S
and three parallel 20.00 m W-E profiles were set along the site (see black
dotted lines in Fig. 2). In this work data processing includes a time-zero
correction, background-removal, filtering, deconvolution and gain. The
filtering was done with a 100 MHz to 800 MHz band-pass finite impulse
response filter (FIR) exhibiting phase linearity within this frequency
range without signal distortion; AGC gain was conducted using a 12.00
ns time window (Everett, 2013; Jol, 2009). The three interfaces shown
in the radargrams are used to perform a direct modeling that is later
migrated. The layers, from the surface down, are assigned speeds of 0.05
m/ns, 0.09 m/ns and 1.00 m/ns and thicknesses of 0.30 m, 0.30 m and
0.50 m, respectively. The half-space has an assigned speed of 0.15 m/ns
and starts at a depth of 1.10 m.

4. Geophysical results and interpretation

The geomagnetic gradient anomaly, EM conductivity and in-phase
maps shows values ranging between 120.00 nT/m and 420.00 nT/m,
70.00-120.00 mS/m and 1.14-1.63 ppt, respectively (Fig. 4). The
strongest magnetic dipole is centered at coordinates (Easting, Northing)
= (16.00, 17.00) and is crossed by profile P-P’ (Fig. 4a). The estimated
depth, calculated using Tilburg’s and Hansel’s rules (Sheriff, 2002) and
corrected by the distance between the ground and the lower sensor, are
0.22 m and 0.15 m, respectively. This area was excavated finding pieces
of a metal drum that were removed from a depth of around 0.20 m, the
difference between the real and estimated depths differ in <0.05 m. The
upper EM conductivity layer has slightly higher values and the in-phase
has moderately lower values than the deeper layer. The NE corner has
the highest conductivity and in-phase values with ranges of
95.00-120.00 mS/m and 1.34-1.63 ppt, respectively. In contrast, the SE
corner of the test site has relatively the lowest conductivity (Fig. 4b) and
in-phase (Fig. 4c) values with ranges of 70.00-95.00 mS/m and
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1.14-1.48 ppt, respectively. Isolated magnetic peaks are concentrated in
the SE corner of the site as well and do not match the high in-phase
values observed at either depths. These results indicate that TGTS
does not present any magnetic trend nor strong EM anomalies and
suggest that the magnetic peaks are originated by very shallow objects
that most probably are pieces of garbage. Without considering the
magnetic and in-phase peaks (see Fig. 4a and c), these results also sug-
gest that the site is magnetically and electromagnetically smooth, i.e. no
mayor anomalies will mask or contribute to the geophysical response of
the buried targets in future studies.

Figs. 5 and 6 show ERT, SRT and GPR results of profiles WE2 and
WE18, respectively (see Fig. 2); and their intersection with the EMI and
MG survey results (Fig. 4). SRT images for TGTS indicate three flat layers
with bumps whose Vp ranges from 380 m/s to 930 m/s. From the surface

down, the first two layers present average thicknesses of 0.50 m and
0.25 m, respectively. Their Vp ranges are 380-560 m/s and 560-750 m/
s, respectively. The deepest layer starts at an average depth of 0.75 m
and its Vp slightly increases from 750 to 930 m/s from the NW corner to
the SE corner (see SRT profiles in Figs. 5 and 6). ERT and GPR images
show that TGTS has four flat layers with bumps whose electric resistivity
ranges from 3.0 Qm to 40.0 Qm. The first three layers show average
thicknesses of 0.43 m, 0.56 m and 0.86 m, respectively; with electrical
resistivity ranges per layer of 12.5-20.2 Qm, 7.7-28.0 Qm and 3.0-20.2
Qm, respectively. The deepest layer starts around 1.85 m deep and its
resistivity ranges from 3.0-12.5 Qm (see ERT and GPR profiles in Figs. 5
and 6). SRT interfaces coincide with the first two ERT and GPR in-
terfaces, their average depths are 0.45 m and 0.91 m. The deepest ERT
and GPR interface, at 1.85 m deep in average, is not clear in the SRT
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images due to the low impedance contrast between contiguous layers
(see Figs. 5 and 6). At 1.50 m deep the intersection between ERT (see
Figs. 5 and 6) and EMI (Fig. 4b and c) results coincide, although con-
ductivity values are not reciprocal to resistivity values. The discrepancy
could be attributed to the physical principles of each method and the
differences in the environmental conditions of the days in which the data
were acquired.

SRT, ERT and GPR profiles show similar depressions of 6.50 m wide
at 0.90 m deep, in average (see label a in Figs. 5 and 6). ERT results show
four resistivity dipoles centered at an average depth of 1.40 m (see label
bin Figs. 5 and 6). Next to these electric resistivity dipoles, GPR profiles’
WE18 and WE32 show reflectors at an average depth of 1.14 m (see label
d in Fig. 6). The maximum Vp values are embedded in the deepest SRT
layer (see label ¢ in Fig. 5). Our results indicate that the site presents

smooth distribution of geophysical properties without abrupt changes or
discontinuities, making it ideal to build the test site and control the
properties of the structures to be buried.

5. Construction and lithology of Teoloyucan Geophysical Test
Site

Teoloyucan’s soil is constituted mainly of hard tepetate that me-
chanically behaves as a duripan (Quantin et al., 1993). It does not break
in water, it is hard to drill and compress and it bursts into fragments. We
dug the 17 holes with a 0.50 m wide bucket backhoe, disturbing the
surroundings as minimum as possible.

Fig. 7 show the location of the 17 structures that were built in situ,
buried, leveled and oriented E-W. The holes were refilled and compacted
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with the same material extracted during excavation; except for structure
number 2 that was refilled with sand. We had strict control of the buried
structures’ location (Fig. 7), dimensions, depth and thickness of the
material above each structure (Figs. 8 and 9). Structures from 1 to 8 are
cubes made of concrete, basalt, tezontle, brick, wood and adobe (Fig. 8).
Structure number 1, made of reinforced concrete, is the only one
including metal parts (Fig. 8). Two square plastic containers simulate a
void (structure 9 in Fig. 8) and a liquid cavity that can be refilled or
changed through a tube connected to its lid (structure 10 in Fig. 8).
Three cylindrical structures were built, one made of concrete (structure
11 in Fig. 9) and two are sealed PVC pipes (structures 12 and 13 in
Fig. 9). Structures 14 and 15 simulate horizontal and vertical strati-
graphic sequences, respectively; both were built using cubic structures
made of the materials mentioned above (Fig. 9). Structures 16 and 17
have irregular shapes made of concrete (Fig. 9). Geophysical studies on
TGTS should consider the resulting geophysical anomalies as a super-
position effect of the structures, their holes and the refilled material. It is
important to consider that the interpretation of the resulting anomalies
could reflect the digging and refilling of the holes in some degree,
depending on the characteristics of the buried structures. However, our
data show negligible effects, which will diminish with time.

We generated TGTS’s lithological section (Fig. 10 top left) with our
results of the particle size analysis (Fig. 11) of 19 soil samples taken from
the holes of structures 2, 8 and 13 (Fig. 7). Fig. 11 shows the statistical
parameters calculated for each sample’s sediment cumulative frequency
curve following Inman’s equations Inman (1952), using the Phi (®)
transformation introduced by Krumbein Krumbein (1936), and the
Wentworth size class Wentworth (1922). Parameters include the Phi
mean diameter (Mg), Phi median diameter (Mge), Phi standard

deviation (64), Phi skewness (ag), 2nd Phi skewness (aag) and Phi
kurtosis (Be). These parameters consider the entire distribution corre-
lating and differentiating between layers and sediment types (Inman,
1952). We used the standard deviation equation established by Folk and
Ward Folk and Ward (1957) to determine samples’ sorting. Vesicularity
index was obtained by Houghton and Wilson’s method Houghton and
Wilson (1989) using a dense-rock equivalent density value of 2.50 g/
cm?® (Fig. 10 bottom). Skewness values corroborate the resemblance to
normal distributions, while kurtosis values reflect leptokurtic
distributions.

The average density and vesicularity index distributions shown in
the bottom panel of Fig. 10 and the grain size distribution curves and
statistical parameters shown in Fig. 11 determine that TGTS is composed
by three main well graded coarse soil layers. Their average thickness,
density, vesicularity and percentage composition is shown in Table 1.
From the surface down, the first layer is a poorly sorted coarse sand soil
with roots. During construction of the test site fragments of pottery,
worked obsidian and gastropods shells were recovered from this layer
(Fig. 10 top right). The second layer is a poorly to very poorly sorted fine
gravel transition layer composed by a beige tepetate mixed slightly with
soil, named soil-tepetate; it has thin roots and occasionally seems lami-
nated and whitish. The third layer is a beige to brown poorly sorted,
coarse sand to fine gravel tepetate. Profile 13 suggests that, at least, the
SW corner of the test site has an additional well graded coarse soil layer
at the bottom composed by a poorly sorted medium sand dark brown
tepetate easier to remove.

Most likely, both tepetates described in the sequence (Fig. 10) origi-
nated by pyroclastic materials from the Sierra de Tepotzotlan. Their
percentage composition does not match those obtained in other studies
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(Pena and Zebrowski, 1992; Quantin et al., 1993; Williams, 1972),
except for the sand range of the beige to brown tepetate. Also, their
apparent density is slightly below the range observed in other studies
(Pena and Zebrowski, 1992; Quantin et al., 1993). These differences are
attributed to the site’s location, origin and environment. The first lith-
ological interface is too shallow (Table 1) and it is not observed in the

is referred to the web version of this article.)

geophysical results (Fig. 10 top left and Figs. 5 and 6). Considering the
average depths, the second and third lithological interfaces (Table 1)
coincide with the first and second geophysical interfaces (Figs. 5 and 6).
These results indicate that the dark brown tepetate layer is not exclusive
to the SW corner of the site, but rather sits deeper than the depths
reached in lithological profiles 2 and 8. The third geophysical interface

10
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Fig. 10. Top left panel shows TGTS’s lithological section along lithological profiles P13, P8 and P2; corresponding to the holes of buried structures 13, 8 and 2, see
Fig. 7 for their location. Top right panel presents examples of pottery fragments, worked obsidian and gastropods’ shells, recovered from the soil layer at different
points along TGTS area during the construction of the test site. Bottom panels are the corresponding vertical profiles of holes 13, 8 and 2 versus its average density
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indicate the position of each profile in the lithological section at the top left panel. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

is also situated deeper than the depths reached by the lithological
profiles.

6. Conclusions

Teoloyucan Geophysical Test Site (TGTS) is situated within Teo-
loyucan Geomagnetic Observatory, UNAM, Central Mexico. TGTS is
meant to calibrate instruments, prove near-surface geophysical tech-
niques, train students and investigate new ideas for near-surface surveys
and data interpretation in archaeological and engineering contexts. We
characterized and evaluated the area of 864.00 m? by applying five non-
invasive near-surface geophysical techniques: magnetic gradiometry,
electromagnetic induction, ground penetrating radar, seismic refraction
tomography and electrical resistivity tomography. TGTS geophysical

11

results show smooth magnetic and EM properties, some isolated
anomalies are attributed to very shallow garbage debris. TGTS is char-
acterized by four flat layers with slight bumps. The E section of the site
presents most of the isolated magnetic peaks, the electrical resistivity
dipoles, the highest seismic velocities, the electrical reflectors and an
alteration of the electromagnetic parameters (Figs. 4-6).

TGTS lithological section shows that the test site is composed of four
main well graded coarse soil layers named: soil, soil-tepetate, beige to
brown tepetate and dark brown tepetate. The tepetate originated by py-
roclastic material from the Sierra de Tepotzotlan. The layers composi-
tion ranges, expressed in percentage, as well as the average density and
vesicularity do not match the ranges mentioned in other studies (Pena
and Zebrowski, 1992; Quantin et al., 1993; Williams, 1972). However,
the grain size analysis is consistent with the lithological section (Fig. 10
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Table 1

Average thickness, density and vesicularity, and percentage composition of TGTS lithological layers.

Layer name Avg thickness [cm]  Avg density [g/cm®]  Avg vesicularity [%)] Composition [%]
Gravel Sand Silt &clay
Soil 26.0 1.20+0.12 51.98+23.06 41-50  49-58 <3
Soil - tepetate 13.0 1.37+0.14 45.18+22.91 69-77  22-30 <1
Beige - brown tepetate 51.0 1.184+0.12 52.84+23.07 37-75 24-63 <1
Dark brown tepetate” 32.0° 0.93+0.09 62.90+23.31 6-10 87-89 <7

@ The dark brown tepetate is only seen in profile 17, its average thickness is to the bottom of the profile.

top left panel), allowing to characterize the layers lithology which
coincide with the geophysical results (Figs. 4-6). Therefore, these lith-
ological ranges can be considered as references for other studies on
tepetates elsewhere.

Geophysical results do not observe the first lithological interface

12

situated at an average depth of 0.26 m. The first and second geophysical
interfaces coincide with the second and third lithological interfaces at
average depths of 0.44 m and 0.91 m, respectively. The third geophys-
ical interface sits below the depths reached by the lithological profiles,
at an average depth of 1.85 m. In general, the combination of the
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geophysical and lithological results were the bases for the construction
of TGTS. Given that there are no abrupt changes, discontinuities or
anomalies on the distribution of geophysical properties (MAG and EMI
results, see Fig. 4, SRT, GPR, ERT results, see Figs. 5 and 6), Teoloyucan
area is ideal for the construction of the test site. The smooth distribution
of the geophysical properties set the reference measurements to discard
undesirable effects on the geophysical response of the targets in future
studies. Therefore, we prevented that the materials’ properties of the 17
buried structures (<2.00 m deep) with different geometries have sig-
nificant contrast with the surrounding soil (Figs. 7-9). The site is now
available for academic research, education and industry purposes; pre-
vious request to the authors and the Institute of Geophysics, UNAM.
Ongoing studies include the application of the same geophysical tech-
niques to compare the response of the field with the buried structures.
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2. Mapeo de estructuras someras en un cam-
po de pruebas geofisicas usando gradientes
magnético y de induccion electromagnética

(Articulo publicado, citar como: Rosado-Fuentes, A., Arciniega-Ceballos, A., Herndndez-Quintero, E., Arango-
Galvén, C., Salas-Corrales, J. L. & Mendo-Pérez, G. (2023). Mapping near-surface structures in a geophysical
test site using magnetic and electromagnetic induction gradients. Journal of Applied Geophysics, 215, 105123.
https://doi.org/10.1016/j.jappgeo.2023.105123)

Este capitulo trata de un estudio que le da continuidad al articulo tratado en el Capitu-
lo 1: Caracterizacion geofisica, diseno y construccion del Campo de Pruebas Geofisicas de
Teoloyucan para aplicaciones arqueoldgicas y de ingenieria, Centro de México, en el cual se
aplicaron y complementaron las metodologias de adquisicion y procesamiento de datos de los
métodos de MG y EMI para mapear e identificar las estructuras someras enterradas en el
TGTS y determinar similitudes y diferencias entre las anomalias detectadas. Las caracteristi-
cas de las estructuras se encuentran detalladas en Rosado-Fuentes et al. [2021]. La profundidad
promedio a la base de las estructuras 1 a 14 es de 1.02 m. Para las estructuras 15 a 17 las
profundidades son de 2.05 m, 1.66 m y 1.55 m, respectivamente.

Para el estudio de MG se utilizan dos sensores iguales de vapor de cesio orientados y
configurados de la misma forma, separados verticalmente una distancia fija de 1 m y reali-
zando medidas simultaneas de campo geomagnético total. Al emplear MG se minimizan las
fuentes regionales, los errores en la orientaciéon de los sensores, la deriva instrumental por
efectos térmicos y la variacién diurna. Por lo tanto, con MG no es estrictamente necesario
tener una estacion base. Los sensores empleados miden en un pequeno angulo sélido alrededor
de la orientacién paralela y perpendicular al campo geomagnético; fuera de este angulo sélido
son zonas de sombra donde la senal se pierde [Everett, 2013; Langel y Hinze, 1998; Telford et
al., 1978].

Para el estudio de EMI se utiliza un instrumento mono-frecuencial que consta de una
bobina transmisora (Tx) y una receptora (Rx) separadas una distancia horizontal fija y cono-
cida (s) medida entre los centros de las bobinas. Si el plano de ambas bobinas es perpendicular
al terreno, ambas generan un dipolo horizontal (HD) y su configuracién se denomina coplanar
vertical (VCP) o modo bajo (low mode). Si el plano de ambas bobinas es paralelo al terreno,
ambas generan un dipolo vertical (VD) y su configuracién se denomina coplanar horizontal
(HCP) o modo alto. La funcién de respuesta normalizada depende de s y de las propieda-
des electromagnéticas del subsuelo. Se calcula con las impedancias de las bobinas o con la
relacién de acoplamiento de las magnitudes de los campos magnéticos secundario (Hy) y pri-
mario (H,), i.e. Hy/H,. Su parte imaginaria, conocida como cuadratura, esta asociada con
la conductividad eléctrica aparente (o,), mientras que su parte real, conocida como en fase,
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estd asociada con la susceptibilidad magnética aparente (x,). Ambas propiedades pueden ser
determinadas simultaneamente con el equipo empleado. Respectivamente, la cuadratura del
modo HCP y VCP tiene mayor sensibilidad a la parte media y somera de la profundidad
de exploracion. Por su parte, la fase del modo HCP y VCP tiene mayor sensibilidad a la
parte media y profunda de la profundidad de exploracion, respectivamente. En este caso,
la configuracién de bobinas HCP mapea el espesor del subsuelo donde se encuentran todas
las estructuras. El espesor mapeado por la configuracion VCP cubre las estructuras 1 a 14,
mientras que las estructuras 15 a 17 se extienden maés alla del espesor mapeado. Por lo ex-
presado anteriormente, se esperaba que la cuadratura del modo HCP mostrara claramente
las anomalias generadas por los objetos enterrados ya que su maxima sensibilidad coincide
con la profundidad del techo y base de la mayoria de los objetos. No obstante, los objetos de
una escala relativamente menor, en comparacién con el volumen de material que influye en la
toma de datos, generan anomalias pequenias que a menudo pasan desapercibidas [De Smedt et
al., 2014; Everett, 2013; GF Instruments, 2020; Guillemoteau et al., 2019; Klose et al., 2018;
MecNeill, 1980; McNeill y Bosnar 1999; Simpson et al., 2010; Spies y Frischknecht, 1991].

2.1 Resumen del articulo

Se aplicaron las técnicas MG y EMI para mapear y diferenciar la respuesta geofisica de
las 17 estructuras enterradas a menos de 2.50 m de profundidad en el TGTS. Para mejorar la
respuesta de las estructuras someras se desarroll6 e incluyé el gradiente de induccion electro-
magnética (EMIG) y se complementaron las metodologias de adquisicién y procesamiento de
las técnicas MG y EMI. Esto incluye adquirir y sumar dos levantamientos geofisicos adquiri-
dos mediante transectos paralelos pero perpendiculares entre si, calcular el EMIG y seccionar
los mapas para tener mapas de acercamiento a areas mas pequenas. La comparacion de los
mapas de los levantamientos ortogonales entre si muestra una clara distincion en la distri-
bucion de las propiedades fisicas del subsuelo como resultado de la direccién de adquisicion,
la orientacién de los transectos y la orientacién y rumbo de los sensores. En comparacion
con la técnica EMI, la técnica EMIG se destaca por presentar resultados claramente notables
para la conductividad eléctrica aparente, aunque limitados para la parte en fase de la senal.
Para MG y EMIG, los mapas de acercamiento a areas mas pequenas dan mejores resultados
que los mapas del area total del TGTS. Ademas, sumando los mapas de los levantamientos
ortogonales entre si da los mejores resultados, seguido de los mapas cuyos transectos estan
orientados este-oeste y por iltimo los mapas cuyos transectos estan orientados sur-norte. La
mayoria de las estructuras mapeadas presentan valores bajos-medios de MG y valores medios-
altos de EMIG. La propuesta metodolégica es consistente entre las estructuras de concreto y
aquellas que simulan cavidades de aire, y entre las estructuras hechas con varios materiales
y geometrias complejas. En algunos casos las estructuras no tienen un contraste significante
con el terreno circundante y en otros casos las anomalias estan desplazadas en menos de 1.50
m. Con este estudio se demuestra la conveniencia de calcular el EMIG y los beneficios de
aplicar la metodologia utilizada para recuperar caracteristicas someras que se pasarian por
alto o estarfan enmascaradas con las metodologias tradicionalmente usadas.
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2.2 Resumen de los resultados del articulo

= La metodologia aplicada en la adquisiciéon y procesado de datos consiste en realizar,
con diferentes configuraciones de sensores, levantamientos de transectos paralelos pero
ortogonales entre si y sumar los mapas.

= Se aplica un filtro de rechazo de coseno direccional en los maps sur-norte de MG y
en todos los de la componente en fase de EMI para remover patrones de anomalias
paralelas a los transectos de adquisicion que se pueden ampliar con el procesado de
datos, enmascarando y malinterpretando los resultados.

= Los intervalos de valores en los mapas sur-norte y este-oeste de MG son, respectivamente,
de -260 a 97 nT/m y de -173 a 99 nT/m.

= Los mapas sur-norte y este-oeste, respectivamente, muestran intervalos de valores de
conductividad eléctrica aparente de 68 a 123 mS/m y de 60 a 98 m.S/m para la confi-
guracién de bobinas VCP y de 76 a 112 m.S/m para ambos mapas de la configuracién
HCP.

= Los mapas sur-norte y este-oeste, respectivamente, muestran rangos de valores de fase
de 0.19 a 4.95 ppt y de 0.19 a 2.67 ppt para la configuracién VCP y de 1.43 a 1.66 ppt
y 0.87 a 1.11 ppt para la configuracién HCP.

» Coincidencias de estos levantamientos al comparar con los resultados de la caracteriza-
cién del sitio (Capitulo 1):

- La conductividad aparente se mantiene en el mismo rango mientras que el rango
de la fase se amplia sutilmente en 1 ppt.

- Los valores maximos de conductividad aparente se concentran en la parte central-
este y los minimos en la esquina suroeste.

- La parte en fase es maxima en la parte central del TGTS y minima en la esquina
sureste.

- Los picos de valores de campo magnético total se muestran aislados y concentrados
en la esquina sureste, coincidiendo con la zona de valores minimos de la fase de

EMI.
- Los mapas de las configuraciones VCP y HCP se asemejan entre si y no muestran
claramente los entierros del TGTS.

» Comparativa entre los resultados de los levantamientos sur-norte y este-oeste:

- A pesar de que los rangos de valores son similares, se observan diferencias im-
portantes en la distribucion de los valores entre los levantamientos sur-norte y
este-oeste.

- En los levantamientos de MG, estas diferencias se atribuye a la orientacién y rumbo
de los sensores y a la direccion de adquisicion de los transectos.
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- Observaciones similares para la técnica EMI por Guillemoteau y Tronicke [2015]
asocia las diferencias al rumbo de los sensores y a que los modos HCP y VCP son
afectados por la direccién de adquisicién.

- En nuestro estudio se confirman esas observaciones y se amplian para el levanta-
miento MG.

Sin conocer previamente la ubicacion de los entierros, los resultados muestran anomalias
que son clasificadas como falsos positivos al comparar estos resultados con los mapas de
caracterizacion previa a la construccion del TGTS.

Comparando la suma y resta de los levantamientos sur-norte y este-oeste para resaltar
anomalias y mejorar la interpretacion, la suma da mejores resultados y disminuye la
cantidad de falsos positivos.

Sin conocer la ubicacion de los entierros, como comunmente sucede en estudios geofisi-
cos, no serfa posible diferenciar las anomalias generadas por los entierros de los falsos
positivos. Para ello se tendrian que probar otras técnicas como filtros digitales, estable-
cer un valor umbral sobre las anomalias o correlacionando los resultaos de diferentes
métodos.

En este caso, los filtros pasa-bajas, pasa-altas o filtros diferenciables no mejoran el mapeo
de las estructuras en los mapas MG y EMI.

Algunas anomalias observadas en los mapas no reflejan las estructuras enterradas y
algunas se encuentran desfasadas de su centro en menos de 1.50 m.

Algunas estructuras no presentan un contraste significativo con su entorno.

En general, sumar los levantamientos ortogonales da mejores resultados que los levanta-
mientos individuales, independientemente si en el andlisis se considera la ubicacién de
las estructuras o no.

Gradiente de Induccién Electromagnético (EMIG):

- Se desarrolla para resaltar fuentes locales y someras con la finalidad de mejorar la
identificacion y localizacion de estructuras que se encuentren dentro de los espesores
mapeados por la técnica EMI.

- Funciona con datos adquiridos de forma continua o discreta, calculandose con una
operacion matematica sencilla y similar a los principios de MG.

- A diferencia de MG, para poder calcular el EMIG es necesario realizar dos levanta-
mientos con los mismos transectos, direccion de adquisicién, orientacién del sensor,
taza de muestreo y altura del sensor del suelo. La diferencia entre los levantamien-
tos es la configuracién de las bobinas (HCP, VCP u otra), la distancia s o una
combinacion de las anteriores.
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- Cada levantamiento mapea un espesor diferente del subsuelo, desde el suelo hasta la
profundidad igual al rango de profundidad efectiva que depende de la configuracion
de bobinas usado.

- Procesando convencionalmente los datos, se calculan los rangos de profundidad
efectiva, se definen los espesores del subsuelo mapeado y se calcula la diferencia
entre ellos.

- El EMIG (AEMTI), para conductividad aparente (o,) o susceptibilidad magnéti-
ca (xaq), es calculado como el gradiente vertical entre el mallado de los mapas de
los levantamientos normalizado por la diferencia entre los rangos de profundidad
efectiva de los levantamientos (Ah). Siendo Dy y S, respectivamente, los levanta-
mientos con mayor y menor rango de profundidad efectiva, el EMIG se calcula con
la siguiente ecuacion:

D; — S,

AEMIGo, .\, = =57

(2.1)

Se generan los mapas de EMIG de los levantamientos sur-norte y este-oeste y posterior-
mente se sumaron como se realizé anteriormente.

Sin previo conocimiento de la ubicacién de los entierros, la mayoria son claramente
visibles en el mapa de conductividad con valores relativamente altos. Pocos entierros
son identificados en el mapa de la fase. Estos tltimos son similares a los mapas EMI del
modo VCP para la fase.

Si se considera la ubicacién de los entierros en el andlisis, la mayoria de las estructuras
son visibles y pueden ser asociadas a las anomalias observadas, aunque algunas siguen
mostrandose desplazadas en < 1.50 m del centro de los entierros.

En los mapas EMIG, las estructuras 2 y 7 son las menos claras.

En general, los mejores resultados se obtienen en la suma de los mapas, luego en los
mapas este-oeste y posteriormente en los mapas sur-norte.

Los picos en los mapas de MG son atribuidos a desechos antropogénicos y en los ma-
pas EMIG se atribuyen a la presencia de caracteristicas someras que no reflejan las
estructuras del TGTS.

Mapas de acercamiento a areas mas pequenas:
- Se crean para visualizar cada entierro de forma individual y tener mayor detalle

de su efecto local.

- Mejora la identificacion y localizacion de las estructuras que los mapas de toda el
area del TGTS, en especial para el caso de los mapas EMIG de la fase.

- Nuevamente se muestran diferencias significativas en la distribucion de las propie-
dades fisicas medidas entre los mapas de levantamientos ortogonales entre si.
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- En general, para MG los mejores resultados se observan en los mapas este-oeste,
seguidos de la suma y luego de los sur-norte. Para EMIG primero sobresalen los
mapas de la suma, seguidos de los este-oeste y finalmente los sur-norte.

- La mayoria de las estructuras se muestran con valores bajos-medios en MG y
medios-altos de conductividad aparente y fase.

- Las estructuras 6, 7, 8 y 12 muestran menos contraste magnético con su entorno,
lo mismo ocurre con las estructuras 2 y 7 en los mapas EMIG de conductividad y
la estructura 8 en los mapas EMIG de fase.

- Cambiar el material de relleno de tepetate a arena mejora el contraste de las
estructuras con su entorno, mantiene los mismos valores de MG, aumenta el valor
de conductividad y disminuye el valor de la fase.

- Hay consistencia en los resultados de las diferentes estructuras de concreto y aire
(huecas). Estas se ven con valores bajos de MG y en general con valores medios-
altos de conductividad y fase, exceptuando el valor relativamente alto de MG de
la estructura 9.

- En general las estructuras 14, 16 y 17 muestran valores variables de MG y EMIG
que reflejan los diferentes materiales con las que se construyeron, el espesor del
material de relleno y la geometria de las estructuras. Las anomalias de la estructura
16 estan dominadas por los cubos de concreto y basalto.
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ARTICLE INFO ABSTRACT

Keywords: We applied Magnetic Gradiometry (MG) and Electromagnetic Induction (EMI) techniques to map and differ-
Magnetic entiate the geophysical response of 17 buried structures at <2.50 m deep in the Teoloyucan Geophysical Test Site
Electromagnetic induction (TGTS). To enhance the response of near-surface structures, we include the Electromagnetic Induction Gradient
;’Z:f:: (EMIG) and complement MG and EMI acquisition and processing methodologies. This includes, acquiring and

adding together orthogonal-transect surveys, computing the EMIG and sectioning area maps into close-up maps.
The orthogonal-transect surveys clearly show distinct distributions of the physical properties resulting from the
acquisition direction, the orientation of the transects and from the orientation and heading of the sensors.
Compared with EMI, EMIG provides remarkable results for apparent conductivity although limited for in-phase
data. For MG and EMIG, close-up maps yield better results than area maps. Also, adding the orthogonal-transect
survey grids gives better results, followed by the E—-W transect surveys and then by the S—N transect surveys.
Most of the mapped structures present low-medium MG values and medium-high EMIG values. The proposed
methodology is consistent for concrete and air-cavity structures, and for structures made with various materials
and complex geometries. In some cases, the structures do not have enough contrast with their surrounding
terrain and in others, the anomalies are shifted in <1.50 m. In this study, we demonstrate the convenience of
computing the EMIG and the benefits of applying the used methodology to retrieve near-surface features that

Near-surface

would be overlook with common-practice methodologies.

1. Introduction

Geophysical test sites are frequently built to replicate and simulate
features encountered in different scenarios in diverse areas of
geophysical exploration. Their main purpose is to investigate the
geophysical response of the ground by targets whose properties and
attributes are well known. Test sites are suitable to validate the acqui-
sition, processing and interpretation of geophysical data in a specific
controlled environment. Moreover, they are useful to provide students
and technicians experience and expertise in the use of geophysical
techniques. Magnetic Gradiometry (MG) and Electromagnetic Induction
(EMI) are non-destructive near-surface mapping techniques that can
map large areas rapidly and effectively, saving resources. They are
widely implemented individually, together or along with other
geophysical techniques in geological, agricultural, forensic, engineering,
archaeological, cultural heritage and other Earth Science investigations

* Corresponding author.
E-mail address: arosadof@ciencias.unam.mx (A. Rosado-Fuentes).

https://doi.org/10.1016/j.jappgeo.2023.105123

(Allred et al., 2004; Kvamme, 2006; Pringle et al., 2008; Pueyo Anchuela
et al., 2015; Rucker, 2010; Silvan-Cardenas et al., 2021; Wamalwa et al.,
2011).

In this work we applied MG and EMI techniques in Teoloyucan
Geophysical Test Site (TGTS), a facility that comprises 17 buried sub-
surface structures similar to those encountered in engineering and
archaeological contexts in Mexico (Fig. 1). The attributes and properties
of the buried structures cover several material composition and geom-
etries and are well characterized by Rosado-Fuentes et al. (2021).
Following that study, in this work we apply and complement an acqui-
sition and processing methodology for near-surface studies in engi-
neering and archaeological contexts. Our aim is to map and identify
near-surface structures and to determine similarities and differences
between the generated anomalies. We first briefly introduce the theo-
retical basis of the applied methods and present the Electromagnetic
Induction Gradient (EMIG), which enhances anomalies and is based on a
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simple math calculation that follows the principle of the MG. Then, we
describe TGTS and the characteristics of the geophysical surveys.
Finally, we apply and complement a methodology of data acquisition
and processing that consists in making, with different coil configura-
tions, orthogonal-transect surveys with the same geophysical technique,
adding the orthogonal-transect grids together, computing the EMIG and
making close-up maps. Our approach gives exceptional results and can
be replicated elsewhere in near-surface geophysical studies. We
demonstrate that common-practice methodologies overlook most of the
near-surface structures and that by computing the EMIG and following
the applied methodology most of the structures can be retrieved.

2. Magnetic gradiometry

Magnetic methods measure the Earth’s geomagnetic field as the sum
of the principal field, the field generated by sources in the magneto-
sphere and ionosphere, and the lithospheric field. The residual field can
be obtained by a diurnal correction or by applying the magnetic gradi-
ometry (MG) method (Langel and Hinze, 1998; Telford et al., 1990). MG
surveys enhance local and near-surface sources revealing finer details.
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This method minimizes regional sources, errors in orientation, effects of
thermal drift and diurnal variation (Everett, 2013; Hinze et al., 2013;
Milsom, 2003; Telford et al., 1990), eliminating the need for magnetic
base observations (Hinze et al., 2013). Gradiometers are formed by two
equally configured sensors separated by a vertical or horizontal fixed
distance that records simultaneous readings in each sensor (Everett,
2013; Hinze et al., 2013; Langel and Hinze, 1998; Telford et al., 1990).
The vertical gradient is given by
OF F,—F

0z Az

®

where F; and F, are the readings at the higher and lower sensor posi-
tions, respectively. The gradient is normalized by the vertical distance
between the sensors, Az. Generally, an elevation difference of 1.0 m
suffices (Everett, 2013; Telford et al., 1990).

Cesium vapor magnetometers operate by quantum phenomena like
optical pumping, Zeeman effect and precession of the magnetic mo-
ments of electrons (Everett, 2013; Hinze et al., 2013; Telford et al.,
1990). A detailed explanation of its operation can be found in Everett
(2013), Hrvoic and Hollyer (2005) and Telford et al. (1990). Vapor
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Fig. 1. Right panel shows the location of Teoloyucan Geomagnetic Observatory (TGO) and of Teoloyucan Geophysical Test Site (TGTS) with a green polygon and a
red striped area, respectively. Left panel shows a close-up of TGTS with the plan views of the 17 buried structures (blue boxes) and refilled holes (red boxes), along
with their identification number; their location and areas were taken from Rosado-Fuentes et al. (2021). Purple and black dotted boxes indicate the areas covered by
the Magnetic Gradiometry (MG) and Electromagnetic Induction (EMI) & Electromagnetic Induction Gradient (EMIG) surveys, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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magnetometers are direction sensitive and have shadow zones where the
signal is lost. When the sensor is oriented a few degrees out of the di-
rection of the geomagnetic field or its perpendicular direction, the signal
is lost and measurements cannot be acquired. However, this limitation
can be overthrown with mechanical orientation of the sensor, multi-
vapor-cell configurations and split-beam technology (Hinze et al.,
2013; Milsom, 2003).

3. Electromagnetic induction

The electromagnetic induction (EMI) method is governed by low-
frequency time-varying electromagnetic fields originated near the sur-
face that are induced into the subsurface according to induction phe-
nomenon. A mono-frequency EMI sensor operates at low-induction-
number (LIN) when its transmitter (Tx) to receiver (Rx) coil center
distance (s) is less than the skin depth (), i.e. s/6<1 (Everett, 2013; GF
Instruments, 2020; McNeill, 1980; Spies and Frischknecht, 1991). If
both the Tx and Rx coils are perpendicular to the ground, i.e. vertical
coplanar (VCP); they each form, individually, a horizontal dipole, HD
mode or low mode. If both the Tx and Rx coils are parallel to the ground,
i.e. horizontal coplanar (HCP); they each form, individually, a vertical
dipole or VD mode or high mode (Everett, 2013; Spies and Frischknecht,
1991). The orientation of the EMI instrument can be aligned parallel, P-
mode, or perpendicular, T-mode, with respect of the transect direction
(Everett, 2013). Regardless of the coil configuration and orientation, a
controlled current flow in Tx, generally between 1 and 3 A, generates an
in-phase primary magnetic field (Hp) that imposes an electromotive
force (emf) in the soil. The ground restores its equilibrium by generating
a back-emf that develops eddy current inducing a phase-shifted sec-
ondary magnetic field (Hs). The phase shift depends on the electrical
properties of the ground, particularly on the electrical conductivity (o).
If the phase shift is 90°, Hs is completely out of phase with Hp and the
ground is completely electrically conductive. If the phase shift is 0°, the
ground is perfectly resistive and Hs is completely in-phase with Hp. In
general, and considering that the air has low conductivity and magnetic
susceptibility, Hs is out-of-phase and attenuated with respect of Hp,
which indicates the energy-dissipating induction phenomenon. The
primary field depends on the physical characteristics and geometric
properties of the Tx loop, which are known and controlled by the
operator. The secondary field depends on the geometry, position and
electrical conductivity of the target. Hs and Hp induce a current in the
Rx coil that is corrected by removing Hp. The normalized response
function is calculated with the impedances of the coils or by operating
the coupling ratio of the magnitudes of the secondary to primary mag-
netic fields, i.e. Hs/Hp. In general, the EMI method assumes that the
magnetic permeability is equal to its free space value. If r/s<1, where r
is the radius of loop Tx and s is the Tx-Rx dipole center distance and at
LIN condition, the normalized response function depends on s and the
electromagnetic properties of the subsoil. Its imaginary part, also known
as the quadrature, is 90° out-of-phase with the current in Tx. In a first
order approximation, the apparent conductivity (o¢,) of the ground,
measured in Siemens per meter (S/m) (Everett, 2013; GF Instruments,
2020; McNeill, 1980; Spies and Frischknecht, 1991), is linearly related
to the quadrature response of the normalized response function as

<HS)
(25
Hp/,,

where s is the Tx-Rx dipole center distance, i, is the magnetic perme-
ability in vacuum, o is the angular frequency, Im denotes the imaginary
part of the coupling ratio of the magnitudes of the secondary to primary
magnetic fields and the sub-indexes h and v stand for HCP or VCP modes,
respectively (Everett, 2013; McNeill, 1980). The real part of the
normalized response function is in-phase with the current in Tx. The
apparent magnetic susceptibility (x,) of the ground is approximated by
the in-phase response of the normalized response function as (Everett,
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2013; GF Instruments, 2020; Spies and Frischknecht, 1991)

H¢
X, =2 x0.001 x Re <f‘> 3
hy

P

where Re denotes the real part of the coupling ratio of the magnitudes of
the secondary to primary magnetic fields, the sub-indexes h and v stand
for HCP or VCP modes, respectively, number 2 accounts for measuring a
half-space (De Smedt et al., 2014) and the factor 0.001 converts the
output in parts per thousand (ppt) (Simpson et al., 2010). The in-phase
response is less than the quadrature response at LIN conditions (McNeill
and Bosnar, 1999) and it can serve as an indicator of artificial metal
objects and help distinguish artificial structures from natural geology
seen in apparent conductivity maps (GF Instruments, 2020). The relative
contribution to Hs depends on the materials located at different depths
in the subsoil. The sensitivity function can be calculated for the in-phase
and out-of-phase components, each presenting different distributions.
For the quadrature component, the VCP and HCP modes are more sen-
sitive to the shallowest and middle parts of the exploration depth,
respectively. For the in-phase component, the VCP and HCP modes are
more sensitive to the middle and upper parts of the exploration depth,
respectively. Additionally, the HCP mode might contain negative
sensitivity values. Consequently, the surveyed area maps a plane parallel
to the surface whose values represent the contribution of a large volume
of subsurface materials from the surface to the effective depth, which
depends on the Tx-Rx dipole center distance and the selected coil
configuration mode (Guillemoteau et al., 2019; Klose et al., 2018;
McNeill, 1980; McNeill and Bosnar, 1999; Milsom, 2003). More robust
calculations of apparent conductivity and permeability based on a full
non-linear homogeneous half-space theory have been proposed in
Huang and Won (2001), Guillemoteau et al. (2016), and Hanssens et al.
(2019). Such approaches take into account the height of the sensor,
which critically affect the Hg response, they are not restricted to the HCP
and VCP coil geometries and, for the case of the out-of-phase response,
provide more robust evaluation of the electrical conductivity in
conductive environments.

3.1. Electromagnetic induction gradient

In an effort to enhance local and near-surface sources and to better
identify and locate structures within the subsurface mapped thicknesses,
we developed the Electromagnetic Induction Gradient (EMIG) technique
governed by a simple math calculation that follows the principle of MG
and it is feasible to apply it to continuous or discrete data sets. Contrary
to MG where you have two identical instruments configured and ori-
ented in the same manner acquiring data at two different heights, the
EMIG operates by doing two surveys following the same transects,
acquiring the data in the same direction and with the same instrument
orientation and sampling rate. In both surveys the height of the instru-
ment from the ground does not change. The difference between the two
surveys relies in the coil configurations used (HCP, VCP or else), the Tx-
Rx dipole center distance or a combination of both. In either case each
survey will map different subsurface thicknesses, from the surface to a
depth equal to its effective depth range. Once the apparent conductivity
and in-phase maps are generated following any chosen methodology,
with the coil configuration and the Tx-Rx dipole center distance we can
calculate the effective depth range of each survey, define the subsurface
mapped thickness and determine the depth difference between the
effective depth ranges of both surveys. The EMIG (AEMI), for apparent
conductivity (6,) or magnetic susceptibility (x,), is obtained by calcu-
lating the vertical spatial gradient between the grids of both surveys and
is normalized by the depth difference between the effective depth ranges
of each survey. The EMIG follows the equation

D, -,

AEMI,, , =
ar¥a AL
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where D; and S; are the readings of the surveys with the deepest and
shallowest effective depth range, respectively, and Ah is the depth dif-
ference between the effective depth ranges of each survey. The apparent
conductivity and in-phase values in an EMI study are obtained with
scalar Egs. 2 and 3, mainly with the coupling ratio of the magnitudes of
the secondary to primary magnetic fields. Therefore, the ratio is a scalar
magnitude proportional to the electrical apparent conductivity or
magnetic susceptibility of the subsoil (De Smedt et al., 2014; Everett,
2013; McNeill, 1980). In the same manner, an EMIG value can be
calculated following the scalar Eq. 4 since it operates with scalar
apparent conductivity and in-phase values from the readings of two
surveys with different effective depth range, one being deeper than the
other one.

4. Test site description and geophysical surveys

TGTS covers an area of 864.00 m? (24.00 m E by 36.00 m N), inside
Teoloyucan Geomagnetic Observatory (TGO), UNAM, N of Mexico City
(Fig. 1 right). The geomagnetic sensors at TGO are located in the
buildings at the center of the terrain. The test site is situated in the W
central portion of TGO (red striped area in Fig. 1 right), warehouses are
at least 8.00 m away from its SW and NW corners. The site is a flat
overgrown with grass and weed area delimited every 2.00 m with half-
buried concrete cylinders of 0.15 m in diameter and 0.30 m in height.
TGTS lithological section indicates that the site is composed by a hard-
consolidated horizon of volcanic origin named tepetate, that can be
translated as a rock-like soil horizon (Zebrowski, 1992). This horizon
particularly shows four main well graded coarse soil layers named, from
the surface down, soil, soil-tepetate, beige-brown tepetate and dark brown
tepetate. Pyroclastic materials from the Sierra de Tepotzotlan originated
both tepetates in this sequence. From the site characterization done prior
to the construction of TGTS, this sequence presents magnetic gradient,
apparent conductivity and in-phase values ranges of 120.00-420.00 nT/
m, 70.00-120.00 mS/m and 1.14-1.63 ppt, respectively (Rosado-
Fuentes et al., 2021). The geophysical characterization of the area pre-
sents a smooth distribution of the geophysical properties and the subsoil
is composed by four geophysical layers that coincide with the litholog-
ical layers. On the other hand, these smooth changes in geomagnetic and
electromagnetic properties observed in TGTS (Rosado-Fuentes et al.,
2021) fulfill the requirements stablished by the International Associa-
tion of Geomagnetism and Aeronomy to operate a Geomagnetic Obser-
vatory (Jankowski and Sucksdorff, 1996).

TGTS is composed by 17 buried structures at <2.00 m deep whose
characteristics cover a range of features in geometry, stratigraphic se-
quences and material composition. They were built using Pre-Hispanic
materials like adobe (i.e. mudbrick, made with a mixture of mud and
organic material), wood, basalt, tezontle (i.e. dark-red porous volcanic
scoria material) and current materials like concrete, reinforced concrete,
plastic containers and PVC pipes. The holes dug to build the structures
were refilled and compacted with the tepetate extracted during the
excavation, except for structure 3 that is refilled with sand. Cubic
structures, from 1 to 8, are made of concrete, brick, adobe, tile basalt, tile
tezontle, and wood. Structure 1 is the only one including metal parts, it is
made of reinforced concrete. Cylindrical bodies include structure 11,
made of concrete, and structures 12 and 13, made with different PVC
sealed pipes dispositions. Structures 9 and 10 are plastic containers
simulating, respectively, a void and a water cavity that can be refilled or
changed through a tube connected to its lid. Structures 14 and 15
simulate horizontal and vertical stratigraphic sequences, respectively;
both are built using cubes made of the materials mentioned above.
Finally, structures with irregular geometry, 16 and 17, are made of
concrete. Structures 1-8, 10 and 15 have a square plan view, while
structures 9, 11-14 and 16-17 have a rectangular plan view. The plan
view of the structures and the holes for the construction are shown in
Fig. 1 left in blue and red boxes, respectively. Details of the dimensions,
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depth and thickness of the refilled materials and the structures can be
consulted in Rosado-Fuentes et al. (2021). MG and EMI & EMIG surveys
were carried out in TGTS, the surveyed areas for each method are shown
in Fig. 1.

4.1. MG

Two total field MG surveys were conducted in TGTS on March 4,
2019 using two Geometrics G-858 cesium vapor magnetometers ori-
ented vertically and separated 1.0 m from each other, the lower sensor
was in average 0.45 m from the ground surface. Total magnetic field
measurements in both surveys were taken every second, approximately
every 0.5 m, along parallel transects separated every 1.00 m and cover
an area of 640.0 m? (20.0 m E by 32.0 m N); preventing the effects of the
concrete bodies that delimit the site (purple box in Fig. 1 left). One
survey consists of 33 E—W parallel transects with 1140 measured points,
starting in the SE corner of the site and moving N. The other survey
consists of 21 S—N parallel transects with 1220 measured points, start-
ing in the SE corner of the test site and moving W. The geomagnetic
external activity reported by Kyoto Dst Geomagnetic Index is available
at the World Data Center for Geomagnetism, Kyoto, Japan and averages
—18.9 nT, with a variation of 11.0 nT. The Postdam Kp Index values are
available at the GeoForschungsZentrum, Postdam, Germany and are
<2.7 nT, with an average value of 1.4 nT. Both indexes reflect a quiet
geomagnetic day without undesirable effects due to natural external
variations. TGO data indicates a total field diurnal variation of <27.0 nT
for the day of the survey and <4.5 nT during the data acquisition period.
After corrections, data was interpolated using the Kriging method (Haas
and Viallix, 1976) and reduced to the magnetic pole (RTP).

4.2. EMI & EMIG

Four T-mode EMI surveys were conducted in TGTS covering the full
area (black dotted area in Fig. 1 left) using a CMD-2 conductivity meter
by GF Instruments equipped with a GPS. CMD-2 effective depth range
for VCP and HCP modes is 1.50 m and 3.00 m, respectively, its Tx-Rx
dipole center distance is 1.89 m (GF Instruments, 2020) and the
average instrument clearance above the ground surface is 1.00 m. Using
the manufacturer’s Tx-Rx dipole center distance, the calculated effective
depth ranges for the imaginary component of the VCP and HCP mode,
using the cumulative response sensitivity function are 1.43 m and 3.00
m, respectively (McNeill, 1980; McNeill and Bosnar, 1999; Milsom,
2003). The in-phase component sensitivity function shows different
distributions and changes of sign for standard coil configurations, in
particular for VCP and HCP modes (Guillemoteau et al., 2019; Klose
et al., 2018). The sensor measures the quadrature and in-phase com-
ponents of the normalized response function simultaneously in S/m
while the in-phase reading is automatically converted to ppt (Everett,
2013; GF Instruments, 2020). VCP and HCP mode coil configuration
surveys were acquired along S—N parallel transects starting in the SE
corner of the site and moving W and along E—W parallel transects
starting in the SE corner of the site and moving N. The S—N and E-W
surveys for the VCP mode consist of 1234 and 1164 measured points,
respectively, and for the HCP mode of 1173 and 1162 measured points,
respectively. In all the surveys the transects were separated every meter
and the sampling rate was 1 Hz, making a measurement approximately
every 0.5 m. Data processing includes removing incomplete acquisition
points, averaging data points with the same geographical coordinates,
changing the units to mS/m and transforming data to TGTS relative
coordinates (Northing and Easting). Using the effective depth ranges
provided by the manufacturer for the coil configurations employed, the
depth difference between the effective depth ranges of each survey is A
h =1.50 m. We used this value to calculate the EMIG of the S—N and
E—W surveys (Eq. 4), in our case D, and S; are the survey maps for the
HCP and VCP modes, respectively. All the data was interpolated using
the Kriging method (Haas and Viallix, 1976).
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5. Results and interpretation

The S—N MG map and all the EMI in-phase maps showed regular line
patterns parallel to the acquisition transects. This corrugation appear-
ance can be enhanced with the processing methodology applied by the
analyst, masking near-surface anomalies and misinterpreting the results.
To de-corrugate the data without changing the distribution of the
physical properties, we applied a directional cosine rejection filter that
follows the formula

L(0) = (cos" (a- 9%) | )
where n is the degree of the cosine function, o is the filtering direction in
degrees relative to the North and 0 is the wavenumber direction. This
filter was applied to reject only wavelengths in the direction of the ac-
quired transects (Cheyney et al., 2012; Fedi and Florio, 2003; Geosoft,
2007). It should be noted that this filter influences NNW and NNE trends
(Ferraccioli et al., 1998) and we used n = 2 (Fedi and Florio, 2003).

The S—N and E—W MG data shows values ranging, respectively, from
—260 nT/m to 97 nT/m (left map in Fig. 2) and from —173 nT/m to 99
nT/m (central map in Fig. 2). The apparent conductivity data ranges of
the VCP mode for the S—N and E—W surveys are, respectively, 68-123
mS/m and 60-98 mS/m (top left and central maps in Fig. 3) and for both
HCP modes the data range is 76-112 mS/m (middle left and central
maps in Fig. 3). The in-phase data ranges of the VCP mode for the S—N
and E—W surveys are, respectively, 0.19-4.95 ppt and 0.19-2.67 ppt
(top left and central maps in Fig. 4). The in-phase data ranges of the S—N
and E—W HCP mode are, respectively, 1.43-1.66 ppt and 0.87-1.11 ppt
(middle left and central maps in Fig. 4). Comparing these data ranges
with the site characterization values obtained prior to the construction
of TGTS, the apparent conductivity remains in the same range while the
in-phase values have widened by almost 1 ppt. The apparent conduc-
tivity maps show the highest and lowest values at the central E and SW
corner sections, respectively (top and middle, left and central maps in
Fig. 3) and the maximum and minimum values for the in-phase maps are
concentrated at the central and SE corner sections, respectively (top and
middle, left and central maps in Fig. 4). Also, isolated magnetic peaks in
the SE corner match a minimum in-phase value area. These character-
istics are also observed in the MG and EMI maps of the site character-
ization done prior to the construction of TGTS (Rosado-Fuentes et al.,
2021).

S-N survey

E-W survey
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Although the ranges shown in this study are fairly similar in all MG
and EMI maps, significant differences can be observed in the distribution
of the values between the S—N and E—W surveys. These differences can
clearly be seen around structure 4 in the MG and EMI conductivity maps
and around structure 12 in the EMI in-phase maps. For the magnetic
results shown in Fig. 2, since we measured the magnitude of the total
magnetic field, it would not be expected to have differences in the values
nor their distribution between the S—N and E—W surveys. These dif-
ferences can be explained with the physics of the sensor which is an
optically pumped simple self-oscillating split-beam Cesium-133 vapor
magnetometer. In these type of sensors, the value of the magnetic field is
obtained by detecting and measuring light modulation and its fre-
quency, which change when the direction of the magnetic field changes
because the self-orientating frequency shifts. If the heading of the sensor
changes, the direction of the magnetic field with respect of the sensor
will change, shifting the self-orientating frequency and changing the
value of the magnetic field (Everett, 2013; Hinze et al., 2013; Hrvoic and
Hollyer, 2005; Telford et al., 1990). Therefore, the differences observed
on the S—N and E—W magnetic surveys is mainly attributed to the sensor
orientation and heading, and to the acquisition direction of the tran-
sects. The differences on the values and the distribution of the EMI re-
sults shown in Figs. 3 and 4 have been observed by Guillemoteau and
Tronicke (2015). These differences are linked to the heading of the
sensor because the standard loop-loop geometries show 3D sensitivity
functions with non-circular symmetries for both conductivity (Guille-
moteau et al., 2017) and in-phase (Klose et al., 2018) readings. Guille-
moteau and Tronicke (2015) show that the standard popular EMI coil
configurations, in particular the VCP and HCP modes, are affected by the
direction of data acquisition. Here we confirm such observations and
expand them to MG surveys. However, the contributions of anisotropic
effects should not be completely discarded, and needs to be studied
further in detail but is out of the scope of the present study.

As mentioned before, for the quadrature component, the VCP and
HCP modes are more sensitive to the shallowest and middle parts of the
exploration depth, respectively. Most of the targets are between 0.5 m
and 1.0 m deep, this depth coincides with the maximum sensitivity of
the HCP mode. We expected the HCP map to show clearly the anomalies
of the targets. However, HCP maps show a lot of resemblance to the VCP
maps, without clearly enhancing the targets. For the in-phase compo-
nent, the VCP and HCP modes are more sensitive to the middle and
upper parts of the exploration depth, respectively, and the HCP mode
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Fig. 2. S—N (left), E-W (central) and Sum (right) Magnetic Gradiometry (MG) survey maps for TGTS. The plan views of the buried structures and the holes dug
during construction are shown with white boxes along with their identification number. Color bars in each panel indicate the value range of the vertical magnetic
gradient. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Teoloyucan Geophysical Test Site (TGTS) S—N (left), E-W (central) and Sum (right) Electromagnetic Induction (EMI) apparent conductivity survey maps for
the VCP (top) and HCP (middle) mode acquisition and the Electromagnetic Induction Gradient (EMIG) calculation (bottom). The plan views of the buried structures
and the holes dug during construction are shown with black boxes along with their identification number. Color bars in each panel indicate the conductivity value
range. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

might contain negative sensitivity values. Therefore, we expected the
VCP mode to better map the targets, in particularly structure 1. Similarly
to the quadrature component, HCP and VCP maps closely resemble each
other but they do not clearly show the anomalies of the targets. To
enhance the anomalies generated by the buried structures and to

improve the interpretation, the S—N and E—W survey grids were added
together, i.e. Sum grid = S—N survey grid + E—W survey grid (right map
in Fig. 2 for the MG map and right top and middle maps in Figs. 3 and 4,
respectively, for EMI conductivity and in-phase maps). Guillemoteau
and Tronicke (2015) show, especially for the configurations using
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Fig. 4. Teoloyucan Geophysical Test Site (TGTS) S—N (left), E-W (central) and Sum (right) Electromagnetic Induction (EMI) in-phase survey maps for the VCP (top)
and HCP (middle) mode acquisition and the Electromagnetic Induction Gradient (EMIG) calculation (bottom). The plan views of the buried structures and the holes
dug during construction are shown with black boxes along with their identification number. Color bars in each panel indicate the in-phase value range. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

vertical coils which induce eddy current patterns in a preferential di-
rection, that acquiring orthogonal-transect surveys and adding the grids
can provide maps that are more in agreement with the true lateral dis-
tribution of EMI properties and with better signal to noise ratio. A
similar procedure can be generated by subtracting the survey grids

(Simpson et al., 2009), but in our case the sum generates better results.
On the other hand, the buried structures are not mapped better after
applying low-pass, high-pass or derivative filters to the MG and EMI
maps. The only exception is applying a high-pass filter using a cut-off
wavenumber of 5 cycles/m in the E—-W EMI apparent conductivity
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HCP mode map. Note that the applied methodology, on both MG and
EMI data, enhances anomalies that could be classified as false positives,
especially if the location of the buried objects is unknown and if there
were no characterization maps of the site prior to the development of
TGTS. In our analysis, the value range of the physical properties and the
location and shape of the anomalies were compared to the character-
ization maps (Rosado-Fuentes et al., 2021) to differentiate between false
positives and anomalies that are related to the buried targets. With the
comparison, some anomalies were ruled out since they are present in the
site since its characterization and before TGTS was built. For both
methods, the number of false positives decreases by adding the
orthogonal-transect surveys, operating as a filter. Therefore, we can
attribute isolated false positives in the MG maps (Fig. 2) to very shallow
garbage debris, <0.50 m deep (Rosado-Fuentes et al., 2021) and in the
EMIG maps to the presence of subsurface features that do not reflect the
buried structures. In case there are no previous characterization maps of
the site nor the knowledge of the location of the targets, as commonly
happens in geophysical exploration studies, it would not be possible to
differentiate these anomalies by semblance. Therefore, other differen-
tiation techniques would have to be applied, e.g. digital filtering,
establishing a threshold value on the anomalies or by correlating the
results from different methods.

Table 1 outlines the results of the S—N, E-W and Sum survey maps
for the MG (Fig. 2) and EMI conductivity and in-phase maps (top and
middle maps in Figs. 3 and 4, respectively) for two main cases. In the
first case, we assume that there is no previous knowledge about the
location of the buried structures. If the features seen on the map reflect a
buried structure, we highlight the cell of that structure with gray; if not,
we leave the cell blank. In the second case, we know in advance the

Table 1
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location of the target. Thus, we can corroborate if the anomalies shown
on the maps correspond to a buried structure or not. If the anomaly
corresponds to a buried structure, we symbolize the cell of that structure
with a check-mark; if it does not correspond to a buried structure, we
symbolize the cell of that structure with an x-mark. There are some
anomalies without a clear indication that they may or may not corre-
spond to a buried structure, regardless if the feature shown on the maps
is shifted from the center of the target; for these cases we mark the cell of
the structure with an approximation-symbol. Note that having previous
knowledge of the location of the buried structures leads to find the
majority of them in all maps (Table 1). Such are the cases for structure
14 in the MG (Fig. 2) and EMI conductivity (top and middle maps in
Fig. 3) maps and structure 10 in the EMI in-phase maps (top and middle
maps in Fig. 4). Observe in the top and middle maps in Figs. 3-5 that
some anomalies seem to be shifted from the center of the targets in
<1.50 m. Some structures do not present enough contrast from the
surroundings soils, like structure 13 in the MG and EMI conductivity
maps and structure 7 in the EMI in-phase maps (Table 1). In brief, the
Sum maps give better results than the individual survey maps, whether
or not the location of the buried structures is included in the analysis
(Table 1 and Sum maps in Figs. 2-4).

The depth to the base of structures 1-14 is around 1.02 m deep in
average. For structures 15-17 the depth to their bases is 2.05 m, 1.66 m
and 1.55 m deep, respectively. This means that the HCP mode maps a
subsurface thickness where all the 17 features are embedded, and the
VCP mode maps a subsurface thickness where structures 1-14 are
embedded and structures 15-17 extend beyond the mapped depth. Since
the used EMI device senses the contribution of a large volume of sub-
surface materials, several cubic meters, delimited by configuration-

Outline of the results of the S—N, E-W and Sum survey maps for the Magnetic Gradiometry (MG) (Fig. 2) and
Electromagnetic Induction (EMI) conductivity and in-phase maps (top and middle maps in Figs. 3 and 4,
respectively) for two main cases. For the first case, assuming there is no previous knowledge about the
location of the buried structures, we highlighted the cell of the target with gray if the features shown on the
map reflect the buried structure. For the second case, having previous knowledge of the location of targets,
we symbolize with a check-mark or a x-mark if the features shown on the map correspond or not, respec-
tively, to a buried structure. If there is no clear indication that the features shown on the map correspond or
not to a target, we mark those cells with an approximation-symbol.
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Fig. 5. S—N (left), E-W (central) and Sum (right) close-up maps for
Magnetic Gradiometry (MG) (1st and 4th rows), Electromagnetic
Induction Gradient (EMIG) apparent conductivity (2nd and 5th row)
and EMIG in-phase (3rd and 6th row) measurements for structures 3
(top three rows) and 7 (bottom three rows). The plan views of the
buried structures and the holes dug during construction are shown
with black boxes. Color bars in each panel indicate the value range of
the measured physical property. (For interpretation of the references
to color in this figure legend, the reader is referred to the web
version of this article.)
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dependent depth of investigation and lateral footprint, the relatively
small scale targets generate small data anomalies and consequently
often go unnoticed. One way to enhance such small anomalies is to
decrease the relatively large effect of the background medium. For this,
we generated the S—N and E—W vertical gradient EMIG survey maps by
using Eq. 4 and later added the grids as done before (bottom maps in
Figs. 3 and 4). Additionally, close-up maps were generated to visualize
each target individually and have more detail of their local effect. As an
example, Fig. 5 shows the MG and EMIG conductivity and in-phase
close-up maps for structures 3 and 7. The rest of the close-up maps
can be consulted in the Supplementary data: Figs. S1, S2 and S3 for MG,
Figs. S4, S5 and S6 for EMIG conductivity and Figs. S7, S8 and S9 for
EMIG in-phase values.

Table 2 outlines the results of the S—N, E—W and the Sum surveys for
the EMIG area maps (bottom maps in Figs. 3 and 4) and for the EMIG and
MG close-up maps (Fig. 5 and Figs. S1-S9 in Supplementary data).
Shaded cells and mark-symbols are described above for Table 1. For the
area maps, without previous knowledge of the location of the buried
structures most are clearly visible in the EMIG conductivity maps as high
gradient values (Table 2 and bottom maps in Figs. 3). Contrary, in the
EMIG in-phase maps few structures are visible and the maps are similar
to the EMI VCP mode in-phase maps (Table 2 and top and bottom maps
in Fig. 4). Considering the location of the targets, most of the buried
structures are visible or can be associated to anomalies shown in the
maps, although some seem to be shifted from the center of the targets in
<1.50 m (Table 2 and bottom maps in Figs. 3 and 4). In all EMIG maps,
structures 2 and 7 are the least clear. Regardless if the location of the
buried structures is considered in the analysis, the best results are ob-
tained by the Sum maps, then by the E—W maps and finally by the S—N
maps.

MG and EMIG close-up maps reflect the structures better than the

Table 2
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area maps, especially in the case of the EMIG in-phase maps (Fig. 5 and
Figs. S1-S9 in Supplementary data). As shown in the MG and EMI maps,
S—N and E—W close-up maps show significant differences in the dis-
tribution of the values. In general, the best results in MG maps are ob-
tained by the E-W maps, followed by the Sum maps and finally by the
S—N maps. For EMIG maps, the Sum maps are better, followed by the
E—W maps and finally by the S—N maps. Note that some anomalies still
seem to be shifted from the center of the targets in <1.50 m. Most of the
structures are shown as low-medium MG values and medium-high
conductivity and in-phase EMIG values.

Structures 6-8 and 12 show the less magnetic contrast with their
surroundings (Fig. 5 and Figs. S1 and S2 in Supplementary data), so does
structures 2 and 7 in the EMIG conductivity maps (Fig. 5. and Fig. S4 in
Supplementary data) and structure 8 in the EMIG in-phase map (Fig. S8
in Supplementary data). The results indicate that by changing the
refilling material from tepetate, structure 2, to sand, structure 3, en-
hances the contrast of the anomaly with its surroundings, maintains the
same MG value, increases the conductivity value and decreases the in-
phase value (Fig. 5 and Figs. S1, S4 and S7 in Supplementary data).
The anomalies of the concrete structures are consistent with each other,
they are seen as low MG values and, in general, medium-high conduc-
tivity and in-phase EMIG values (Fig. 5 and Figs. S1, S2, S4, S5, S7 and
S8 in Supplementary data). The same is observed in structures with air,
except for the high MG value of structure 9 (Figs. S2, S3, S5, S6, S8 and
S9 in Supplementary data). In general, structures 14, 16 and 17 show
varying MG and EMIG values that account for the different materials
used in their construction, the thickness of the refilling material or the
geometry of the structures. The anomalies of structure 16 are mostly
controlled by its concrete and basalt cubes (Figs. S3, S6 and S9 in Sup-
plementary data).

We believe that the results and the interpretation shown in this study

Outline of the results of the S—N, E-W and the Sum surveys for the Electromagnetic Induction Gradient
(EMIG) area maps (bottom maps in Figs. 3 and 4) and the EMIG and Magnetic Gradiometry (MG) close-up
maps (Fig. 5 and Figs. S1-S9 in Supplementary data) for two main cases. For the first case, assuming there
is no previous knowledge about the location of the buried structures, we highlighted the cell of the target
with gray if the features shown on the map reflect the buried structure. For the second case, having previous
knowledge of the location of targets, we symbolize with a check-mark or a x-mark if the features shown on the
map correspond or not, respectively, to a buried structure. If there is no clear indication that the features
shown on the map correspond or not to a target, we mark those cells with an approximation-symbol.
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can be enhance by replicating the surveys with higher sampling rate and
reducing the transect spacing to 0.50 m instead of 1.00 m. We also want
to test surveys following a grid that has a different orientation than the
S—N and E—W grids mentioned in this study. Additionally, we continue
applying different geophysical techniques in TGTS in order to investi-
gate and compare the capabilities of the techniques to retrieve the
response of very shallow buried structures like those encounter in en-
gineering and archaeological contexts.

6. Conclusions

In this study we applied conventional MG and EMI surveys and a
novel Electromagnetic Induction Gradient (EMIG) technique to map and
identify the 17 buried structures in TGTS, Central Mexico. The aim is to
determine the differences and similarities of the geophysical response of
the 17 buried structures and to complement an acquisition and pro-
cessing technique for near-surface studies in engineering and archaeo-
logical contexts. The presented data acquisition and processing
methodology mainly consists in acquiring orthogonal-transect surveys
and adding the grids together. This methodology has proven to give
maps that are more in accordance with the expected distribution of EMI
properties (Guillemoteau and Tronicke, 2015). In this study we prove
that this methodology also works with MG surveys, and we complement
it by calculating the EMIG and making close-up maps.

The magnetic and electromagnetic properties of the subsoil have not
changed significantly since the site characterization studies that were
made prior to the construction of the site (Rosado-Fuentes et al., 2021).
We showed how most of the buried structures are overlooked when
using conventional MG and EMI data. Also, the comparison of
orthogonal-transect surveys reflects notable differences in the sensors’
responses that are shown as distinct distribution of the values of the
physical properties of the subsoil. Such distributions are due to the
acquisition direction, the orientation of the transects and to the orien-
tation and heading of the sensors (Figs. 2-4). The possible contribution
of anisotropic effects of the buried structures should not be discarded,
they have to be studied in detail but are out of the scope of the present
study. The EMIG technique has remarkable results in the conductivity
maps but presents limited results in the in-phase maps (Figs. 3 and 4).
This could be explained by the fact that the in-phase component depth
sensitivity of standard coil configurations have different distributions
and complex changes of sign (Guillemoteau et al., 2019; Klose et al.,
2018) in contrast with the positive and more alike distributions of the
out-of-phase component depth sensitivity (McNeill, 1980; McNeill and
Bosnar, 1999). Similarly to MG, the EMIG enhances near-surface and
local sources. With the applied methodology, we demonstrate that most
of the buried structures could be retrieved, regardless if the location of
the target is considered in the analysis and if redundant information is
generated. In area and close-up maps, better results are obtained from
the Sum maps, followed by the E-W maps and finally by the S—N maps.
However, close-up maps retrieve the location of the structures better
than the area maps (Figs. 2-5, Figs. S1-S9 in Supplementary data and
Tables 1 and 2).

In general, the anomalies do not reflect differences between the
structures and the excavated and refilling areas. Most of the structures
are shown as low-medium MG values and medium-high EMIG conduc-
tivity and in-phase values, few do not generate enough contrast with
their surroundings and some anomalies seem to be shifted from the
center of the targets in <1.50 m. Our results are consistent among
concrete and air-cavity structures. Anomaly variations reflect the
different materials composition, the thickness of the refilling material or
the complex geometry of structures 14, 16 and 17. Also, the anomalies of
structure 16 are governed by its basalt and concrete cubes. In terrains
like TGTS, refilling the construction hole with sand instead of tepetate
enhances the anomaly, maintains similar magnetic values, increases
conductivity and decreases in-phase values (Figs. 2-5 and S1-S9 in
Supplementary data).
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Our results demonstrate that the applied methodology yields better
MG, EMI and EMIG results than common-practice approaches. There-
fore, we strongly recommend to replicate it in near-surface studies
elsewhere. Our research team continues to carry out geophysical surveys
in TGTS to study and compare the response of the buried structures. The
site is available for educational, industrial and academic use upon
request to the authors and the Institute of Geophysics, Universidad
Nacional Auténoma de México.
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Figure S1. S-N (left), E-W (central) and Sum (right) Magnetic Gradiometry (MG) close-up maps for structures 1-2 and 4-6. The plan

views of the buried structures and the holes dug during construction are shown with black polygons. Color bars in each panel indicate
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3. Mediciones de velocidad de onda de corte
y periodo fundamental del sitio en la par-
te occidental de la Cuenca de la Ciudad de
México después del sismo de magnitud Mw

7.1 de 2017 en Puebla-Morelos, México

(Articulo publicado, citar como: Wood, C. M., Woodfield, L., Rahimi, S., Rosado-Fuentes, A., Sdnchez-Sesma,
F. J., Cruz-Jiménez, H., Mayoral, J. M. & de la Rosa, D. (2023). Shear Wave Velocity and Site Period Measu-
rements for the Western Portion of the Mexico City Basin Following the Mw7.1 2017 Puebla-Morelos, Mexico,
earthquake. Farthquake Spectra, 89(1), 505-527. https://doi.org/10.1177/87552930221120834)

El sismo Puebla-Morelos del 19 de septiembre de 2017 de magnitud 7.1 se originé en la
Placa de Cocos a 57 km de profundidad y con un mecanismo de falla normal [SSN, 2017].
El sismo presenté un espectro amplio de periodos en donde la mayoria se encontraba entre
los 0.15 y 1.00 s [Franke et al., 2019]. A pesar de que el sismo se originé a aproximadamen-
te 120 km de la CDMX, en la ciudad colapsaron 38 construcciones, 340 fueron clasificadas
como de alto riesgo y 273 se clasificaron de seguridad incierta [GEER, 2017]. La mayoria se
concentraron en la parte occidental de la Cuenca con alturas entre cinco y ocho pisos y un
periodo fundamental entre 0.5 y 0.8 s [Franke et al., 2019]. De acuerdo a las Normas Técnicas
Complementarias por Diseno Sismico (NTC-DS), la mayorfa de las construcciones se ubican
en la Zona de Transicién (Zona II) y en la Zona de Lago (Zonas IIla y IIIb) [GDF, 2004].
La primera esta conformada por depédsitos de suelo duro y roca erosionada mientras que la
segunda estan conformada principalmente por un depdsito muy blando de arcilla lacustre no
consolidada cuyo espesor aumenta desde el borde de la Cuenca hacia el centro y su velocidad
de corte (V) es en general < 100 m/s. La arcilla lacustre a menudo se encuentra sobre capas
finas de limo arenoso muy denso o depdsitos de arcilla rigida més gruesa [Mayoral et al., 2016;
Pestana et al., 2002; Wood et al., 2019]. Los periodos fundamentales del sitio (7s) para las
Zonas II, IITa y IIIb son, respectivamente, 75, < 1.0 s, 1.0 s < Ty, <15 sy 1.5 s <T; <25 s
[GDF, 2004].

El riesgo sismico de la CDMX esta estrechamente correlacionada con el efecto de la
doble resonancia, es decir, cuando la frecuencia fundamental de la construccién (7}) coincide
con la frecuencia fundamental del sitio (Ty) y la frecuencia dominante de las ondas sismicas
(Tsw) [Franke et al., 2019; Mayoral et al., 2019]. La mayoria de los danios causados por el sismo
del 2017 se atribuyen al efecto de la doble resonancia y a la amplificacién y duraciéon del mo-
vimiento del suelo. Estos son efectos de sitio controlados principalmente por la capa de arcilla
lacustre blanda y por las ondas sismicas que quedan atrapadas en ella [Franke et al., 2019;
GEER, 2017; Mayoral et al., 2019]. El origen de estos efectos se debe en parte a la variable
y compleja formacién y litoestratificacion del subsuelo de la Cuenca del Valle de México, en
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particular a la capa de arcilla lacustre blanda no consolidada y al panorama hidrolégico de la
Cuenca [Mayoral et al., 2019; Pestana et al., 2002; Seed et al., 1988]. No obstante, es necesario
mencionar que otros factores, como la condicion, edad, diseno y calidad de las construcciones,
también influyeron en los danos ocasionados.

Se ha demostrado que las propiedades de la arcilla lacustre cambian constantemente
dentro de la Cuenca debido a la extraccién excesiva de agua. Esto cambia el periodo funda-
mental del sitio a medida que se consolida la arcilla, dando como resultado un acortamiento
en los periodos fundamentales del sitio [Arroyo et al., 2013; Wood et al., 2019]. La complejidad
e incertidumbre en poder determinar las tazas de extraccién y recarga de agua hacen dificil
predecir el cambio del periodo fundamental. Las propiedades dinamicas de esta capa de arcilla
se pueden investigar con diversos métodos. Dado que esta capa mantiene un comportamiento
lineal a altos niveles de deformacién [Mayoral et al., 2016, 2008], es conveniente caracterizarla
sismicamente con técnicas no invasivas de ondas superficiales que presentan un perfil de V
unidimensional (1D) a niveles bajos de deformacién [Pandey et al., 2016], que sean rapidas y
cuyo costo-beneficio sea favorable [Lin y Chang, 2004; Xu y Wang, 2021].

Para reducir la vulnerabilidad sismica es 1til tener mayor conocimiento de la litoestrati-
grafia del subsuelo y los efectos de sitio locales en la CDMX, asi como su variacion dentro de la
Cuenca. Esto conlleva a la necesidad de realizar mas investigaciones en toda la Cuenca sobre
las propiedades dinamicas de la capa de arcilla lacustre, sus variaciones a lo largo del tiempo
y su impacto en el periodo fundamental. Por ello, para este estudio se muestrearon 25 sitios,
principalmente en las Zonas de Transicién y de Lago, en la parte occidental de la Cuenca
con el fin de realizar una caracterizacion litoestratigrafica, identificar posibles discrepancias
o cambios entre los periodos fundamentales de sitio y la zonificacion sismica, y estudiar la
profundidad, espesor y rigidez de la capa de arcilla lacustre. La mayoria de los sitios se ubi-
can en parques o areas publicas, dos en la Zona I, siete en la Zona II, once en la Zona Illa,
cuatro en la Zona IIIb y uno en la Zona IIId. En cada sitio se utilizaron gedfonos verticales y
sismémetros de banda ancha para aplicar las técnicas sismicas de analisis multicanal de ondas
superficiales (MASW) lineal [Lin y Chang, 2004; Park et al., 2005a, 1999], arreglo multicanal
de microtremores (MAM) pasivo con arreglo en L y circular [Aki, 1957; Asten y Henstridge,
1984; Harjes y Henger, 1973; Park et al., 2005b; Tokimatsu et al., 1992] y cociente espectral
H/V (HVSR) [Lermo y Chévez-Garcia, 1993, 1994; Nakamura, 1989; Sanchez-Sesma et al.,
2011].

Se generaron curvas de dispersion de ondas Rayleigh con MASW y ambos arreglos de
MAM vy ondas Love con el arreglo circular de MAM; mientras que con HVSR se determina
el periodo fundamental del sitio. En un proceso de inversién conjunta [Joh, 1966; Wathelet,
2008] ponderada entre las curvas de dispersién (80 %) y la frecuencia fundamental (20 %) se
determina un modelo 1D de V; del subsuelo que mejor ajuste los datos experimentales. Una
vez determinados los parametros de las capas del subsuelo més superficiales, por lo general
una capa de alta Vi, éstos se fijan mientras que las interfases y V, del resto de las capas se
determinan con un proceso de inversion sin restricciones. La mediana de los modelos generados



56 3.1. RESUMEN DEL ARTICULO

es el modelo Vj final. Cabe mencionar que debido a que las técnicas de ondas superficiales no
son unicas, las incertidumbres de la profundidad y Vi de las capas debajo de la arcilla lacustre
son a menudo mayores que otras capas [Wood et al., 2019].

3.1 Resumen del articulo

Se realizé una caracterizacion dinamica en 25 sitios ubicados en la parte occidental de
la Cuenca de la Ciudad de México, la cual sufrié6 danos severos durante el sismo de mag-
nitud Mw 7.1 de 2017 en Puebla-Morelos, México. Se utilizaron métodos activos y pasivos
de ondas sismicas superficiales y el método de cociente espectral H/V para generar perfiles
1D de (V;) de los primeros 60 m de profundidad del subsuelo. Se compararon los periodos
fundamentales medidos con los mapas de periodo sismico desarrollados en 2004 y 2020 y con
valores computados utilizando el programa Sistema de Acciones Sismicas de Disenio (SASID)
como lo establece la versién 2020 de las Normas Técnicas de Construccion por Diseno Sismico
(NTC-DS). La discrepancia més notable en la prediccién del periodo fundamental, de acuerdo
al mapa del 2004, se muestra en la frontera entre las Zonas II y IIla, en donde los periodos
fundamentales fueron sobreestimados. Estas estimaciones se mejoraron en el mapa del 2020
y muestran una estrecha similitud con los valores computados con SASID. También se deter-
miné que la V, profundidad y espesor de la capa de arcilla lacustre son altamente variables
dentro de la Cuenca. Los sitios mas blandos se localizan entre los lechos de los lagos con V
entre 45 y 57 m/s. Los sitios ubicados hacia el borde norte del lecho del lago tienen una
mayor V;, entre 80 y 100 m/s. El espesor de la capa de arcilla varia significativamente en
el lado occidental de la Cuenca, oscilando entre aproximadamente 3 y 34 m. En general, los
resultados de este estudio muestran una buena concordancia con el modelo incorporado en
el programa SASID. Los resultados enfatizan la necesidad de monitorear periédicamente los
cambios que ocurren en la capa de arcilla lacustre a lo largo del tiempo, complementan el
desarrollo de modelos que mejoren nuestra comprensién de la propagacién de ondas dentro
de la Cuenca y confirman la necesidad de actualizar y mejorar las Normas de la Ciudad de
México.
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3.2 Resumen de los resultados del articulo

= Los periodos determinados con HVSR concuerdan con los intervalos de los periodos
fundamentales de las NTC-DS 2004 [GDF, 2004] y Lermo et al. [2020], sin embargo si
hay algunas diferencias notables.

= Se comparan el periodo fundamental determinado con HVSR con los valores de los
mapas de zonificacién sismica de las NTC-DS del 2004 [GDF, 2004] y su actualizacién
del 2020 [Lermo et al., 2020] para identificar discrepancias entre ellos.

» Comparacién de periodos fundamentales con las NTC-DS 2004 [GDF, 2004]:

- 15 sitios (60 %) estan dentro de los rangos establecidos, 8 sitios (32%) tienen
discrepancias y en 2 (8 %) no se pudo determinar.

- La discrepancia mas notable se muestra en la parte suroeste del area de estudio.
Los periodos de los sitios 1 y 2 son 0.89 y 0.95 s, respectivamente, fuera del limite
de 1.0 s.

- Las diferencias mas claras se observan en la Zona IIla, donde varios sitios presentan
periodos fundamentales por debajo de los valores minimos establecidos.

- En la Zona II, el valor del sitio 20 es ligeramente superior al periodo méaximo para
dicha zona.

» Comparacién de periodos fundamentales con las NTC-DS 2020 [Lermo et al., 2020]:

- 18 sitios (72 %) estan dentro de los rangos establecidos, 5 sitios (20 %) tienen
discreancias y en 2 (8 %) no se pudo determinar.

- En la parte norte de la zona de estudio se encuentra el sitio 23, en el cual se deter-
miné un periodo fundamental de 3.38 s. Para esta zona, el mapa de zonificacion
contempla un rango de 2.5 a 3.0 s.

- La discrepancia mostrada alrededor de los sitios 1 y 2 comparada con la versién
2004 de las NTC-DS se corrige al desplazar el limite de 1.0 s hacia el este.

- En general, este mapa de zonificacién mejora las estimaciones del periodo funda-
mental, aunque presenta algunas discrepancias con los determinados en el estudio.

» Comparacién de periodos fundamentales con SASID [GCM, 2017]:

- Desde 2017 es necesario obtener el espectro de diseno sismico y el periodo fun-
damental del SASID. Con este programa se obtienen los periodos fundamentales
tedricos, mismos que se comparan con los obtenidos por HVSR.

- Existe una estrecha similitud entre los periodos tedricos y los experimentales. Un
ajuste lineal arroja una pendiente de 0.936 con un coeficiente de correlacion de
0.929.
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- Esta comparativa sugiere que los sitios 1, 2 y 5 estan situados en la Zona II en
lugar de la Zona Illa, el sitio 20 esta en la Zona IIla en lugar de la Zona II y el
sitio 23 estd en la Zona Illc en lugar de la Zona IIId.

= Los resultados obtenidos con las comparativas muestran la necesidad de continuar ac-
tualizando y mejorando la zonificacién de la CDMX.

= De acuerdo a los perfiles 1D de Vj, los primeros 60 m de profundidad de la parte
occidental de la Cuenca se pueden clasificar en cinco capas principales cuya profundidad

y espesor varia a lo largo de la zona de estudio.

- Corteza: de espesor < 3 m y con un rango de V; entre 100 y 200 m/s.

Arcilla lacustre muy blanda: con un rango de V; entre 45 y 100 m/s.

Suelo blando: con un rango de Vj entre 100 y 200 m/s.

Suelo rigido: con un rango de V; entre 300 y 415 m/s.

Semiespacio: con un rango de V; entre 420 y 580 m/s.

= No todas las capas estdn presentes en todos los sitios estudiados. En los sitios 16, 17,
22 y 24 la capa de arcilla lacustre no se observa en los perfiles de V. Esto se explica
por la historia de esos sitios. Los sitios 16 y 17 estan asociados a los flujos de lava del
volcan Xitle y los sitios 22 y 24 a ladrilleras del siglo XIX. En particular el sitio 22
se ubica en el Parque Hundido, el cual se encuentra varios metros por debajo de las
vialidades circundantes. Es posible que la capa de arcilla lacustre haya sido removida
en estos sitios para la fabricacién de ladrillos.

» La capa critica es arcilla lacustre blanda no consolidada. En la mayoria de los sitios, a
esta capa se le asocia una sola V;. Sin embargo, hay sitios que tienen capas consecutivas
de arcillas cuyas V, van aumentando con la profundidad. Para estos casos se determiné
un valor promedio de V; para el conjunto de capas de arcilla.

= V; de la capa de arcilla lacustre blanda no consolidada:

- Los sitios en el limite noroeste de la Zona II (sitios 18, 19 y 20) tienen V; entre 80
y 100 m/s.

- El tnico sitio en la Zona II entre los lechos norte y sur del lago (sitio 13) tiene una
Vs de aproximadamente 61 m/s. Mientras que un sitio cercano dentro de la Zona
[ITa (sitio 12) tiene una V; de aproximadamente 69 m/s. En la misma Zona Illa
pero cerca del limite con la Zona II, el sitio 5 tiene una V, de aproximadamente 61
m/s.

- El tnico sitio en la Zona II al sur del lecho del lago (sitio 15) tiene una V; de
aproximadamente 69 m/s. Un sitio cercano pero dentro de la Zona IIla (sitio 2)
tiene una V; de aproximadamente 87 m/s.
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Entre los lechos norte y sur del lago, los sitios en las Zonas I1la (Sitios 4, 6, 7 y
11), IIIb (sitios 21 y 25) y IIId (sitio 23) tienen una V; de aproximadamente 57
m/s, entre 62 y 65 m/s y de aproximadamente 49 m/s, respectivamente.

En el lecho sur del lago, los sitios en las Zonas Illa (sitios 1, 3, 10 y 14) y IIIb
(sitios 8 y 9) tienen una V; entre 54 y 61 m/s y entre 45 y 49 m/s, respectivamente.

= Profundidad a la parte superior de la capa de arcilla lacustre blanda no consolidada:

La profundidad varia a lo largo de la parte occidental de la Cuenca, con valores
que oscilan entre 0.5 y 6.6 m.

Los sitios ubicados en la frontera entre las Zonas II y Illa tienen las profundidades
mas grandes, oscilando entre 1.2 y 6.6 m. Mientras que los que estan en la Zona
[TIa tienen las profundidades mas bajas, oscilando entre 1.0 y 2.8 m.

De los sitios ubicados en la Zona IIIb, los del norte del lecho del lago tienen mayor
profundidad que los del sur. Adicionalmente, la profundidad en los sitios de las
Zonas I1Ib y IIId al norte del lecho del lago es mayor que los sitios de la Zona IIla.

= Espesor de la capa de arcilla lacustre blanda no consolidada:

El periodo también varia a lo largo de la parte occidental de la Cuenca.

Al norte del lecho del lago, en las Zonas I1Ib (sitios 21 y 25) y IIId (sitio 23), se
observa el espesor mas grueso, con valores entre 20.5 y 34.1 m.

Los sitios en las Zonas II y IIla tienen el menor espesor a lo largo de toda la
Cuenca, con valores entre 2.8 y 10.5 m. A excepcién de los sitios 10, 11 y 12 que
se encuentran cerca de la frontera entre las Zonas Illa y I1Ib.

Al sur del lecho del lago, en las Zonas I y IIIb, el espesor esta entre 4.2 y 14.7 m
y entre 9.7 y 15.3 m, respectivamente.

= En general:

Los sitios al noroeste del lecho del lago tienen capas de arcilla relativamente rigidas,
mientras que en sitios en el lecho sur del lago es muy blanda. Los sitios con las
capas de arcilla mas blandas se ubican hacia el centro del lago con V; entre 45 y
50 m/s.

Las Zonas II y IIIb tiene la mayor y menor Vj, respectivamente.

La capa se situa a profundidades mayores en la Zona II que en las Zonas Illa y
[IIb, siendo esta ultima la Zona en la que se encuentra més somera.

El espesor de la capa es significativamente mayor en la Zona IIIb, en comparacion
con las Zonas II y Illa.

La Zona II tiene el menor espesor aunque también presenta la mayor variabilidad.

Estos resultados sugieren que el limite entre las Zonas II y I1la en los mapas de zo-
nificaciéon deben estar en constante actualizaciéon para representar adecuadamente
las condiciones del subsuelo.
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Abstract

Dynamic site characterization was performed at 25 sites located on the western por-
tion of the Mexico City Basin that were severely damaged during the Mw7.1 2017
Puebla—Morelos, Mexico, earthquake. Testing was conducted using active and passive
seismic surface wave methods and the microtremor horizontal-to-vertical spectral
ratio method to determine site periods and develop one-dimensional (ID) shear
wave velocity (Vs) profiles for the first 60 m of the subsoil. The measured site peri-
ods were compared to site period maps developed in 2004 and 2020 along with val-
ues computed using the Design Seismic Actions System (SASID) software following
the 2020 version of the Complementary Technical Norms for Seismic Design (NTC-
DS). The most noticeable biases in the predictions from the 2004 site period map
were observed between the boundary of Zone Il and Zone llla, at which site periods
are overestimated. These estimates were improved upon in the 2020 site period
map and showed a close similarity with SASID computed site period values. The Vs,
depth, and thickness of the lacustrine clay layer were also determined to be quite
variable within the basin. The softest sites are located between the lakebeds with a
Vs between 45 and 57 m/s. Sites located toward the outer rim of the North lakebed
have a higher Vs between 80 and 100 m/s. The thickness of the clay layer varies
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significantly in the western side of the Basin with values ranging between approxi-
mately 3 and 34 m. Overall, the results of this study indicate good agreement with
the model embedded in the SASID software. The results (1) emphasize the need to
regularly monitor changes that occur over time in the lacustrine clay layer, (2) com-
plement the development of models that improve our understanding of wave propa-
gation within the Basin, and (3) update and improve Mexico City’s Norms.

Keywords
Mexico City, seismic zonation, dynamic site characterization, site period, Puebla—
Morelos earthquake, seismic surface wave methods
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Introduction

Mexico is one of the most seismically active regions in the world, located at the intersec-
tion of five major tectonic plates. The 19 September 2017 moment magnitude 7.1 (Mw7.1)
Puebla—Morelos, Mexico, earthquake is the most recent of many devastating earthquakes
to occur in the region over the last 50 years. It caused significant loss of life, damage to
buildings, lifelines, and infrastructure, as well as being costly to the Mexican economy.
This earthquake affected more than 28 million people, 54,000 schools, and 5,700 hospitals
(GEER, 2017). This earthquake caused a complete collapse in 38 buildings, 340 buildings
to be classified as high-risk buildings, and 273 buildings to be identified as security uncer-
tain (GEER, 2017).

The 2017 Puebla—Morelos, Mexico, earthquake, which occurred on a normal fault, was
located approximately 60 km southwest of Puebla and 120 km southeast of Mexico City.
The source was located at a depth of approximately 57 km near the point of maximum cur-
vature of the Cocos Plate, which is being subducted beneath the North America Plate
(GEER, 2017). Although the epicenter of the earthquake was located 120 km from Mexico
City, the western portion of the Mexico City Basin, where the transition zone is located,
was significantly affected by this earthquake (Singh et al., 2018). For most earthquakes,
the Basin response is generally insensitive to differences in magnitudes, azimuths, and focal
depths (Reinoso et al., 1990). This conspicuous behavior is behind the empirical approach
adopted for design, which is based on observed ground motions (Rosenblueth et al., 1989)
recorded by the Mexico City Accelerometric Network. This approach has been so far suc-
cessful to establish seismic loads for the current Mexico City seismic code. This type of nor-
mal faulting event was considered in the development of the seismic code. Yet, many
buildings were damaged or collapsed as ground motions were amplified by the lakebeds
and basin structure. This is due to, among other factors, the complex and variable subsur-
face layering (particularly, the very soft unconsolidated lacustrine clay layer) and hydrolo-
gical settings of this area (Mayoral et al., 2019; Pestana et al., 2002; Seed et al., 1988).
Observations of the damaged buildings have revealed that these structures have resonant
frequencies correlating well with the resonant frequency of the site and the predominant
frequency of the ground motions (Franke et al., 2019), a phenomenon referred to as double
resonance. This indicates that the seismic risk in Mexico City is strongly correlated with
the site effects in the area. Therefore, an accurate understanding of the subsurface layering
and the local site effects of the Mexico City Basin and its variation within this area will be
helpful for reducing the seismic vulnerability in the Basin during future extreme earthquake
events.
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To understand the geology of the Mexico City Basin as it pertains to the seismic response
of the region, the past volcanic activity needs to be considered. The Mexico City Basin
started to form 10-13 million years ago from volcanic activity with the Chichinautzin
Range, closing off the Basin to the South 130,000 years ago (Jaimes-Viera et al., 2018). At
that time, the Basin consisted of alluvial fans and debris flows interbedded with volcanic
pumice and ash, known as the Tarango Formation (O’Riordan et al., 2017). The other
important factor that has significantly affected the geology of the Mexico City Basin is the
formation and disappearance of the lacustrine system within the Basin, composed of six
lakes, following the volcanic activity. The former Texcoco Lake and the Xochimilco and
Chalco Lakes formed the Mexico City Basin. These three large lakes disappeared over the
last 500 years after the Spanish colonization, mainly due to drainage, groundwater extrac-
tion, and land reclamation for urban development. Therefore, while the surrounding areas
of the Mexico City Basin, known as the transition zone, are comprised of hard soil deposits
and weathered rock, the central areas consist mainly of a very soft unconsolidated lacustrine
clay deposit formed by sediments carried from the surrounding mountains, which settled
extremely slowly in the lakes. These lacustrine clay deposits increase in thickness from the
edge of the basin to the center and are often underlined by a thin layer of very dense sandy
silt or thicker stiff clay deposits. Harder deposits are observed below the stiff clay (please
see Santoyo et al. (2005) for a more detail description of the basin layering).

The lacustrine clay layer in the Mexico City Basin has a shear wave velocity (Vs) gener-
ally less than 100 m/s and a variable thickness throughout the Basin (Mayoral et al., 2016;
Pestana et al., 2002; Wood et al., 2019). The engineering properties of the lacustrine clay
have been extensively investigated in the past (e.g. Diaz-Rodriguez, 2003; Mayoral et al.,
2016, 2008; Romo, 1995). As an example, most of the severe damage to buildings and
infrastructure during past earthquakes has been attributed to amplification and duration
elongation of the seismic waves trapped in this extremely soft clay layer (Mayoral et al.,
2019). The response of the high plasticity lacustrine clay is nearly elastic up to shear strain
as high as 0.3% (Mayoral et al., 2016; Romo et al., 1988; Seed et al., 1988). This contri-
butes to significant amplification of seismic waves, as observed during the 1985 Michoacan
earthquake (Seed et al., 1988). The dynamic properties of the lacustrine clay layer can be
investigated using a variety of methods. However, given that the behavior of the clay layer
remains linear up to high strain levels, non-invasive seismic surface wave measurements
that develop a one-dimensional (1D) Vs profile at low strain levels are ideal candidates for
rapid and cost-effective dynamic site characterization of the Basin. Nevertheless, a limited
number of researchers have conducted such studies across the Basin (Mayoral et al., 2008,
2016; Wood et al., 2019). In addition, the properties of the lacustrine clay have been shown
to be constantly changing within the Basin. This is due to excessive groundwater extraction
in the region, which shifts the site period within the Basin as the lacustrine clay consoli-
dates (Arroyo et al., 2013; Wood et al., 2019). This results in the site periods getting shorter
with time. The rate of period change is a function of the water extraction and water
recharge rate; hence, it is very difficult to predict the site period change over time. In this
regard, many studies have utilized the microtremor horizontal-to-vertical spectral ratio
(MHVSR) method for site period characterization across the Basin (e.g. Arroyo et al.,
2013; Gurler et al., 2000; Lermo and Chavez-Garcia, 1994; Wood et al., 2019). Some of
these studies were used to develop the Mexico City’s Complementary Technical Norms for
Seismic Design (Normas Técnicas Complementarias para Disefio Por Sismo, NTC-DS)
(GDF, 2004) site period map, which can be used for predicting site period geospatially
across the Basin. The MHVSR method is a single station method, which typically uses a
three-component seismometer to measure background microtremors. The microtremor is
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processed in the frequency domain where the squared average of the two horizontal
Fourier amplitude spectra (FAS) is divided by the vertical Fourier amplitude spectrum. If
a sufficient impedance contrast exists in the subsurface, a peak will form in the frequency-
spectral ratio domain. The frequency of this peak has been shown to correspond well with
the fundamental site frequency (or period) of a site (Lermo and Chavez-Garcia, 1994).

All these facts highlight the need for more investigations into the dynamic properties of
the lacustrine clay layer and its variations over time, and its impacts on the site period
across the Basin. Therefore, in this study, dynamic site characterization measurements
were performed at 25 sites affected during the 2017 Puebla—Morelos, Mexico, earthquake.
The goals of this article are (1) to determine the potential discrepancies or changes in the
site periods and seismic zonation within the western portion of the Basin and (2) to closely
examine the depth, thickness, and stiffness of the lacustrine clay layer as the main layer
governing the site effects in the Basin. The observed building damage following the 2017
Puebla—Morelos, Mexico, earthquake are first briefly discussed. The site locations, seismic
surface wave measurements, and data processing are then provided. This is followed by a
comparison of the measured site periods with the 2004 and 2020 Mexico City Basin site
period contour maps and comparison with the Sistema de Acciones Sismicas de Disefio
(SASID, 2020) software site period values. The variations of the shear wave velocity (V)
profiles within the Basin are then detailed with a focus on the lacustrine clay layer. Finally,
discussion regarding the variation of site period and the properties of the lacustrine clay
layer, and its impacts on the site period are provided.

Observed building damage following the 2017 Puebla-Morelos,
Mexico, earthquake

Figure 1 presents the damaged building distribution observed by the Civil Engineering Bridge
Inspections organized by the Colegio de Ingenieros Civiles de México, A.C. (CICM) follow-
ing the 2017 Puebla—Morelos, Mexico, earthquake. This damage was classified into three
groups: collapse (red bullets), major damage (yellow triangles), and low to moderate damage
(blue squares), as labeled in Figure 1 (Franke et al., 2019; GEER, 2017). The mapped building
damage is overlaid on the Mexico City map and the 2004 version of the seismic zonation con-
tour map (GDF, 2004) in Figure la and b, respectively. This site period contour map is also
used in the other sections of this article for comparison purposes since the Basin is divided
into three major seismic zones, additionally, Zone III is subdivided into four sections. It has
been shown that the 2004 site period map provided the most accurate site period predictions
within the Basin following the 2017 event (Wood et al., 2019).

One of the most interesting observations from the 2017 Puebla—Morelos, Mexico,
earthquake is that the majority of the severely damaged buildings were concentrated on
the western portion of the Basin, in the Transition Zone (Zone II) and Lake Zones (I1la
and IIIb), as observed in Figure 1b. Based on the NTC-DS site period map, these zones
have site periods (7,) of Ty < 1s for Zone II, 1 s < Ty, < 1.5s for Zone Illa, and
1.5s < Ty < 2.5 s for Zone I1Ib (GDF, 2004). Moreover, according to field observations,
the majority of the collapsed or damaged buildings were observed to be between five and
eight stories tall (Franke et al., 2019), with an approximate elastic fundamental period
(T}) ranging between 0.5 and 0.8 s. In addition, for the 2017 Puebla—Morelos, Mexico,
earthquake, the seismic wave periods (75,,) occurred over a wide spectrum, with the major-
ity being approximately between 0.15 and 1.0 s (Franke et al., 2019). Therefore, based on
the fundamental periods of the site (7), fundamental periods of the damaged buildings
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Figure 1. Observed building damage, following the 2017 Puebla—Morelos earthquake, overlaid with the
(2) Mexico City map and (b) with the 2004 seismic zonation map (GDF, 2004).

(T}), and the fundamental periods of the earthquake event (7,), most of the damage in
the buildings was caused by double resonance. This means that most of the damage to the
buildings was related to site effects, mainly caused by the very soft lacustrine clay deposit.
It is worth highlighting that other factors such as the condition and age of the damaged
buildings, and the design and construction quality of the buildings also played a role in
the building damage during the 2017 Puebla—Morelos, Mexico, earthquake. More infor-
mation regarding the observed building damage is provided in the GEER (2017) and
Franke et al. (2019).

Site locations and seismic surface wave measurements

Dynamic site characterization was performed at 25 sites along the western edge of the
Mexico City Basin, mainly in the Transition Zone (Zone II) and Lake Zones (IIla and
I1Ib). The locations of the tested areas across the western portion of the Mexico City
Basin along with the 2004 seismic zonation contour map are depicted in Figure 2a and b.
In addition, the site name, coordinate, and testing configuration are tabulated in Table 1.
The sites were selected based on the mapped building damage following the 2017 Puebla—
Morelos earthquake, which were mainly concentrated on the western portion of the Basin,
as discussed in detail in the previous section. From the 25 sites tested, two are located in
Zone I, seven are located in Zone 11, 11 are located in Zone IIla, four are located in Zone
I1Ib, and one is located in Zone I1Id. The majority of the sites were located in public parks
or other public areas around the city. Four different seismic site characterization methods
were conducted at each site. These include active Multi-channel Analysis of Surface Waves
(MASWs), passive Microtremor Array Measurements (MAMSs) using an L-array, passive
MAM using a large circular array, and MHVSR. Testing configurations for each site are
presented in Table 1. As an example, the seismic surface wave testing configuration for
Site 14 is presented in Figure 3.
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Figure 2. Site locations for seismic surface wave measurements across the western portion of the
Basin along with the seismic zonation from the 2004 NTC-DS (GDF, 2004) (a) Complete basin and
(b) western edge.

The active MASW testing was performed using Rayleigh-type surface waves using a lin-
ear array of 24 vertical geophones spaced 2 m apart (see the blue line in Figure 3). Testing
was conducted with source offsets of 5, 10, 20, and 30 m. At each source offset, five verti-
cal strikes from a 5-kg sledgehammer were stacked to increase the signal-to-noise ratio of
the data. The passive MAM measurements using an L-shaped array were made at each site
using 24 vertical geophones with a 5-m spacing between geophones. The L-arrays consist
of two legs at a 90-degree turn, if possible, with one geophone set at the turn peak (see the
green L-shape in Figure 3). The length of each leg was kept approximately equal for all
sites. However, at some sites, this was not possible due to site constraints. Background
noise (microtremors) was recorded for at least 30 min at each site, providing 30 and 60 s
records for data processing. The passive MAM measurements using a circular array with a
diameter ranging between 50 and 200 m were performed at each site using six, three-
component broadband seismometers. Five of the seismometers were arranged evenly
around the perimeter of the circle, with the remaining one located at the center of the circle
(see the red dots and circle in Figure 3). For each site, the circular array was left to record
microtremors simultaneously for at least 1 h. MAM circular array data collected using the
seismometers were also used to estimate the site period using the MHVSR technique at
each site. Geophysical testing configuration along with the ground view of the field testing
of each site is provided in Wood et al. (2020).

Data processing

The first step for the data processing of the MASW data is to transform the raw time—
space (t—x) domain data into the frequency—wavenumber (f~k) domain. Different transfor-
mation techniques can be used in this regard (Rahimi et al., 2021). In this study, the fre-
quency domain beam former (FDBF) transformation technique (Zywicki, 1999) was
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Figure 3. Example of the seismic surface wave testing configurations for Site 14.

utilized along with the multiple source offset method to be able to identify near-field con-
tamination and quantify dispersion uncertainty (Rahimi et al., 2021; Wood and Cox,
2012). At each frequency, the experimental dispersion data were determined by identifying
the peak in the f—k spectra. Dispersion data from different source offsets were combined
to form a composite dispersion curve. Data corrupted by near-field effects or related to
effective or higher modes were then eliminated to identify the fundamental mode of propa-
gation. The mean phase velocity and standard deviation were calculated at each frequency
to form a mean dispersion curve with uncertainty. As an example, the final dispersion data
generated from the active MASW method using Rayleigh waves (labeled as Active R) for
Site 14 are shown with blue in Figure 4a.

The MAM L-array data were processed using the conventional frequency—wavenumber
(f~k) method (Harjes and Henger, 1973; Kelly, 1967) to produce Rayleigh wave dispersion
curves using the Geopsy software suite (www.geopsy.org). In Geopsy, 60-s time windows
were used, and within each time window, 125 frequency bands were processed based on a
log distribution between 1 and 30 Hz. Dispersion data from all time windows were then
combined to form a composite dispersion curve. The mean phase velocity and standard
deviation were calculated for 125 frequency bins to create the final dispersion curve (Himel
and Wood, 2021). An example of the dispersion data generated using the MAM L-array
method for Site 14 is shown in Figure 4a as magenta dots and labeled as L-array.

The MAM circular array data were processed using two methods: the high-resolution
frequency—wavenumber (HRFK) method (Capon, 1969) and the modified spatial autocor-
relation (MSPAC) method (Bettig et al., 2001). The HRFK was used for both Rayleigh
(HRFK R) and Love (HRFK L) wave data, but the MSPAC was only used to produce
Rayleigh wave dispersion data. In the HRFK method, time windows of 180 s were used
for data processing. In each time window, peak wavenumber x and y pairs were selected
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Figure 4. Example of Rayleigh (a) and Love (b) dispersion curves generated for Site 14 using the
combination of active and passive methods.

at 125 frequency samples on a log scale between 0.1 and 20 Hz. The raw dispersion curve
was then processed to remove outliers and dispersion points beyond the array resolution
limits (Wathelet, 2008). The mean phase velocity (Rayleigh and Love) and the standard
deviation were then calculated at each bin. In the MSPAC method, receiver pairs were
divided into three sets of circular sub-arrays. The recordings were split into 180-s time win-
dows. In each time window, autocorrelation values were calculated for the 125 frequency
bins on a log scale from 0.1 to 20 Hz. Dispersion data generated using the HRFK and
MSPAC methods for Site 14 using Rayleigh waves are presented in Figure 4a with red
and black colors, respectively. In addition, Figure 4b shows an example of Love dispersion
data generated using the HRFK for Site 14. The experimental dispersion data generated
for the rest of the test sites are provided in Wood et al. (2020).

The raw MHVSR data were processed in general accordance with SESAME European
Research Project (2004) guidelines. The raw data were divided into 3 min non-overlapping
time windows to allow for uncertainty in the MHVSR results to be estimated. The FAS of
each component was estimated for each time window and smoothed using a Konno and
Ohmachi (1998) smoothing filter. The squared average of the two horizontal components
FAS was divided by the vertical FAS to calculate the amplitude of the MHVSR ratio. The
mean frequency peak of the MHVSR and its standard deviation were then computed from
all individual time windows. The frequency associated with the peak MHVSR was then
determined to be used for the joint inversion process.

The final experimental Rayleigh and Love wave dispersion curves were used along with
the MHVSR peak frequency (i.e. site period) in a joint inversion process using the combi-
nation of the Geopsy software package (Wathelet, 2008) and WinSASW (Joh, 1996).
WinSASW was only used for the inversion of a portion of the dispersion curve that
includes a velocity reversal layer (lacustrine clay layer for these sites) below the crustal
layers (i.e. a high-velocity layer followed by a low-velocity layer). The Geopsy software
was not used for the inversion of this portion of the dispersion curve due to its inability to
properly model this condition. Once the near-surface layers were identified using
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Figure 5. An example of joint inversion results using Rayleigh and Love phase velocity dispersion data
and MHVSR peak frequency for Site 14. Rayleigh (a) and Love (b) dispersion target fit with the best 1000
representative dispersion curves with misfit <1.0, and (c) experimental MHVSR curve with theoretical
ellipticity curve.

WinSASW (typically only a single higher velocity layer), these layers were locked into the
Dinver parametrization plugin of the Geopsy software, and the parameters for the rest of
the layers were set for the inversion process. In the parameters, layer interfaces and shear
wave velocity were loosely constrained to allow Dinver to search for the best Vs profile
based on the experimental data. Initial layering was developed based on major changes in
the dispersion curve and adjusted as necessary to fit the dispersion data. Parameters were
varied to ensure the inversion was not stuck in a local minimum. Weighting factors of 0.8
and 0.2 were used for the dispersion data and MHVSR peak frequency, respectively. A
minimum of half a million iterations with different parameterizations was performed for
each site to retrieve the 1D Vs profiles. The quality of the fit between the experimental
and theoretical data was assessed by the misfit parameter (i.e. collective squared error
between the experimental and theoretical data) and visual inspection (Griffiths et al.,
2016; Rahimi et al., 2018; Wood and Baker, 2018). The median of the 1000 best Vs pro-
files was then used as the final Vs profile. For example, the experimental dispersion curve
and the theoretical dispersion fit for the models with a misfit value less than 1.0 for
Rayleigh and Love waves for Site 14 are provided in Figure 5a and b, respectively. In
addition, the fit between the experimental MHVSR peak frequency and the theoretical
ellipticity curve is shown in Figure 5c. The experimental dispersion curves and theoretical
dispersion fits, along with the fit between the experimental MHVSR peak frequency and
the theoretical ellipticity curve for the rest of the tested sites, are provided in Wood et al.
(2020).

Figure 6 presents the final Vs profile for Site 14, along with the associated standard
deviation (sigma In(Vs)), as an example. In this figure, the best Vs profiles with a misfit
value less than 1 (gray solid line), the lowest misfit Vs profile (black dotted line), the
counted 5% and 95% Vs profiles (dashed blue lines), and the median Vs profile (red solid
line) are included. In addition, the location of the lacustrine clay layer is highlighted in this
profile. Due to the non-uniqueness of surface wave methods, the uncertainty of the Vs
and depth of the layers below the lacustrine clay are often greater than other layers as
observed in Figure 6. This should be considered when using these Vs profiles for future
studies. The data processing for all 25 sites tested in this study is discussed in detail in
Woodfield (2020). For each site, the final 1D Vs profile is provided in Wood et al. (2020).
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Figure 6. Example of the best representative Vs profiles with misfit less than 1.0 along with its counted
median and sigma In(Vs) for Site 14.

In addition, the median/final and minimum misfit Vs profiles are tabulated in Wood et al.
(2020) for each site.

MHYVSR site period measurements

To identify the potential bias in the estimated site periods from the 2004 NTC-DS (GDF,
2004) contour map (Figure 7a) and updated 2020 Lermo et al. (2020) contour map (Figure
7b), the measured MHVSR site periods are compared to the two contour maps in Figure
7. In this figure, the measured site period from the MHVSR method for the 25 sites tested
in this study is shown overlain on Figure 7a and b. For Figure 7a, the measured site peri-
ods from the MHVSR agree well with the site period ranges from the 2004 NTC-DS
(GDF, 2004) and 2020 Lermo et al. maps. However, a few noticeable differences exist
between the measured MHVSR site periods and the intervals from the two contour maps.

Out of the 25 measured sites, site periods from 15 sites (60%) are within the correct
2004 NTC-DS contours (GDF, 2004), 8 sites (32%) show discrepancies, and 2 sites (8§%)
did not have discernible HVSR site periods. For the Lermo et al. (2020) map, 18 sites
(72%) are within the correct contour, 5 sites (20%) show discrepancies, and 2 sites (8%)
did not have a discernible HVSR site period. The first noticeable difference for both maps
is observed in the northern lake, at which the site periods are between 3.5 and 4.0 s based
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Figure 8. Summary of the measured MHVSR site periods for different seismic Zones according to the
2004 NTC-DS map (GDF, 2004).

on the 2004 NTC-DS map (GDF, 2004) and between 2.5 and 3.0 s for the Lermo et al.
(2020) map, while the measured site period for Site 23 in this Zone is 3.38 s.

The most notable deviation from the 2004 site period map is in the south-western por-
tion of the map (Figure 7a), where several deviations from the 2004 site period map ranges
are observed. In this regard, the site periods for Sites 1 and 2 are 0.89 and 0.95 s, respec-
tively, which are outside the 1.0 s contour. The Lermo et al.’s (2020) map corrects this area
by moving the 1.0 s contour line to the east. Overall, the 2020 contour map improved the
estimates of site period, but still has some differences from the measured (MHVSR) site
periods in this study.
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A summary of the measured MHVSR site periods for the western portion of the Basin
is provided in Figure 8. Figure 8 contains a bar graph of the measured site periods for each
testing location categorized by seismic zones along with the accepted ranges of site period
recommended by the 2004 NTC-DS (GDF, 2004), as shown by blue lines. Sites 17 and 22
did not have discernible HVSR site periods, thus were omitted from the figure.

From this figure, it is clear that the most noticeable differences between the measured
and the seismic zone ranges are observed in Zone Illa, where several of the measured site
periods are below the minimum value established in the 2004 NTC-DS (GDF, 2004).
Moreover, Site 20 in Zone II is slightly over the maximum period for the zone. This indi-
cates some changes in the zonations may be required in order for the sites to be correctly
group by site period.

Since 2017, the NTC-DS established that for seismic design, it is necessary to obtain the
design spectra and site periods of any place in Mexico City from the SASID, available at
https://sasid.unam.mx/webNormasCDMX/ (GCM, 2017, 2020). This software was used
to obtain the theoretical predominant periods of the 25 measured sites. Table 2 tabulates
the comparison between the measured and SASID site periods, the corresponding seismic
zone of each site according to the 2004 NTC-DS site period map, and the proposed zone
the sites should be in accordance with the results of this study. Figure 9 shows that the lin-
ear fit between measured and SASID site periods has a slope of 0.936 and a correlation
coefficient of 0.929, indicating the close similarity of the values. This figure suggests that
Sites 1, 2, and 5 are situated in Zone 1II instead of Zone Illa, Site 20 in Zone IIla instead of
Zone II, and Site 23 in Zone Illc instead of Zone I1Id.

Shear wave velocity profiles with a focus on a lacustrine clay layer

The median 1D Vs profiles developed for the 25 sites tested in this study in the western por-
tion of the Mexico City Basin are categorized based on the proposed zonation presented in
Table 2 and presented in Figure 10. According to these Vs profiles, the subsurface layering
of the western portion of the Mexico City Basin can be divided into five main layers up to
60 m depth. These include a crustal layer with a Vs ranging approximately between 100
and 200 m/s and a thickness less than 3 m, a very soft lacustrine clay layer with a Vs rang-
ing approximately between 45 and 100 m/s, a soft soil layer with Vs ranging approximately
between 100 and 200 m/s, a stiff soil layer with Vs ranging approximately between 300 and
415 m/s, followed by the half-space model layer with a Vs ranging approximately between
420 and 580 m/s. The depths and thickness of these layers are variable across the Basin. It
should also be mentioned that not all the sites have the five main layers discussed here. For
example, the very soft lacustrine clay layer was not observed in the Vs profiles of Sites 16,
17, 22, and 24. This remark coincides with the history of the sites. Sites 16 and 17 are asso-
ciated with lava flows of the Xitle volcano (Siebe, 2000). The area of Sites 22 and 24 is
associated with nineteenth-century brickyards, particularly, Site 22 at Parque Hundido is
several meters below the street level (Pensado Leglise and Correa Etchegaray, 1996). It is
very likely that part of the soft lacustrine clay layer was removed for brick fabrication at
both sites. For comparison, a suspension logging Vs profile from Yamashita Architects
and Engineers Inc. Oyo Corporation (1996) located between Sites 17 and 19 is provided in
Figure 10 for comparison. This Vs profile shows reasonable agreement with Vs profiles in
Zone 11 with a thin clay layer with stiffer materials below the clay.

The most critical subsurface layer in the Mexico City Basin is the very soft unconsoli-
dated lacustrine clay layer. Therefore, the variations of the lacustrine clay properties across



Earthquake Spectra 00(0)

14

qi 00C 88l LIé6y1'66— 8C00t 61 T4
I 090 990 0SLL1'66— Pr68€61 ¥
Pl 0g'e 8¢'¢ 91801°66— L680t°61 X4
qi 06°l vSl 8CEV1'66— Sllég6l 1T
I 01l 601 €951°66— L8ILE6] 0¢
I 0£0 990 ¥E€651°66— 90L¥E61 6l
I 01l 00l ¥6051°66— £€95¢°61 8l
I 0S50 €L0 €8091°66— weeeel 9l
090 8L°0 S8y 1'66— 66861 Sl
oIl 601 SE9CI'66— LO¥1€61 vl
00 660 95C11'66— rleeel €l
0’| [49 1EVC1'66— Potve6l [4
orl ee| 1+9C1'66— 619¢E€°61 I
00l o€l EVECI'66— 0990¢€°61 ol
0¢’l 091 8C601°66— Ivrieel 6
00C £L0C 09501°66— yecoeél 8
orl 660 86111'66— 0zesesl L
01l 601 CTreE'66— 98I¥E61 9
00l 60 CETr1'66— g6vee6l S
o€l YA 999CI1'66— 180€€°61 14
01l 9Tl ¥L911°66— LS60€°61 3
060 9560 CTEE'66— YSreT6l C
060 680 L16T1'66— Syy0e6l I
aisvs

auoz wouJy pauieiqo (s) potsad

pasodoud auozZ $007 (s) potuad =g 9IS paJnses|,| apmiduoT] apnine] 21Ig

Apmis siy3 Jo synsau ayy 03 3uipJodde suoz dlwslas pasodoud e pue (4007 4g9) dew

pouad a1s S-D 1N 007 Y3 usamiaq uosiaedwod suoz d1wsids pue (0Z0T ‘WD) spoliad a1s ISYS PUe paJnseaw usamiaq uosiiedwod poriad 1§ 7 djqeL



Wood et al. 15

N
o

N
o

-
()}

Measured Site Period (s

Linear Fit

* Site period )
+0.123(76)

M__=0.936(57)S

easured

R?=0.929

ASID

T — —
0.5 1.0 1.5 2.0 2.5 3.0 3.5

Site Period obtained from SASID (s)

Figure 9. Correlation between measured and SASID site periods along seismic zones according to the
2004 NTC-DS map (GCM, 2020; GDF, 2004; SASID, 2020).

the western portion of the Basin are the main focus of this section. Accordingly, the shear
wave velocity, depth, and thickness of the lacustrine clay layer for each individual site
tested in this study are provided in Figure 11a to ¢, respectively, along with the seismic
zonation recommended by the 2004 NTC-DS map (GDF, 2004). Sites with no clay layer
in the Vs profile (Sites 16, 17, 22, and 24) are marked as N/A in this figure. For most sites,
only a single Vs was resolved for the entire clay layer. However, some sites had multiple
consecutive clay layers with increasing Vs with depth; thus, a time-averaged Vs was com-
puted for them to identify the average Vs of the clay layer.

Sites in Seismic Zone II on the outer Northwest rim of the lakebed (Sites 18, 19, and 20)
have relatively stiff clay layers with Vs ranging between 80 and 100 m/s, whereas the only
site in this zone for the South lakebed (Site 15) has a clay layer Vs of approximately 69 m/s.
However, a nearby site inside Zone IIla (Site 2) has a clay Vs of approximately 87 m/s. The
only site in Zone II between the lakebeds (Site 13) has a clay Vs of approximately 61 m/s,
while a nearby site inside Zone I11a (Site 12) has a clay Vs of approximately 69 m/s. A simi-
lar clay Vs value of 61 m/s is obtained at Site 5 in Zone Illa, close to the border with
Zone II. As noted, nearby sites fit well with sites along the outside rim. This again suggests
that the border of Zone II and Zone IIla in the 2004 NTC-DS map needs to be updated to
accurately represent the subsurface conditions in the Basin. For the other six sites in the
South lakebed the clay layer is very soft. Sites 1, 3, 10, and 14 in Zone IIla and Sites 8 and
9 in Zone IIIb have clay Vs ranging approximately between 54—61 m/s and 45-49 m/s,
respectively. Sites between the lakebeds in Zone Illa (Sites 4, 6, 7, and 11) have clay layer
Vs of approximately 57 m/s. The two sites in Zone IIIb in the North lakebed (Sites 21 and
25) have similar clay Vs values between 62 and 65 m/s. The only site in Zone IIId at the
North lakebed (Site 23) has a clay Vs of 49 m/s.
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Figure 10. Median ID Vs profiles for the 25 sites tested in this study categorized by proposed seismic
zones in Table 2. A Vs profile in Zone Il from Yamashita Architects and Engineers Inc. Oyo Corporation
(1996) is provided for comparison. The 2004 NTC-DS zonation map (GDF, 2004) is provided for reference.

Overall, sites located along the outside of the lakebeds have higher Vs values than those
within the north and South lakebeds. Sites located between the lakebeds have slightly
higher clay Vs than sites in the South lakebed. The sites with the softest clay layers are
located toward the centers of the lakebeds with clay Vs ranging between 45 and 50 m/s.

Depth to the clay layer varies across the Basin, with values ranging between 0.5 and
6.6 m, as illustrated in Figure 11b. Generally, sites located in Zone II and close to the bor-
der with Zone IIla have the deepest depths to the top of the clay layer with depths ranging
between 1.2 and 6.6 m, while sites located in Zone Illa have the shallowest depths to the
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Figure 11. Variations of the lacustrine clay layer properties across the basin: (a) shear wave velocity,
(b) depth to the layer, and (c) thickness of the layer. The 2004 NTC-DS zonation map (GDF, 2004) is
provided for reference.

top of the clay layer with depths ranging between 1.0 and 2.8 m. Sites located in Zones
ITIb and II1d in the North lakebed have a deeper depth to the top of the clay layer than
sites located in Zone IIla. Sites located in Zone IIIb in the North lakebed have deeper
depths to the top of the clay layer than those located in the same Zone in the South
lakebed.

The thickness of the clay layer, which is an important factor influencing the site period
in the Basin, varies significantly across the western portion of the Basin. The thickest clay
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layers are observed in the North lakebed in Zones I1Ib (Sites 21 and 25) and II1d (Site 23),
with a thickness ranging between 20.5 and 34.1 m. Generally, sites located in Zones II and
IIIa have the thinnest clay layer across the western portion of the Basin with a thickness
ranging between 2.8 and 10.5 m, with some exceptions for sites close to the boundary of
Zone IIla and IIIb (Sites 10, 11, and 12). Sites located in Zone Il and Zone IIIb in the
South lakebed have an intermediate clay layer thickness with values ranging between 4.2—
14.7 m and 9.7-15.3 m, respectively.

To better illustrate the variations of the lacustrine clay layer properties across different
seismic zones, box and whisker plots of the Vs of the clay layer, depth to clay layer, and
thickness of the clay layer are provided in Figure 12a to c, respectively, based on the pro-
posed seismic zones for each site in Table 2. From Figure 12a, it is apparent that the lacus-
trine clay layer in Zone II has the highest Vs among the other seismic zones. Moreover, the
clay layer in Zone IIIb has the lowest Vs with an average value at 55 m/s. The clay layer
located in Zone II starts at a deeper depth than Zones IIla and IIlb, as shown in Figure
12b. In addition, Zone I1Ib has the shallowest depth to the start of the clay layer between
the seismic zones. In Figure 12c, it is clear that the thickness of the clay layer is significantly
greater in Zone I1Ib compared to Zones II and IIla. The thickness of the clay layer is lower
for Zone 11 than Zone I1la, and Zone II has more variability than observed in Zone Illa.

Conclusion

This study performed dynamic site characterization measurements using active and pas-
sive surface wave methods across the western portion of the Mexico City Basin that was
severely affected by the Mw 7.1 September 19, 2017, Puebla—Morelos, Mexico, earth-
quake. Field measurements were performed using active MASW, passive MAM using an
L-array, passive MAM using a circular array, and passive MHVSR. Both Rayleigh- and
Love-type surface waves were utilized to enhance the reliability of the retrieved 1D shear
wave velocity profile through a joint inversion process. Using the measured MHVSR site
period, discussions regarding the potential bias in the site periods estimated from the 2004
NTC-DS (GDF, 2004) and Lermo et al. (2020) site period map and values computed using
the SASID software following the 2020 NTC-DS (GCM, 2020) were provided. In addi-
tion, using the shear wave velocity profiles developed from the active and passive surface
wave measurements, the variations of the lacustrine clay layer properties, as the most criti-
cal layer in the basin, were discussed.

Comparison of the measured MHVSR site periods to the 2004 NTC-DS (GDF, 2004)
map, which is commonly used for site period prediction across the Basin, indicated that
there are several sites with noticeable differences between the measured and estimated val-
ues. The most noticeable biases in the site period prediction map from the 2004 NTC-DS
(GDF, 2004) were observed in the boundary of Zones II and Illa, with five sites having
shorter site periods than those associated with Zone IIla. In addition, our results show a
close similarity with SASID computed site periods values and the 2020 site period map
from Lermo et al. (2020). According to the results, site periods are getting shorter in these
areas as the lacustrine clay layer consolidates over time due to the subsidence produced by
excessive groundwater extraction. This indicates that the seismic properties (i.e. site period)
of the lacustrine clay are time-dependent, and therefore, there is a need to update the bor-
der of Zone II and Zone Illa in the 2004 NTC-DS (GDF, 2004) site period estimation
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Figure 12. Box and whisker plots of lacustrine clay properties categorized by proposed seismic zones
in Table 2: (a) Vs of clay layer, (b) depth to clay layer, and (c) thickness of the clay layer

map. However, in general, the 2004 NTC-DS (GDF, 2004) site period estimation map,
2020 site period map (Lermo et al., 2020), and computed values from SASID software fol-
lowing the 2020 NTC-DS (GCM, 2020) seem to provide reasonable site periods for the
majority of the Mexico City Basin.
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According to the 1D Vs profiles collected in this study, the subsurface layering of the
Basin can be divided into five main layers up to 60 m depth, including a crustal layer with
a Vs ranging between 100 and 200 m/s, a very soft lacustrine clay layer with a Vs ranging
between 45 and 100 m/s, a soft soil layer with Vs ranging between 100 and 200 m/s, a stiff
soil layer with Vs ranging between 300 and 415 m/s, followed by half-space model layer
with a Vs ranging between 420 and 580 m/s. The thickness and depth of these layers, par-
ticularly the lacustrine clay layer, are quite variable across the Basin. Among these layers,
the lacustrine clay layer is the most critical soil layer within the Basin since it dominates the
site effects in the Basin through amplification and duration elongation of ground motions.
Generally, the Vs of the clay layer depends on location. Sites along the outside of the lake-
beds have higher clay Vs values than those within the North and South lakebeds. Sites
between the lakebeds have slightly higher clay Vs than sites in the Southern lakebed. Sites
21 and 25 on the outer edge of the Northern lakebed in Zone I1Ib were stiffer than sites in
the Southern lakebed. The softest sites are toward the centers of the lakebeds with clay Vs
values ranging between 45 and 57 m/s.

This study provides a detailed set of site period and 1D Vs measurements in a critical
area of Mexico City, which had significant damage to infrastructure during the Mw 7.1
2017 Puebla—Morelos, Mexico, earthquake. This data set provides an excellent opportu-
nity to update and complement the data set and model embedded in SASID software to
account for site period changes in the Basin. The 1D Vs profiles provided in this study pro-
vide a detailed view of the variations of the lacustrine clay deposit and subsurface condi-
tions on the western edge of the Basin. These data provide an excellent start to building a
shallow three-dimensional (3D) velocity model of the Basin, which can complement the
development of models that improve our understanding of wave propagation within of the
Basin.
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4. Otros productos y actividades

La Universidad Nacional Auténoma de México tiene como fines educar, investigar y
difundir la cultura. Estas tres areas deben cubrirse conforme se avanza en la preparacion del
alumnado. Desde mi ingreso al posgrado he realizado actividades en éstas tres areas encami-
nadas hacia una formacion integral que refleje haber sido alumno del Posgrado en Ciencias de
la Tierra. Sin profundizar en las actividades y productos académicas en los que he colaborado
y los eventos en los que participé, los cuales merecen ser reconocidas pues han contribuido a
mi formacion profesional y como investigador del area, aprovecho este espacio para mencionar
brevemente el trabajo realizado durante los anos dedicados al doctorado.

Adicionalmente a los articulos mencionados en este escrito, he colaborado en la publi-
cacion de tres articulos en revistas indizadas (ver productos 1 a 3 en la siguiente lista), en
dos articulos aceptados en revistas indizadas con revisiones menores (ver productos 4 y 5 en
la siguiente lista) y en un articulo en extenso y/o memorias (ver producto 6 en la siguiente
lista):

1. Wood, C. M., Rieth R. M., Rahimi, S., Rahimi M., Rosado-Fuentes, A., Mayoral, J.
M., de la Rosa, D., Sdnchez-Sesma, F. J. & Cruz-Jiménez, H. (2024). Shallow 3D Shear
Wave Velocity Model for the Mexico City Basin. Farthquake Spectra, 40(1), 314-345.
https://doi.org/10.1177/87552930231222458.

2. Mendo-Pérez, G., Arciniega-Ceballos, A., Matoza, R. S., Rosado-Fuentes, A., Sanderson,
R. W, & Chouet, B. A. (2021). Ground-coupled airwaves template match detection
using broadband seismic records of explosive eruptions at Popocatépetl volcano, Mexico.
Journal of Volcanology and Geothermal Research, 419, 107378. https://doi.org/10.1016/
j.jvolgeores.2021.107378

3. Matoza, R. S., Arciniega-Ceballos, A., Sanderson, R. W., Mendo-Pérez, G., Rosado-
Fuentes, A. & Chouet, B.A. (2019). High broadband seismo-acoustic signature of Vul-
canian explosions at Popocatépetl volcano, Mexico. Geophysical Research Letters, 46(1),
146 - 157. https://doi.org/10.1029/2018GL080802. Imagen selecionada para la portada del
ejemplar correspondiente.

4. Mendo-Pérez, G., Arciniega-Ceballos, A., Matoza, R. S., Rosado-Fuentes, A., Sanderson,
R. W, & Claypool M. R. (Mayo 10, 2024). Seismo-acoustic wavefield at Popocatépetl
volcano, Mexico captured by a temporary broadband network from 2021 to 2022. Seis-
mological Research Letters. Manuscript number SRL-D-24-00199R 1.

5. Baena-Rivera, M., Arciniega-Ceballos, A., Sanchez-Sesma, F. J., Rosado-Fuentes, A. &
Pardo-Danino, J. C. (Octubre 1, 2023). Directional HVSR in the Chalco lakebed zone
of the Valley of Mexico. Journal of Applied Gephysics. Manuscript number APPGEO-
D-23-00614.
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6. Rosado-Fuentes, A. (2020). Wavefields: characteristics and properties. Libro de Con-
greso: Humboldt Kolleg on Measuring Nature’s Wavefields: Alexander von Humboldt’s
Time and Today, CDMX, México. Enero 30 - Febrero 1, 2020. 25-26.

Las investigaciones en las que colaboré se presentaron como carteles en 9 congresos y/o
reuniones internacionales como Latin American and Carribbean Seismological Commission,
American Geophysical Union, Society of American Archaeology, European Geophysical Union,
Japan Geoscience Union e International Union of Geodesy and Geophysics; en 4 congresos
y/o reuniones nacionales como Unién Geofisica Mexicana, Congreso Nacional de Fisica y En-
cuentro de Arqueologia de Noreste y con una ponencia en un Humboldt Kolleg. Fui miembro
del Comité Organizador de una serie de charlas en la Facultad de Ciencias-UNAM (2023) y
del Simposio Latinoamericano de Fisica y Quimica en Arqueologia, Arte y Conservacion de
Patrimonio Cultural 2019. Igualmente asesoré, revisé, repare o puse en operacién equipo de
exploracion geofisica usado para la docencia e investigacion de la Escuela Nacional de Antro-
pologia e Historia y del Instituto de Geofisica.

Los productos académicos mencionados en este escrito y en este capitulo han sido por mi
participacion en tres proyectos de investigacion que ya concluyeron (UC-MEXUS-CONACYT:
CN 18-51, PAPIIT-UNAM: IN108219 e IN105716) y en dos que estédn en curso (CONACYT:
320343, PAPIIT-UNAM: IN104823). La constante capacitacién y actualizacién de conoci-
mientos en las Ciencias de la Tierra me llevé a tomar 15 cursos impartidos por la Sociedad
Mexicana de Ingenieria Geotécnica, Facultad de Ciencias-UNAM, Sociedad Mexicana de Fisi-
ca, Instituto de Ingenieria-UNAM, Instituto de Geofisica-UNAM e Instituto Panamericano de
Geografia e Historia; igualmente participé en el Summer of Applied Geophysical Experience
y en la elaboracion de un peritaje matematico en un juicio civil en la ciudad de La Paz, Baja
California Sur.

En el area de la docencia, imparti 26 cursos como profesor titular en las licenciaturas
de Fisica en la Facultad de Ciencias, y Ciencias de la Tierra en la Facultad de Ciencias y en
la Escuela Nacional de Ciencias de la Tierra. También fui sinodal en dos exdmenes de grado
en la licenciatura de Ciencias de la Tierra en la Facultad de Ciencias. Esto conlleva elaborar,
actualizar o mejorar el material docente de 9 asignaturas de licenciatura: Geofisica Aplicada 1
y 2, Mecanica de Medios Deformables, Matematicas 3, Laboratorios de Fisica Contemporanea
1, Fenémenos Colectivos y Electromagnetismo, Técnicas Experimentales y Métodos Geofisi-
cos de Exploracion. Fui tutor de dos alumnos que participaron en congresos académicos en la
Facultad de Ciencias y apoyé la liberacion de las practicas profesionales de cuatro alumnos
de Ingenieria Geofisica de la Facultad de Ingenieria-UNAM.

En el area de la difusién y divulgacién de las ciencias, en particular de las Ciencias de la
Tierra y los temas de mi doctorado, imparti cinco conferencias y/o seminarios en el Museo de
Geofisica del Instituto de Geofisica-UNAM, Grupo MARQ y Club Rotary Andhuac Tacubaya.
Colaboré elaborando contenido y figuras que forman parte de la aplicacion movil Sismos y
Volcanes CDMX y participé como tallerista en 23 eventos de divulgacién organizados por el
Museo de Geofisica, la Facultad de Ciencias y el Instituto de Geologia.



Conclusiones

Se ha presentado un compendio de tres articulos publicados en revistas indizadas que
abarcan estudios de exploracion geofisica multi-técnica somera no destructiva en diversos si-
tios dentro de la Cuenca de México en donde se emplearon, en cada uno de ellos, al menos
dos técnicas distintas. Dos de ellos se realizaron en el Campo de Pruebas Geofisicas de Teo-
loyucan (TGTS), ubicado dentro del Observatorio Geomagnético de Teoloyucan, UNAM en
el municipio de Teoloyucan, Estado de México, mismo que fue disenado y construido como
se indica en el primer articulo; mientras que el tercer articulo abarca la zona occidental de la
CDMX, la cual sufrié graves danos por el sismo de Mw 7.1 de Puebla-Morelos de 2017.

Con la construccién del TGTS, la UNAM cuenta ahora con un campo de pruebas di-
senado para calibrar equipo e instrumentos, probar técnicas de exploracién geofisica somera,
capacitar estudiantes e investigar nuevas ideas, técnicas de exploracion geofisica somera e in-
terpretacién de datos enfocados a contextos de ingenieria, arqueologia y patrimonio cultural.
Los resultados de la caracterizacién geofisica del sitio, aplicando gradiente magnético, induc-
cion electromagnética, radar de penetracion terrestre y tomografias de refraccién sismica y
resistividad eléctrica, muestran que en lugares como Teoloyucan los primeros 3 m de profun-
didad estan conformados por cuatro capas relativamente planas con pequenas protuberancias,
con una distribucién suave de propiedades fisicas y sin la presencia de discontinuidades ni cam-
bios abruptos. Los resultados granulométricos y la seccién litoestratigrafica del sitio muestran
que el primer metro de profundidad estda conformado por cuatro capas de suelo grueso bien
gradado, incluyendo dos tepetates de origen volcanico. La integracion de los resultados fue
la base para el diseno y construccién del TGTS. Esta integracién y la concordancia entre las
interfases geofisicas y litolégicas indican que el sitio seleccionado es ideal para la construccion
del TGTS.

Adicionalmente, se introduce la novedosa técnica de Gradiente de Induccién Electro-
magnética (EMIG - por sus siglas en inglés) desarrollada para resaltar fuentes locales y
someras, mejorando asi su identificacién y localizacién dentro de los espesores del subsue-
lo mapeados por la técnica de induccion electromagnética. Mediante la aplicaciéon conjunta
de gradiente magnético (MG) e induccién electromagnética (EMI) en el TGTS se comple-
mentaron las metodologias convencionales de adquisicion y procesamiento de datos de MG
y EMI que incluyen mapear y sumar dos levantamientos adquiridos con transectos paralelos
pero perpendiculares entre si, calcular el EMIG y realizar mapas de acercamiento a areas mas
pequenas. Tanto el uso del EMIG como la metodologia propuesta muestran resultados sobre-
salientes a los que se obtendrian con las técnicas y metodologias convencionales, resaltando
anomalias que de otra manera, sin la metodologia propuesta, pasarian por alto. Ademas, la
comparacion de los levantamientos de transectos ortogonales muestra diferencias significativas
en la distribucién de las propiedades fisicas del subsuelo debidas a la direccién de adquisicion,
la orientacion de los transectos y a la orientacion y rumbo de los sensores. La posible contribu-
cion de efectos anisotropicos no debe descartarse, aunque se requieren estudios mas detallados
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que estan fuera de los alcances de los trabajos presentados en este escrito. Recomendamos
replicar la metodologia en otros sitios de estudio somero en contextos de ingenieria, arqueo-
logia, patrimonio cultural o forense.

Por otra parte, se estudiaron sismicamente los primeros 60 m de profundidad en 25
sitios distribuidos en la zona occidental de la CDMX mediante la aplicacién de las técnicas
de analisis multicanal de ondas superficiales, arreglo multicanal de microtremores y cociente
espectral H/V. Adicionalmente se calcularon los periodos fundamentales de sitio. Su compa-
rativa con los publicados por otros estudios muestra ligeras discrepancias, indicando que las
propiedades del subsuelo son variables en el tiempo y evidenciando la necesidad de actualizar
y complementar constantemente las bases de datos y parametros de las Normas Técnicas
Complementarias por Diseno Sismico de la CDMX. Con especial atencién se analizé a detalle
la capa critica de arcilla lacustre blanda no consolidada, determinando su valor de V y espe-
sor a lo largo del area de estudio. Los perfiles 1D de V, se pueden utilizar para construir un
modelo tridimensional de V; de la parte somera de la Cuenca que complemente los modelos
y amplie la comprension de la propagacion de ondas sismicas dentro de ella.

El grupo de investigacién conformado usa constantemente el TGTS para la docencia,
probar y calibrar equipos y continuar nuestras investigaciones, los resultados se continuaran
presentando en congresos nacionales e internacionales y seran publicados en revistas indiza-
das en un futuro préximo. Finalmente, los estudios mostrados en este escrito y el resto de
las actividades realizadas durante el lapso del doctorado han contribuido a mi formacién in-
tegral en el area de las Ciencias de la Tierra. Las actividades no solo reflejan la experiencia
adquirida, sino que también impulsan el desarrollo y el conocimiento cientifico al contribuir e
inovar en el avance de la ciencia y la tecnologia, al igual que se transmiten con veracidad los
conocimientos adquiridos a la sociedad.
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