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Resumen 
 
Nuevas secciones estratigráficas medidas en el centro y noreste de México junto con datos 

petrográficos y un vasto conjunto de edades geocronológicas (1394 nuevos analísis U-Pb 

individuales en granos de circón detritico), procedentes de rocas del Cretácico Superior-Paleogéno 

indican que estos depósitos se acumularon en una cuenca flexural dentro del margen continental y 

estrechamente relacinados a un arco magmático activo. Estas caracterírsticas son consistentes 

con las de una cuenca de antepaís de retro-arco (retro-foreland basin); la cuenca cretácica en 

México es definida aquí como la cuenca de antepaís mexicana. Al igual que su contraparte en el 

norte, la cuenca de antepaís cordillerana en los Estados Unidos, la cuenca mexicana migró por 

delante de la cuña orogénica hacia el este con el tiempo. La cuenca de antepaís mexicana está 

asociada al evento de acortamiento del orógeno mexicano e incluye las cuencas de Parras, La 

Popa, Sabinas y Tampico-Misantla, así como depocentros no nombrados en la Mesa Central y el 

cinturón de pliegues y cabalgaduras mexicano. Datos geocronológicos y petrográficos provenientes 

de sucesiones sedimentarias en la transversal de Parras, la Mesa Central y la parte central del 

cinturón de pliegues y cabalgaduras mexicano, así como de datos previamente publicados del 

Grupo Difunta (Campaniano-Eoceno) en el noreste de México indican que las potenciales áreas 

fuente que aportaron sedimentos a la cuenca de antepaís tienen variaciones temporales y 

geográficas. Los componentes de edad incluyen granos arqueanos que constituyen un 

componente de edad subordinado. Los grupos de edad principales son: Proterozoico (~1750-920 

Ma), Pan-africano (~652-544 Ma), Cámbrico-Silúrico (~490-420 Ma), Jurásico (~164-156 Ma), 

Cretácico-Paleógeno (~145-60 Ma). Se interpreta que este conjunto de granos deriva de tres 

principales fuentes: 1) el arco magmático mexicano que se desarrolló simultáneamente en el oeste 

de México; 2) rocas del basamento y de la cubierta del terreno Guerrero, acrecionado a la margen 

occidental de México desde el final del Cretácico Temprano; y 3) rocas sedimentarias del Triásico-

Cretácico Superior que fueron exhumadas en la parte frontal de la cuña durante su avance hacia el 

este. Los datos de paleocorrientes medidos en las distintas áreas de estudio apoyan el aporte de 

sedimentos desde el oeste de México.  
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Los depósitos iniciales de la cuenca de antepaís afloran en la Mesa Central y corresponden a 

depósitos de gravedad y olistolitos pertenecientes a la arenisca Mineral de Pozos y calciturbiditas 

intercaladas con turbiditas siliciclásticas no diferenciadas del Cenomaniano tardío-Turoniano. 

Durante el Turoniano-Coniaciano, sucesiones de turbiditas de la Formación Soyatal se depositaron 

en la parte proximal de la cuenca, mientras se depositaban pelagitas carbonatadas de las 

formaciones Indidura y Agua Nueva en la parte más distal. La subsidencia continuó a lo largo del 

Cretácico Tardío a medida que la cuenca y su relleno compuesto por sucesiones clásticas 

migraban hacia el este. Durante el Santoniano-Campaniano temprano pelagitas carbonatadas se 

intercalaron con capas de toba y arenisca ricas en ceniza de las formaciones Caracol y San Felipe. 

En el Campaniano tardío-Eoceno una potente sucesión de depósitos fluviales y deltaicos 

pertencientes al Grupo Difunta se depositó adyacente al frente del cinturón de pliegues y 

cabagaduras en el noreste de México. Esta sucesión incluye parte de los depósitos más jóvenes 

de la cuenca de antepaís. Datos petrográficos y geocronológicos de areniscas del Grupo Difunta 

indican la presencia de granos proterozoicos (~1.7, 1.4 y 1.1. Ga), que se interpreta derivan del 

basamento de Laurencia. En contraste, en las sucesiones equivalentes depositadas en el centro de 

México (e.g., formaciones Méndez y Chicontepec), los granos proterozoicos constituyen un 

componente subordinado derivado posiblemente del reciclado de rocas sedimentarias del oeste de 

México. De acuerdo a las edades U-Pb en circón detrítico, los depósitos de la parte superior del 

Grupo Difunta se correlacionan con las sucesiones marino profundas de la Formación Chicontepec 

del Paleoceno-Eoceno temprano de la cuenca Tampico-Misantla.  

En este trabajo se propone que la cuenca del antepaís mexicana registra dos eventos 

magmáticos de gran voumen y corta duración en el arco magmático mexicano. El evento más 

antiguo se registra en los depósitos de la parte proximal de la cuenca, éste se caracteriza por 

abundantes granos líticos volcánicos y edades U-Pb entre ~98-92 Ma que indican el aporte de un 

gran volumen de detritos volcánicos derivado de un evento magmático sindepositacional. Un 

segundo evento magmático prominente es registrado en estratos del Santoniano-Campaniano en 

la parte distal de la cuenca, constituidos por pelagitas carbonatadas intercaladas con capas de 

toba y arenisca tobácea, los cuales contienen edades U-Pb entre ~85-74 Ma. 
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Finalmente, las edades de enfriamiento (U-Th)/He en granos de circón detrítico derivadas de un 

conjunto de areniscas cretácicas de la cuenca de antepaís ubicadas en la parte central del cinturón 

de pliegues y cabalgaduras en el centro-este de México definen tres conjuntos de edad que se 

interpreta corresponden a eventos de exhumación individuales: 1) ~136-120 Ma, 2) ~99-80 Ma, y 

3) ~66-56 Ma. A excepción del evento más antiguo, estas edades revelan una correspondencia 

entre episodios de exhumación y eventos de deformación previamente reconocidos en el cinturón 

de pliegues y cablagaduras mexicano.  
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Abstract 
 
New stratigraphic sections measured in central and northeastern Mexico, petrographic data and a 

robust data set of geochronological ages (1394 new individual U-Pb analyses in detrital zircon 

grains) from Upper Cretaceous-Paleogene rocks indicate that these sedimentary successions 

accumulated in a flexural basin inboard of the continental margin and closely related to an active 

magmatic arc. These characteristics are consistent with that of a retro-foreland basin; the 

Cretaceous basin is defined here as the Mexican foreland basin. Like the Cordilleran foreland basin 

in the United States, the Mexican foreland basin migrated eastward with time, ahead of an 

advancing orogenic wedge. The Mexican foreland basin was associated with shortening of the 

Mexican orogen and includes the Parras, La Popa, Sabinas and Tampico-Misantla basins, as well 

as unnamed depocenters in the Mesa Central and the Mexican fold-thrust belt. Geochronological 

and petrographic data from sedimentary successions in the Parras transverse sector of the fold-

thrust belt, the Mesa Central and the central part of the Mexican fold-thrust belt, as well as 

previously published data of the Difunta Group (Campanian-Eocene) in northeastern Mexico 

indicate that potential sediment sources that supplied detritus to the foreland basin have temporal 

and geographical variations. Age components include Archean grains that constitute a minor age 

component. The main age groups of the sandstones include Proterozoic (~1750-920 Ma), Pan-

African (~652-544 Ma), Cambrian-Silurian (~490-420 Ma), Jurassic (~164-156 Ma), and 

Cretaceous-Paleogene (~145-60 Ma) grains. This age set is interpreted be derived from three main 

sources: 1) the Mexican magmatic arc that developed simultaneously in western Mexico; 2) rocks of 

the basement and cover of the Guerrero terrain, accreted to the western margin of Mexico in latest 

Early Cretaceous time; and 3) sedimentary rocks of the Upper Triassic-Cretaceous succession, 

which was exhumed in the frontal part of the wedge during its eastward advance. Paleocurrent data 

in the different study areas are consistent with the contribution of sediments from western Mexico. 

The initial deposits of the Mexican foreland basin crop out at the Mesa Central and consist of 

deposits of sediment-gravity flows and olistoliths belonging to the informal Mineral de Pozos 

sandstone and calciturbidites that interfinger with unnamed siliciclastic turbidites of late 
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Cenomanian-Turonian age. During Turonian-Coniacian time, turbidite successions of the Soyatal 

Formation were deposited in the proximal part of the basin, while carbonate pelagites of the 

Indidura and Nueva Agua formations were deposited in the most distal part of the basin. 

Subsidence continued during the Late Cretaceous as the depocenter and its fill composed of clastic 

successions migrated eastward with time. During the Santonian-early Campanian, carbonate 

pelagites were interbedded with tuff beds and sandstone rich in volcanic ash of the Caracol and 

San Felipe formations. In the late Campanian-Eocene, a thick succession of sandstone-rich fluvial 

and deltaic deposits of the Difunta Group was deposited adjacent to the front of the fold-thrust belt 

in northeastern Mexico. This succession includes part of the youngest deposits of the Mexican 

foreland basin. Petrographic and geochronological data of sandstones of the Difunta Group indicate 

the presence of Proterozoic grains (~1.7, 1.4 and 1.1. Ga), which can be interpreted as derived 

from basement provinces in southern Laurentia. In contrast, the equivalent Late Cretaceous-

Paleogene successions deposited in central Mexico (e.g., Méndez and Chicontepec formations) 

contain Proterozoic grains that constitute a subordinate age component and possibly derived from 

reworking of sedimentary rocks from western Mexico. On the basis of U-Pb detrital zircon ages, 

uppermost strata of the Difunta Group are correlated with the deep marine successions of the 

Paleocene-lower Eocene Chicontepec Formation of the Tampico-Misantla basin. 

This research indicates that the Mexican foreland basin records two magmatic events of great 

volume and short duration in the Mexican magmatic arc. The oldest event is recorded in the 

proximal strata of the basin, which are characterized by abundant volcanic lithic grains and U-Pb 

ages between ~98-92 Ma that indicate the contribution of a large volume of volcanic detritus derived 

from a syndepositional magmatic event. A second prominent magmatic event is recorded in 

Santonian-Campanian beds in the distal part of the basin, consisting of carbonate pelagites 

interbedded with tuff and tobaceous sandstone beds, which contain U-Pb ages between ~85 and 

~74 Ma. 

Analyses of (U-Th)/He ages in detrital zircon grains derived from a small set of Cretaceous 

sandstones of the foreland basin located in the central part of the Mexican fold-thrust belt of central-

eastern Mexico define three cooling age groups, which are interpreted to correspond to a three 
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individual exhumation events: 1) ~136-120 Ma, 2) ~99-80 Ma, and 3) ~66-56 Ma. Except for the 

oldest event, these cooling age clusters correspond to exhumation episodes and deformation 

events previously reported in the central Mexican fold-thrust belt. 



Parte I 
Introducción  
 
Las sucesiones sedimentarias del Cretácico Tardío en el centro de México han sido comúnmente 

consideradas parte de la cuenca mesozoica del centro de México (Carrillo-Bravo, 1971). No 

obstante, la historia geológica de dichas rocas fue luego vinculada al desarrollo y evolución del 

orógeno que constituyó la Sierra Madre Oriental durante el Cretácico Tardío-Paleógeno (e.g., 

Suter, 1980, 1987; Carrillo y Suter, 1982; Suter et al., 1997) y ha sido recientemente reevaluada 

como parte del orógeno mexicano (Mexican orogen, Fitz-Díaz, et al., 2018), lo que permite 

distinguirlas de las sucesiones del Jurásico Superior y Cretácico Inferior del centro y noreste de 

México. Estudios recientes han permitido reevaluar la relación entre la deformación del Cretácico 

Tardío-Paleógeno y los depósitos sinorogénicos en la cuenca de antepaís adyacente, sentando las 

bases para comprender la relevancia de este evento de deformación sobre la evolución de la 

cuenca asociada. En esta investigación se documenta y define la cuenca de antepaís mexicana 

(CAM) como una entidad paleogeográfica desarrollada al sur de la cuenca de antepaís cordillerana 

del Mesozoico tardío (Fig. 1). Como se discute en las siguientes secciones, el relleno de esta 

cuenca contiene el registro de dos eventos geológicos contemporáneos: la evolución del orógeno 

méxicano y el desarrollo de un arco volcánico activo a lo largo de la margen occidental de México. 

A diferencia de lo que es posible observar en el centro-oeste y suroeste de E.U.A., donde el 

sistema de cuenca de antepaís se desarrolla en un amplio cratón y su registro está ampliamente 

preservado, la CAM resulta relevante porque su evolución ocurre sobre el lado continental que se 

estrecha hacia el sur y buena parte de su registro sedimentario en el centro y este de México está 

extensivamente deformado. Los mejores afloramientos de la CAM se encuentran en cortes 

carreteros y arroyos donde la sucesiones alcanzan algunas decenas de metros debido a que 

comúnmente están truncadas por fallas. Las interpretaciones de esta investigación se basan en los 

resultados derivados de la aplicación de métodos de estratigrafía y sedimentología clásicas (e.g., 

medición y descripción de columnas estratigráficas, medición de paleocorrientes e identificaión de 

litofacies) petrografía de areniscas y técnicas analíticas modernas como el fechamiento doble (U-

Th)/(He-Pb) en granos de circón individual. La información disponible junto con los nuevos datos 
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generados en esta investigación permiten comprender de mejor manera la relación espacial y 

temporal de la deformación del Cretácico Tardío-Paleógeno sobre la evolución de la CAM, 

 

 
 
Figura 1. (A) Paleogeografía del orógeno cordillerano y la cuenca de antepaís cordillerana durante el 

Cenomaniano tardío. La CAM representa la extensión sur de la cuenca de antepaís cordillerana (área 

punteada), que ocupa la parte occidental del mar interior de América del Norte (Western Interior Seaway). 

Explicación: FP, placa Farallón; GoM, Golfo de México. (B) Ubicación de las principales caracerísticas 

geográficas y geológicas del norte y centro de México. Terreno Guerrero (TG); provincias fisiográficas de 

México mencionadas en el texto: CVTM, cinturón volcánico transmexicano; MC, Mesa Central; SMO, cinturón 

de pliegues y cabalgaduras de la Sierra Madre Oriental o cinturón de pliegues y cabalgaduras mexicano. 

Componentes de la cuenca de antepaís mexicana: Bur, cuenca de Burgos; CB, cuenca de Sabinas; CLP, 

cuenca de La Popa; CP, cuenca de Parras, CTM, cuenca Tampico-Misantla; CZ, cuenca de Zimapán. Rocas 

plutónicas y volcánicas del arco cordillerano mexicano, mencionadas en texto: BLC, batolito de Los Cabos; 

BPE, batolito peninsular oriental; BPV, batolito de Puerto Vallarta; BPW, batolito peninsular occidental; BSin; 

batolito de Sinaloa; BSon, batolito de Sonora. Ciudades (puntos blancos): Ch, Chihuahua; Gu, Guanajuato; 

Mo, Monterrey; SLP, San Luis Potosí; To, Torreón; Za, Zacatecas. 

 

 

particularmente sobre los efectos de estructuras de deformación regionales con la generación y 

dispersión de sedimentos en el cinturón de pliegues y cabalgaduras mexicano (CPCM). Este 

trabajo aporta aspectos cruciales para la mejor comprensión de la evolución del CPCM y la CAM 

así como para la distribución de los recursos presentes en la región. 
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I.I Marco geológico 

El orógeno mexicano 

La formación de cinturones montañosos u orogénos es resultado de la convergencia de placas 

tectónicas (Dewey y Horsfield, 1970; Dahlen y Suppe, 1988; Dahlen, 1990; Selzer et al., 2007, 

entre otros). Esto ocurre durante la colisión de dos masas continentales o como resultado de la 

subducción de la litosfera oceánica bajo la litosfera contienental; su evolución está influenciada por 

la geometría de la subducción, así como por la naturaleza e historia geológica de las placas 

convergentes (Garzanti et al., 2007). El orógeno cordillerano del oeste de América del Norte forma 

parte del cinturón orogénico circum-Pacífico donde se ha llevado a cabo la subducción de la 

litosfera oceánica formando un gran cinturón montañoso circular a nivel global, el cual comenzó 

desde la ruptura del supercontinente Pangea en el Triásico (Dickinson, 2004). La evolución 

posterior del orógeno cordillerano incluyó la acreción tectónoca de arcos de islas que acrecentaron 

el margen continental de Amércia del Norte durante el Jurásico-Cenozoico temprano (Coney et al., 

1980), en el que se formó durante el Cretácico un extenso cinturón batolítico (Coney et al., 1980; 

Dickinson, 2004). El orógeno cordillerano se extiende ~5000 km desde el Golfo de Alaska hasta la 

desembocadura del Golfo de California (Fig. 1A). Los segementos más importantes que se han 

propuesto para entender el orógeno cordillerano en América del Norte durante el Cretácico son 

Sevier, Laramide y Mexicano; este último fue recientemente documentado por Fitz-Díaz et al. 

(2018). Estos elementos tectónicos son resultado de la subducción de la placa de Farallón a lo 

largo de la margen occidental de la placa norteamericana (Coney et al., 1980; Dickinson y Lawton, 

2001; DeCelles, 2004; Dickinson, 2004; DeCelles et al., 2009; Fitz-Díaz et al., 2018, entre otros). 

La orogenia Sevier se encuentra en el centro-oeste de los E.U.A. y se extiende hacia Canadá en el 

norte. La orogenia Laramide formó cadenas montañosas en el centro-oeste y suroeste de los 

E.U.A. e incluye las serranías de Montana, Wyoming, Utah, Colorado, Nuevo México y Arizona, y 

se prolonga hacia el sur hasta el norte de Sonora, en el noroeste de México (Lawton, 2008, 2019). 

El desarrollo de las cuencas y levantamientos en la provincia Laramide concluyó en el Eoceno 

medio (~50 Ma) (Dickinson, 2004, Lawton, 2008). Más al sur, la cadena montañosa de la Sierra 

Madre Oriental representa el segmento meridional del orógeno cordillerano en América del Norte 
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(de Cserna, 1956; Suter, 1984; Dickinson y Lawton, 2001; Fitz-Díaz et al., 2012; 2018), que 

típicamente ha sido incluida en la provincia Laramide, pero cuya deformación continuó hasta el fin 

del Eoceno (Dickinson, 2004; Lawton, 2019) (Fig. 1). Este segmento del orogeno cordillerano se ha 

interpretado con base en la extrapolación de observaciones hechas en el suroeste de los E.U.A., 

asumiendo la continuidad de estructuras y de la temporalidad de la deformación, mismas que en 

México consideramos son claramente distintas (ver Parte III, Capítulo I).  

El orógeno cordillerano en México se caracteriza por la sobreposición del terreno Guerrero 

sobre la parte occidental del CPCM (e.g., Mendoza y Suastegui, 2000; Martini et al., 2016). Esta 

relación hizo suponer que la acreción del terreno Guerrero causó el acortamiento regional en el 

interior de México (e.g., Freydier et al., 1996; Talavera-Mendoza et al., 2007; Centeno-García et al., 

2008). No obstante, datos geológicos disponibles sugieren que el terreno Guerrero se acrecionó al 

margen mexicano durante la parte tardía del Cretácico Temprano (e.g., Johnson et al., 1999; 

Dickinson y Lawton, 2001; Martini et al. 2014, 2016; Palacios-García y Martini, 2014; Ortega-Flores 

et al., 2016; Fitz-Díaz et al., 2018), poco antes del la formación del CPCM y por tanto las 

estructuras de acortamiento en este último no tienen relación en secuencia con el cinturón de 

sutura del terreno Guerrero adyacente (Martini et al., 2016). Esta evidencia previa indica que el 

CPCM es un orógeno que marca una etapa distintiva de la evolución tectónica de la margen 

pacífica de América del Norte (Martini et al., 2012; 2016; Fitz-Díaz et al., 2018). 

La propuesta de un segmento orogénico, definido aquí como orógeno mexicano se sustenta en 

la documentación estratigráfica de varios sectores de la cuenca de antepaís asociada, nuevas 

edades U-Pb de sucesiones sedimentarias sin-orogénicas, fechamientos dobles (U-Th)/(He-Pb) en 

granos individuales de circon detrítico que aunadas a edades de deformación previas (e.g., Fitz-

Díaz et al., 2014; Garduño et al., 2015; Martíni et al., 2016) permiten acotar y comprender mejor la 

evolución geológica de este segemento del orógeno en América del Norte. Por lo tanto, la edad de 

la deformación, el estilo tectónico dominante y su estrecha relación con un arco magmático activo 

reflejan variaciones temporales y litosféricas que permiten reconocerlo como la expresión en 

México del orógeno cordillerano (Fitz-Díaz et al., 2018). La historia de acortamiento de este 

orógeno se infiere abarcó del Cretácico Tardío-Eoceno tardío e involucró rocas del Triásico-Eoceno 
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(Campa, 1985; Suter, 1987; Eguiluz et al., 2000; Fitz-Díaz et al., 2012; 2018). El orógeno mexicano 

presenta caracerísticas cinemáticas tanto de piel delgada (thin-skinned style deformation) como de 

piel gruesa (thick-skinned style deformation) determinadas por la estructura de la corteza heredada 

(basamento) y las sucesiones sedimentarias mesozoicas depositadas antes del evento de 

acortamiento (Fitz-Díaz et al., 2018). Este orógeno comparte características cinemáticas con el 

orógeno Sevier y Laramide en los E.U.A. El orógeno mexicano consiste de tres elementos 

principales: (1) en su parte occidental, el hinterland constituido por rocas de cuenca e ígneas del 

terreno Guerrero; (2) la cuña orogénica (foreland orogenic wedge), referida como cinturón de 

pliegues y cabalgaduras mexicano, compuesta por rocas carbonatadas del Jurásico Superior-

Cretácico Inferior y depósitos clásticos del Cretácico Superior de la CAM que se encuentran 

imbricadas y plegadas; y (3) estratos deformados del Cretácico Tardío-Eoceno que se extienden 

desde el noreste hasta el centro de México y pertenecen a la CAM (Fitz-Díaz et al., 2018; Juárez-

Arriga et al., 2019a). 

Numerosos estudios indican que el principal mecanismo tectónico que dio origen al 

acortamiento en el orógeno cordillerano fue posiblemente un incremento en la velocidad de 

convergencia entre las placas de Farallón y Norteamericana durante el Cretácico Tardío-Eoceno 

como se ha documentado previamente (e.g., Coney et al., 1980; Engebretson et al., 1984; Saleeby, 

2003; DeCelles, 2004; Dickinson, 2004; Solari et al., 2007; Martini y Ferrari, 2011; Fitz-Díaz et al., 

2018). Por otro lado, el análisis de las edades de deformación, de plutones sintectónicos en la 

margen occidental de México, así como de las sucesiones sedimentarias sinorogénicas indica que 

la CAM se formó en un ambiente de retroarco (sensu Ingersoll, 2012). Una descripción más 

detallada de la formación y evolución del orógeno mexicano se encuentra en el primer artículo de 

esta tesis (Parte III, Capítulo 1). En dicho trabajo se exponen las características que distinguen 

este segemento del orógeno cordillerano y se propone un escenario geológico que intenta explicar 

las variaciones temporales y cinemáticas observadas en México (e.g., Fitz-Díaz et al., 2018). 
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La cuenca de antepaís mexicana 

Asociada a la evolución del orógeno mexicano durante del Cretácico Tardío-Paleógeno temprano 

se desarrolló la cuenca de antepaís mexicana. La CAM, definida en el Capítulo 2 de esta tesis, 

representa la continuación geográfica hacia el sur de la cuenca de antepaís cordillerana de 

América del Norte, sin embargo ha recibido menor atención que su contraparte en los E.U.A. 

(Juárez-Arriaga et al., 2019a). A diferencia de la provincia Laramide que tuvo en general un 

caracter amagmático (Dickinson y Snyder, 1978; Lawton, 2019), la evolución del orógeno mexicano 

estuvo acompañada por magmatismo de arco continental que migró tierra adentro desde el 

cinturón batolítico en la margen occidental mexicana a lo largo de su evolución (Dickinson y 

Lawton, 2001; Dickinson, 2004; Fitz-Díaz et al., 2018). Los eventos magmáticos modificaron la 

extensión y geometría de la CAM a lo largo de su desarrollo al formar topografía positiva y 

contribuir con el engrosamiento de la corteza, además de que suministraron un volumen importante 

de detritos a la cuenca. La historia de subsidencia y sedimentación de la CAM inicia posiblemente 

en la parte temprana el Cenomaniano, poco tiempo después de que el terreno Guerrero fuera 

acrecionado a la margen occidental de México (e.g., arco Alisitos, Busby et al., 2006; cuenca de 

Arperos, Martini et al., 2014; 2016) (Fig. 2). Ya almagamado el terreno Guerrero, la subducción de 

la placa de Farallón causó la formación de un arco magmático que se desarrolló en la margen 

continental y se mantuvo activo a lo largo de la historia de acortamiento del retro-arco (Cretácico 

Tardío-Paleógeno temprano). Por analogía con otros segmentos del orógeno cordillerano (e.g., 

provincia Laramide, Dickinson y Snyder, 1978), la subdución subhorizontal de la placa de Farallón 

bajo Norte América parece ser el modelo que mejor explica el acortamiento de la conterza en el 

interior de México. El acortamiento en el transpaís (hinterland) generó la formación de una cuña 

orogénica que causó la subsidencia en la CAM. Por su posición con respecto al arco magmático y 

su desarrollo del lado continental del orógeno, la CAM corresponde a una cuenca de antepaís de 

retoarco (retro-foreland basin, sensu Dickinson, 1976; Ingersoll, 2012). A lo largo de su evolución, 

la cuenca fue flanqueada al oeste por el arco magmático activo y el CPCM, este último constituyó 

la topografía más elevada. La presencia de este arco definido como arco magmático mexicano 

(Juárez-Arriaga et al., 2019a) se basa en una extensa área de batolitos del Cretácico Tardío-
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Paleógeno en el oeste de México (Zimmermann et al., 1988; Kimbrough et al., 2001; Henry et al., 

2003; Ortega-Rivera, 2003; Valencia et al., 2013; Ortega-Gutiérrez et al., 2014). Adicionalmente un 

robusto conjunto de edades U-Pb en granos de circón volcánico de primer ciclo y datos 

petrográficos en areniscas de la CAM sugieren al menos dos episodios magmáticos particulamente 

voluminosos que son discutidos en el segundo artículo de esta tesis (i.e., Juárez-Arriaga et al., 

2019a). El arco magmático mexicano abarcó la margen occidental de México, la cual ya estaba 

constituida por el terreno Guerrero recientemente acrecionado, desde el sur de la actual Sonora 

hasta Jalisco donde tuvieron su nacimiento redes de drenaje que erosionaron el armazón volcánico 

y cuyos sedimentos fueron transportados a la cuenca. Este sistema de transporte 

predominantemente transversal estuvo activo durante el Cenomaniano-Turoniano y acarreó 

sedimentos derivados del arco, el basamento y de rocas sedimentarias que estuvieron expuestas 

en el oeste de México. Un segundo mecanismo de transporte de sedimentos volcaniclásticos 

fueron nubes de ceniza producto de eventos explosivos a lo largo del arco que fueron 

transportados por viento hacia la CAM durante el Santoniano-Campaniano alcanzando sus partes 

más distales en el este (Juárez-Arriaga et al., 2019a). Como se discute más adelante (Parte III, 

Capítulo II), la historia de la CAM estuvo estrechamente asociada a la historia del arco magmático 

mexicano lo cual permitió que su relleno contenga un abundante registró de granos de circón 

provenientes de este arco contemporáneo (Fitz-Díaz et al., 2018; Juárez-Arriaga et al., 2019a). 

La CAM incluye las cuencas de Parras, La Popa, Sabinas y Tampico-Misantla, así como 

turbiditas deformadas expuestas en la Mesa Central (que anteriormente fueron consideradas parte 

de la cuenca mesozoica del centro de México; e.g., Carrillo-Bravo, 1971) y las cuencas presentes 

en el cinturón de pliegues y cabalgaduras mexicano como la cuenca de Zimapán (Fig. 1). Las 

sucesiones sedimentarias de la CAM pueden dividirse en: (1) depósitos proximales, estratos 

depositados en la margen occidental de la CAM, particularmente, aquellos que estuvieron 

adyacentes a la cuña tectónica en su etapa inicial y que fueron subsecuente imbricados e 

incorporados a la cuña orogénica. Los afloramientos tienen una extensión vertical limitada a 

algunos metros y se encuentran localmente bien expuestos a lo largo de arroyos y cortes 

carreteros (Fig. 3). (2) Depósitos distales, estratos depositados en la parte oriental de la CAM, 
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Figura 2. Correlación estratigráfica en la región central de México. Los colores púrpura y azul de esta tabla de 

correlación indican las plataformas y cuencas carbonatadas y lutitas del Cretácico Temprano. Las 

calciturbiditas de las sucesiones de carbonatos más antiguas se interdigitan con turbiditas siliciclásticas en la 

parte occidental de la CAM. Los ambientes siliciclásticos (marrón) migraron hacia el este con el tiempo, hacia 

la parte exterior del CPCM. La edad del límite superior de las sucesiones de la CAM en el oeste se 

desconocen porque los estratos son truncados por erosión al ser exhumados durantel el avance progresivo 

hacia del este de la cuña orogénica. 

 

 

los cuales constituyen las sucesiones menos deformadas y actualmente presentes en las cuencas 

de Sabinas, Parras, La Popa y Tampico-Misantla (Fig. 4). 

 

I.II Hipótesis 

De acuerdo al modelo de evolución tectónica del CPCM central, la cuña orogénica migró hacia el 

este generando distintos episodios de deformación y exhumación (Fitz-Díaz et al., 2014; 2018). Lo 

anterior permite infierir que las fuentes de sedimento cambiaron a través del tiempo y pueden 

reconocerse a partir de las variaciones en las edades de enfriamiento de los granos de circón 

detrítico, así como en la composición de las areniscas procedentes de la parte proximal, intermedia 

y distal de la cuenca. Por ejemplo, las rocas del basamento del terreno de Guerrero exhumadas en 

el oeste deben haber aportado detritos de diferente composición y granos de circón con edades de 

enfriamiento distintas a los detritos y granos de circón derivados posteriormente de estratos del 

Cretácico Inferior y Cretácico Superior exhumados en la parte central del CPCM. 
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Figura 3. Columnas estratigráficas sintéticas que representan los depósitos proximales de la cuenca de 
antepaís mexicana (la ubicación dentro de la cuenca se indica en la Fig. 2). Las columnas muestran las 
variaciones estratigráficas y enfatizan las diferencias en espesor de las sucesiones sedimentarias 
dependiendo de su posición dentro de la CAM. 
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Figura 4. Columnas estratigráficas sintéticas que representan los depósitos distales de la cuenca de antepaís 
mexicana, las cuales muestran las variaciones estratigráficas y enfatizan las diferencias en espesor de las 
sucesiones sedimentarias dependiendo de su posición dentro de la CAM. La ubicación dentro de la cuenca se 
indica en la figura 2. Estas columnas sintetizan datos documentados en Lawton et al. (2009), Juárez-Arriaga et 
al. (2019a y 2019b). 
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I.III Justificación 

Aunque se ha avanzado en el conocimiento de la geología del centro del país en años recientes 

(e.g., Carrillo-Bravo, 1971; Tardy y Maury, 1973; López-Ramos, 1979; Suter, 1980, 1987; Eguiluz 

et al., 2000; Eguiluz, 2011; Alzaga-Ruiz et al., 2009), los resultados obtenidos resultan insuficientes 

para comprender la relevancia que tuvo la deformación del Cretácico Tardío-Paleógeno sobre la 

generación y dispersión de sedimentos en la CAM. El presente trabajo tiene como meta integrar los 

datos disponibles en la literatura geológica y la generación de nueva información proveniente de 

localidades escasamente documentadas o no estudiadas, para mejorar la compresión de la 

evolución de la CAM asociada al CPCM. Este estudio contribuye al conocimiento de las 

potenciales fuentes de sedimento y a constreñir la edad de los depósitos de la CAM en el centro de 

México. Para alcanzar esta meta se aplicaron metodologías de estratigrafía clásica, así como el 

uso de conceptos y técnicas analíticas modernas. Las edades de cristalización (U-Pb) en granos 

de circón fueron usadas para calcular la edad máxima de depósito (maximum depositional age, 

MDA) de las sucesiones siliciclásticas de acuerdo a los criterios discutidos por Dickinson y Gehrels 

(2009). Este trabajo incluye también los primeros fechamientos dobles (U/Th)/(He-Pb) en granos 

individuales de circón detrítico procedentes de tres unidades cretácicas expuestas en el centro de 

México que en combinanción con datos petrográficos permiten evaluar la influencia de eventos de 

exhumación en la generación y dispersión de sedimentos. La integración de ambos conjuntos de 

datos, como se describe más adelante, permitieron una mejor comprensión del relleno 

sedimentario de la cuenca de antepaís mexicana y su evolución temporal proporciona un marco 

geológico preciso que contribuye a la comprensión de la distribución de recursos energéticos 

asociados a este sistema. 

 
I.IV Objetivo principal y objetivos particulares 

El objetivo principal de este trabajo es documentar la evolución estratigráfica de la CAM, la cual 

está asociada al desarrollo del CPCM durante el Cretácico Tardío-Eoceno. La investigación se 

enfocó en los afloramientos presentes en el noreste y centro de México e incluyen rocas de la 

Mesa Central, el sector transversal de Parras y la parte central del CPCM. 
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Adicionalmente se plantearon los siguientes objetivos particulares. 

i. Identificar las posibles fuentes de sedimento que rellenaron la cuenca de antepaís 

mexicana. Para cumplir con este objetivo se aplicaron metodologías de estratigrafía clásica, así 

como el uso de conceptos y técnicas analíticas modernas como el fechamiento de granos de circón 

por U-Pb y (U-Th)/He en circón. 

ii. Identificar los posibles patrones de dispersión que acarrearon sedimentos a la CAM. 

Para lograr este objetivo se integró un vasto conjunto de nuevas edades U-Pb en circón que 

aunado a datos petrográficos y direcciónes de paleocorrientes permitieron construir sólidas 

hipotesis de procedencia y de patrones de dispersión de sedimentos durante el Cretácico Tardío-

Paleógeno. Adicionalmente, la distribución de detritos volcánicos documentada fue evaluada en el 

contexto de modelos de circulación atmosférica para Norte América durante el Cretácico Tardío. 

iii. Evaluar la influencia de los eventos de deformación de la parte central del CPCM en la 

producción y dispersión de sedimentos en la CAM asociada durante el Cretácico Tardío-

Paleógeno. Para lograr este objetivo se construyó un sólido conjunto de datos petrográficos, geo- y 

termocronológicos procedentes de unidades cretácicas presentes a lo largo del transecto geológico 

Tolimán-Tamazunchale (estados de Querétaro-San Luis Potosí) ubicado en la parte central del 

CPCM. 
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Parte II 
Metodología 
 
II.I Trabajo de campo y colecta de muestras 

En el trabajo de campo se aplicaron metodologías de estratigrafía clásica que incluye la medición y 

descripción de columnas estratigráficas, reconocimiento e interpretación de litofacies, medición de 

estructuras de paleocorrientes, identificación de discordancias y de estructuras de deformación. 

Veinticinco columnas estratigráficas cortas (~6-25 m de espesor) de la CAM fueron documentadas 

la Mesa Central, el sector transversal de Parras, la curvatura de Monterrey y en centro del CPCM. 

Las columnas más completas (~125 y ~430 m de espesor) medidas en la curvatura de Monterrey y 

el sector transversal de Parras, respectivamente, son discutidas en el Capítulo II. Las 

interpretaciones presentadas en esta tesis se basan en el análisis de 14 muestras petrográficas, 18 

muestras geocronológicas y 3 muestras utilizadas para realizar fechamientos dobles (U-Th)/(He-

Pb). Las muestras fueron colectadas con respecto a rasgos geológicos importantes (e.g., 

discordancias, cambios litológicos y posición con respecto a estructuras de deformación). Cada 

muestra está posicionada dentro de columnas estratigráficas en las que se destaca su litología, 

contenido fósil, estructuras sedimentarias primarias e indicadoras de dirección de paleocorrientes 

cuando estuvieron presentes (e.g., estructuras de flauta y de arrastre). Estas consideraciones 

complementan las interpretaciones presentadas y están encaminadas a mejorar la comprensión de 

variaciones obtenidas en los espectros de edad U-Pb en los granos de circón detrítico analizados.  

 

II.II Petrografía de rocas sedimentarias clásticas 

Para cada muestra geocronológica se elaboró una sección delgada. Las rocas clásticas fueron 

clasificadas de acuerdo al esquema de clasificación de areniscas de Folk (1974). La mitad de cada 

sección delgada fue teñida con cobaltonitrito de sodio para el reconocimiento modal de feldespato 

potásico. Para cada muestra se contaron un total de 400 granos del armazón siguiendo la técnica 

de conteo de Gazzi-Dickinson y así minimizar la dependencia de la composición al tamaño de 

grano (Ingersoll et al., 1984). Los conteos fueron graficados en los diagramas ternarios de 
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procedencia QtFL y QmFLt (Dickinson, 1985) y LmLvL (Ingersoll y Suczek, 1979). Los minerales 

accesorios y los granos bioclásticos no fueron incluidos en los diagramas ternarios. Los parámetros 

de conteo de puntos se muestran en el Apéndice 1.  

 

II.III Geocronología U-Pb en granos de circón detrítico 

Una de las metas más comunes al realizar estudios geocronológicos en granos de circón detrítico 

es constreñir la edad de sucesiones sedimentarias siliciclásticas, particularmente cuando los 

depósitos carecen de fósiles diagnósticos de edad (Fedo et al., 2003; Dickinson y Gehrels, 2009). 

La geocronología U-Pb en granos de circón detrítico provee de edades de cristalización (~900ºC) 

que comúnmente se usan para establecer edades estratigráficas absolutas (e.g., Reiners et al., 

2005; DeCelles et al., 2007). La premisa principal es que la edad de depósito debe ser menor que 

(o igual a) la edad del circón detrítico más joven o grupo de circones más jóvenes (Dickinson y 

Gehrels, 2009). Sin embargo es común que los resultados obtenidos correspondan únicamente a 

la edad máxima de depósito (DeCelles et al., 2007). Las edades de cristalización pueden 

aproximarse a la edad de depósito cuando se presentan granos de circón volcánico procedentes 

de una fuente contemporánea, ya que su depósito es instantáneo por lo que constituyen granos 

sindepositacionales. En algunos casos la estimación de la edad de las sucesiones sedimentarias 

en el noreste y centro de México mejoraron cuando dentro de éstas existieron capas de toba que 

fueron analizadas y sus edades, interpretadas como edades de emplazamiento, fueron usadas 

para constreñir las MDA obtenidas a partir de granos de circón detrítico.  

La geocronología U-Pb en circones detríticos es una técnica probada y ampliamente utilizada 

para evaluar hipótesis de procedencia por medio de la comparación de edades U-Pb de circones 

detríticos de una muestra desconocida con las edades de un conjunto de circones detríticos de 

referencia bien establecido (e.g., Gehrels y Dickinson, 1995; Gehrels, 2000; Lawton et al., 2009; 

Leier y Gehrels, 2011). Numerosas investigaciones recientes muestran que la combinación de 

metodologías de estratigrafía clásica complementadas con datos derivados de técnicas analíticas 

modernas proporcionan información trascendente para entender la influencia de la deformación en 

el relleno de cuencas de antepaís (e.g., Fildani et al., 2003; Soegaard et al., 2003; Dickinson y 
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Gehrels, 2008; Lawton et al., 2009; Romans et al., 2010; Fosdick et al., 2011; Raines et al., 2013; 

Roigé et al., 2016; Malkowski et al., 2017; Calle et al., 2018; Pujols et al., 2018). 

Cada muestra geocronológica consiste de 3-5 kg de roca para obtener 150 granos de circón 

detrítico por muestra que luego fueron analizados por ablación láser asociada con un 

espectrómetro de masas de plasma inductivamente acoplado (LA-ICPMS, por sus siglas en inglés). 

Esta técnica analítica requiere que los granos tengan al menos ∼60 µm de diámetro, pues los 

cráteres de ablación varían de 25-50 µm de diámetro y de 7-8 µm en profundidad. Debido a lo 

anterior las muestras geocronológicas analizadas están constituidas dominantemente por 

areniscas de grano mediano a grueso (250 µm a <2 mm) con tonos oscuros –tonalidad 

comúnmente dada por la abundancia de minerales pesados– ya que éstas tienen las mejores 

posibilidades de contener circones detríticos con tamaños adecuados para esta técnica. Las 

muestras fueron analizadas en el Laboratorio de Estudios Isotópicos (LEI) del Centro de 

Geociencias, UNAM-Juriquilla de acuerdo a los procedimientos descritos por Solari et al. (2018), el 

Geo- and Thermochronometry Laboratory de la Universidad de Texas en Austin según la 

metodología descrita por Hart (2015), Hart et al. (2016) y Pujols et al. (2018). Adicionalmente, una 

muestra fue analizada en Arizona LaserChron Center de la Universidad de Arizona de acuerdo a 

los procediminetos descritos por Gehrels et al. (2008). 

Para cada muestra se analizaron entre 120-150 granos de circón detrítico para obtener un 

conjunto de datos estadísticamente representativo que permitiera identificar los principales 

componentes de edad en cada muestra (e.g., Vermeesch, 2004). En el caso de las muestras de 

toba se realizó el análisis de 40-50 granos para calcular la edad de cada muestra, la cual se 

interpretó como edad de emplazamiento. Para ampliar nuestro conocimiento y elaborar 

interpretaciones más robustas sobre el registro de edades de circón en el relleno de la cuenca de 

antepaís mexicana, las nuevas edades U-Pb fueron analizadas conjuntamente con edades U-Pb 

de la CAM previamente publicadas (e.g., Lawton et al., 2009; Ortega-Flores et al., 2014; Velasco-

Tapia et al., 2016). 

El análisis de datos y las interpretaciones hechas en esta investigación se basan en edades U-

Pb concordantes; los filtros de concordancia utilizados se detallan en la metodología de cada 



 17 

publicación. El análisis de las edades U-Pb incluye histogramas, curvas de probabilidad relativa y 

media ponderada (weighted mean age) calculadas por medio del software Isoplot 4.15 (Ludwig, 

2012). Las edades isotópicas y edades corregidas son proporcionadas en los Apéndices 2 y 3. El 

marco temporal seguido en este trabajo se basa en la escala del tiempo geológico (Geologic Time 

Scale) propuesta por Cohen et al. (2013). 

 

II.IV Termocronología (U-Th)/He en circón 

La termocronometría (U-Th)/He en granos de circón se basa en el incremento de helio dentro del 

cristal a partir de la decadencia radioactiva del U y Th, la cual se mantiene por debajo de la 

temperatura de cierre ~180ºC (Reiners, 2005; Reiners et al., 2005). Por encima de esta 

temperatura el He escapa del cristal por difusión y la edad calculada por esta técnica será cero 

(Payton y Carrapa, 2013). La baja temperatura de cierre del sistema (U-Th)/He en granos de circón 

permite la reconstrucción de la historia térmica de la corteza superior, particularmente es posible 

fechar eventos de exhumación tectónica y determinar la historia de sepultamiento de una cuenca 

sedimentaria (e.g., Saylor et al., 2012; Domènech et al., 2016; Hart et al., 2016; Pujols et al., 2018; 

Juárez-Arriaga et al., 2019b).  

Los granos de circón volcánico de primer ciclo tienen una edad de cristalización (U-Pb) y 

enfriamiento (ZHe) prácticamente idéntica (Reiners et al., 2005; Saylor et al., 2012; Pujols et al., 

2018). La inclusión de granos volcánicos en el análisis de las edades ZHe puede distorcionar las 

interpretaciones de la historia térmica de una región, por ejemplo, pueden llevar a la interpretación 

errónea de tasas de exhumación muy altas (Ruiz et al., 2004; Saylor et al., 2012). El fechamiento 

doble en granos individuales de circón se emplea para identificar la presencia de granos de circón 

volcánico de primer ciclo en sucesiones sedimentarias donde hay posibilidad de aporte de detritos 

volcánicos sinsedimentarios. Para reconocer estos granos se considera la diferencia entre la edad 

de cristalización y la edad de enfriamiento (∆t) según los criterios discutidos por Saylor et al. 

(2012). Si ∆t es menor que la incertidumbre 2σ de la edad ZHe, el grano se interpreta como un 

circón volcánico de primer ciclo y se excluye de los cálculos e interpretaciones posteriores.  
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Basados únicamente en la distribución modal de las edades de enfriamiento detríticas (DZHe) se 

identificaron los principales eventos de enfriamiento que en este caso, pueden ser atribuidos a 

diferentes episodios tectónicos en la evolución del CPCM central. 

 

II.V Fechas dobles (U-Th)/(He-Pb) en granos individuales de circón detrítico 

Dada su presencia en una variedad de litologías, su resistencia a la descomposición mecánica o 

química y la posibilidad de aplicar a un solo grano de circón dos técnicas isotópicas 

independientes: U-Pb y (U-Th)/He, estos granos son una poderosa herramienta para realizar tanto 

estudios evolución térmica en la corteza superior y de procedencia. El fechamiento doble en un 

grano único evita interpretaciones ambiguas basadas en un solo sistema isotópico y pueden 

ayudar a discriminar entre fuentes potenciales con edades de cristalización similares (i.e., U-Pb). El 

uso de edades de cristalización y enfriamiento procedentes de un único grano debe proporcionar 

una única combinanción, característica del área fuente de la cual se derivó el sedimento. Esta 

metodología permite además investigar la evolución temporal y espacial de procesos de 

exhumación y deformación en cinturones de pliegues y cabalgaduras (e.g., Saylor et al., 2012; 

Juárez-Arriga et al., 2019b).  

Además de realizar fechamientos U-Pb en granos de circón detrítico, este estudio incluye 

fechamientos por (U-Th)/He (ZHe) para refinar las interpretaciones de procedencia e identificar 

eventos de exhumación tectónica en el CPCM central. Un subconjunto de granos de circón se 

seleccionó para ser fechado por U-Th/He y obtener edades de enfriamiento (ZHe) siguiendo los 

criterios siguientes: (1) un tamaño mayor a 60 µm, (2) ausencia de inclusiones y fracturas y, (3) 

abundancia relativa de los componentes de edad U-Pb para cada muestra seleccionada (más 

detalles y fundamento teórico sobre esta técnica analítica en Wolfe y Stockli, 2010; Pujols et al., 

2018; Ruiz-Arriaga, 2018). Para cada muestra se obtuvieron entre 11-17 edades ZHe, las cuales 

registran el tiempo de enfriamiento a una temperatura de ~180ºC (e.g., Reiners et al., 2005).  

En el Capítulo 3 se presentan los resultados de edades dobles U-Pb y ZHe en granos de circón 

individual. Estos datos fueron analizados para refinar las interpretaciones de procedencia y para 

evaluar el modelo de evolución tectónica del CPCM central, es decir la migración de la deformación 
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hacia el este durante distintos episodios de deformación (e.g., Fitz-Díaz et al., 2014). Todas las 

fechas dobles (U-Th)/(He-Pb) se obtuvieron a partir de un grano circón individual en el Geo- and 

Thermochronometry Laboratory de la Universidad de Texas en Austin y se incluyen en el Apéndice 

4. 

 

II.V Estructura de la tesis 

La Parte III comprende tres capítulos, cada uno de ellos corresponde a un artículo publicado. Las 

interpretaciones de estas investigaciones se basan en edades U-Pb y U-Th /He en granos de 

circón volcánico y detrítico, y están sustentadas en conceptos de estratigrafía moderna. 

El Capítulo 1 corresponde a un artículo de revisión en el que se describe y define el orógeno 

mexicano como parte del sistema orogénico cordillerano. El análisis de un robusto conjunto de 

datos que incluye edades de deformación, edades máximas de depósito de las sucesiones 

sedimentarias sinorogénicas y edades de plutones sintectónicos en la margen occidental de 

México permite hacer las siguientes inferencias: (1) los datos indican que este evento orogénico 

fue el resultado de la subducción de la placa de Farallón a lo largo de la margen occidental 

mexicana. (2) Simultáneamente, al inicio del evento de acortamiento ocurrió el ahogamiento de las 

plataformas carbonatadas en el oeste y el inicio de la sedimentación siliciclástica en la CAM. (3) 

Durante la evolución del orógeno mexicano ocurrió un continuo y voluminoso magmatismo 

continental en la margen pacífica de México. Este arco constituyó una fuente abundante de 

sedimentos volcánicos para la CAM, así como de circones que permitieron establecer la edad de 

sus depósitos. La CAM constituye así una cuenca de retroarco (sensu Dickinson, 1976; Ingersoll, 

2012) que al igual que su contraparte en el norte, migró con el tiempo hacia el este por delante de 

la cuña orogénica. 

En el Capítulo 2 se propone el término cuenca de antepaís mexicana, la cual representa la 

continuación hacia el sur de la cuenca de antepaís cordillerana. La CAM agrupa a las sucesiones 

sedimentarias del Cretácico Tardío-Paleógeno que actualmente se extienden desde el norte de la 

faja volcánica transmexicana, en el centro del país, hasta los estados del noreste de México. Con 

base en un robusto conjunto de edades U-Pb en granos de circón volcánicos de primer ciclo y 
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detríticos, datos petrográficos y análisis de paleocorrientes se determina que buena parte del 

relleno sedimentario de la CAM provino de un arco magmático activo durante el Cretácico Tardío-

Paleógeno en la margen continental del occidente de México (arco magmático mexicano). Los 

principales mecanismos de dispersión de sedimentos son discutidos considerando que las fuentes 

en el arco fueron múltiples y simultáneamente activas durante el Cretácico Tardío.  

El Capítulo 3 se enfoca en el análisis de fechas dobles (U-Th)/(He-Pb) en granos individuales 

de circón detrítico para entender la correspondencia entre episodios de exhumación, como 

consecuencia del avance de la cuña orogénica hacia el este, con la sedimentación sinorogénica en 

la cuenca de antepaís mexicana en el centro de México. Las fechas dobles procenden de tres 

areniscas del Cretácico Superior localizadas en la parte central del cinturón de pliegues y 

cabalgaduras mexicano. Estas edades fueron complementadas con datos geocronológicos (U-Pb 

en circón detrítico), petrográficos y bioestratigráficos para constreñir mejor el tiempo de los eventos 

de deformación en el CPCM y la producción de sedimentos. Tres principales eventos de 

enfriamiento fueron identificados en el centro de México, los cuales se corresponden con pulsos de 

deformación previamente interpretados en la región (e.g., Fitz-Díaz et al., 2014; Garduño-Martínez, 

et al., 2015; Guerrero-Paz et al., aceptado). El evento de enfriamiento más joven reconocido es 

coincidente con la edad máxima de depósito de la Formación Chicontepec, sin embargo las 

edades de U-Pb no definen la claramente la fuente de sus sedimentos. En contraste, el análisis 

petrográfico y bioestratigráfico indica que la mayor parte de los componentes de la muestra de la 

Formación Chicontepec deriva de la erosión de calizas localizadas directamente en el flanco 

occidental de esta unidad dentro del CPCM. 
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Parte III 
Evolución estratigráfica y procedencia de la cuenca de 
antepaís mexicana (CAM) en el centro de México 
 
 
 
 
III.I El orógeno mexicano y la cuenca antepaís mexicana 
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The Mexican orogen is the expression in Mexico of the Cordilleran orogenic system. The orogen extends the
length of Mexico, a distance of 2000 km from the state of Sonora in the northwest to the state of Oaxaca in the
south. The Mexican orogen consists of (1) a western hinterland of accreted oceanic basinal rocks and magmatic
arc rocks generally known as the Guerrero volcanic superterrane, (2) a foreland orogenic wedge, commonly
termed the Mexican fold and thrust belt (MFTB), composed of imbricated and folded Upper Jurassic-Lower Cre-
taceous carbonate rocks and Upper Cretaceous foreland-basin strata, and (3) an assemblage of variably folded
and inverted Late Cretaceous to Eocene foreland basins that lie northeast and east of the MFTB. The Mexican
orogen encompasses the entire country, spanning several physiographic provinces and deformational domains
that display both thin-skinned and thick-skinned structural styles determined by inherited crustal structure
and contrasting pre-kinematic sedimentary sections. The orogen contains kinematic characteristics of both the
Sevier and Laramide orogens in the United States (U.S.), and deformation in theMexican orogen spanned the de-
formational history of those U.S. orogens. The overall trend of theMexican orogen is NW-SE, although it displays
local trend variations. At presently exposed levels, the orogen consists of folded and reverse-faulted Mesozoic-
Eocene strata. Lower Cretaceous strata of the deformed foreland are dominated by carbonate rocks, whereas
time-equivalent strata in the hinterland consist of deformed plutons belonging to one or more magmatic arcs,
as well as turbidites, pillow lavas and altered mafic rocks deposited in an offshore basin prior to consolidation
of fringing arc systems to mainland Mexico. Upper Cretaceous syntectonic strata of the foreland orogenic
wedge constitute siliciclastic turbidite successions that grade eastward to carbonate pelagites of the distal fore-
land basin, which was starved of siliciclastic sediment input. Uppermost Cretaceous and Paleogene strata of
the foreland basin constitute a shelfal, deltaic and coastal plain fluvial succession in northeastern Mexico and a
succession of turbidites in the Tampico-Misantla basin east of the MFTB.
Structural geometry of the orogen was controlled by the spatial distribution of pre-Cretaceous crustal elements,
such as Jurassic extensional basins and basement blocks, and detachment horizons at varying stratigraphic levels,
as well as the direction of structural vergence, which is dominated by NE-directed tectonic transport throughout
the belt. Jurassic evaporite horizons and Upper Jurassic carbonaceous shale units provide detachment surfaces in
some parts of the orogen. The structural style of the MFTB is generally thin-skinned, although high-angle faults
are present at several localities, where the steep faults cut thin-skinned, shallowly-dipping faults, detachment
horizons and associated folds. Strain magnitude decreases toward the foreland and generally satisfies critical
wedgepredictions. Values of shortening N70% are present in the hinterland of centralMexico; these decrease sys-
tematically to values b15% to the front of the fold belt where upper Eocene onlap successions in the Gulf of
Mexico coastal plain unconformably overlie deformed strata of the orogenic wedge. Exceptions to this pattern
of regional shortening values are well documented and are related to lateral variations in mechanical properties
caused by facies variations, notably massive platformal carbonates as contrasted with thinly-bedded basinal
carbonates.
Shortening history in the Mexican orogen approximately spanned Late Cretaceous-Eocene time. Deformation
timing has been constrained using Ar-Ar systematics on illite generated by layer-parallel slip in the limbs of
chevron folds. Estimates of deformation timing are in good agreement with the age of synorogenic sedimentary
successions, andwith ages of syn-tectonic plutons. Published data from central Mexico suggest episodic pulses of
deformation between 93–80Ma, 75–64Ma and 55–43Ma, which postdate the closure of the Arperos basin. Each
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of these shortening events affects rock units lying progressively farther to the east to yield a temporal eastward
advance of deformation and sedimentation. Effects of successively younger shortening were superimposed on
the westernmost exposures of the thrust belt and are evidenced on a map scale by abrupt trend variations in
orogen-interior folds, compared to generally linear or broadly arcuate axial traces of frontal folds.
Although potential tectonic mechanisms for shortening in the Mexican orogen remain debated, our analysis in-
dicates that orogenicwedge development took place in a retroarc setting that postdated consolidation of the hin-
terland oceanic assemblages, which lay offshore western Mexico during Albian time. Orogen development
followed a protracted period of early Mesozoic extension that affected most of the Mexico due to the combined
effects of Laurentia-Gondwana separation and long-term Triassic-Jurassic rollback of a paleo-Farallon plate. Slab
rollback ultimately resulted in the development of a marginal basin, the Arperos basin, between a rifted Late
Jurassic magmatic arc and mainland Mexico. Initial shortening in the Mexican orogen, which followed Arperos
basin closure and Guerrero superterrane accretion by ~5–10 Ma, was coeval with voluminous magmatism on
the Pacificmargin ofMexico, drowning of thewestern carbonate platforms and onset of foreland-basin sedimen-
tation in Cenomanian time. Subduction of the Farallon slab from early Late Cretaceous to Eocene time was thus
the primary driving mechanism of shortening in the Mexican orogen.

© 2017 Elsevier B.V. All rights reserved.
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
1.1. Historical perspective: from the Sierra Madre Oriental to the Mexican fold and thrust belt. . . . . . . . . . . . . . . . . . . . . . . . . 58
1.2. Structures vs. tectonic events . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

2. Paleogeographic and stratigraphic synthesis of Mexico prior to development of the Mexican orogen . . . . . . . . . . . . . . . . . . . . . . . 62
3. Basin development in the Mexican orogen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.1. Pre-consolidation marginal-basin deposits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.2. Deformed foreland basin deposits of the MFTB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.2.1. Imbricated foreland basin deposits, MFTB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.2.2. Extant foreland basin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.3. Chihuahua and Sabinas basins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
4. Shortening deformation in the MFTB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.1. Sonora . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4.2. Section A-A′: Chihuahua basin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
4.3. Section B-B′: Mesa Central-Coahuila block-Sabinas basin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.4. Section C-C′: Central Mexico basin from Zacatecas to Nuevo León . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.5. Section D-D′: Central Mexico . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.6. Section E-E′: Morelos Guerrero platform . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.7. Section F-F′: Cuicateco assemblage-Veracruz basin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.8. MFTB deformation summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

5. Syn-orogenic magmatism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
6. Timing of deformation in the Mexican orogen . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
7. Tectonic evolution of Mexico during the Mesozoic and the development of the Mexican orogen . . . . . . . . . . . . . . . . . . . . . . . . . 77
8. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
1. Introduction

The Mexican orogen is the areally most extensive tectonic feature in
Mexico and has a spectacular topographic expression in the Sierra
Madre Oriental and the SierraMadre del Sur (Fig. 1). Because it includes
the entire Sierra Madre Oriental physiographic province, the belt has
been termed the Sierra Madre Oriental orogenic belt or Sierra Madre
Oriental orogen in the literature, but temporally equivalent shortening
deformation in fact encompassed the entire modern crustal domain
lying between the Pacific Ocean and the Gulf of Mexico. The Mexican
orogen has a length of N2000 km and is hundreds of km wide along
an elongate zone that extends northward from the Tehuantepec Isth-
mus in Oaxaca to northwestern Sonora. The structures in the foreland
of the Mexican orogen have a generally NW-SE trend in central
Mexico that changes to almost E-W in northeasternMexico at theMon-
terrey salient and back again to NW-SE in northwestern Mexico at the
Torreón reentrant (Fig. 1). To the south, the MFTB bifurcates to form
two separate belts of deformation that flank the southernMexicometa-
morphic terranes block, including an eastern belt that continues into the
Morelos-Guerrero platform (Fries, 1956) and awestern belt that follows
the Zongolica range (Fig. 1).

TheMexican orogen consists of thrust faults and folds involvingMe-
sozoic and Paleogene sedimentary strata of eastern Mexico (de Cserna,
1956; Suter, 1984, 1987; Eguiluz de Antuñano et al., 2000; Gray and
Lawton, 2011; Fitz-Díaz et al., 2014a,b; Fig. 2), and locally involves base-
ment rocks (e.g., Chávez-Cabello, 2005; Zhou et al., 2006; Mauel et al.,
2011). As in the thrust belt of the Canadian Rocky Mountains (Bally
et al., 1966; Price, 1981) and the Sevier and Laramide orogens in the
United States (Armstrong, 1974; Weil and Yonkee, 2012), the Mexican
thrust belt (Coney, 1981; Campa, 1985) was formed on the external,
foreland side of the Cordilleran orogenic system (Fig. 2), which resulted
from protracted Jurassic-Paleogene subduction along the western edge
of the North America plate (Coney, 1989; Oldow et al., 1989; Dickinson
and Lawton, 2001; Dickinson, 2004; DeCelles, 2004; Evenchick et al.,
2007). We regard the Mexican thrust belt, or Mexican fold and thrust
belt (MFTB) as only the foreland part of the overall orogenic wedge
that developed in Late Cretaceous-Paleogene time. A western hinter-
land part of the wedge occupies much of western Mexico (Fig. 1). The



Fig. 1. Landsat image showing the distribution of themain physiographic elements ofMexico and the distribution of theMexican fold and thrust belt (MFTB) delineatedwith a dashed red
line. The MFTB includes the Sierra Madre Oriental, the Mesa Central and Cuencas y Sierras del Norte and Sierra Madre del Sur, and is partly intruded and covered by rocks of the Sierra
Madre Occidental and of the Trans-Mexican Volcanic Belt.
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hinterland is composed of young crustal elements assembled by terrane
accretion (Centeno-García, 2005), arc-related magmatism (Tardy et al.,
1994; Jones et al., 1995), low-grademetamorphism (Elías-Herrera et al.,
2000) and localized penetrative deformation (Salinas-Prieto, 1994;
Johnson et al., 1999). Pre-orogenic rocks formed coeval with Jurassic
rifting (Salvador, 1987) and Early Cretaceous drifting (Goldhammer
and Johnson, 2001) in the Gulf of Mexico. The hinterland and foreland
domains of the Cordilleran orogenic system in Mexico are separated
by a suture of complexly deformed rocks of the Arperos basin, which
opened between the Late Jurassic and the Early Cretaceous (Freydier
et al., 1998; White and Busby, 1987; Almazán-Vázquez, 1988; Martini
et al., 2014) and was deformed in the Albian (Johnson et al., 1999;
Martini et al., 2013, 2014; Martini and Ortega-Gutiérrez, in press; Mar-
tini et al., 2016; Ortega-Flores et al., 2015).

Although we focus in this review on advances in understanding the
Late Cretaceous-Paleogene deformation, syn-orogenic sedimentation
and magmatism of the MFTB in the foreland of the Mexican orogen,
we also consider new findings on the evolution of the Guerrero terrane
in order to establish temporal and spatial connections of deformation
episodes, syn-orogenic sedimentary patterns, andmagmatism that per-
mit an integrated view of tectonic processes, test existing tectonic
models and support those models that consistently explain the origin
and evolution of theMFTB.Wedefine the rocks of the Guerrero volcanic
superterrane (e.g., Dickinson and Lawton, 2001), or simply Guerrero
terrane, which have debated affinity to continental basement of
Mexico by virtue of their oceanic character, to constitute the hinterland
of the Mexican orogen.

This review also offers a perspective on how knowledge regarding
theMFTBhas built up through time, aswell as on knowledge of different
aspects of the tectonic evolution of Mexico that might have influenced
the development of the MFTB, including the post-Pangea crustal archi-
tecture of Mexico and Mesozoic paleogeography and stratigraphy, Late
Cretaceous-Paleogene deformation patterns, timing of deformation in
the MFTB, syn-orogenic sedimentation, opening and evolution of the
Arperos-Alisitos basin and subsequent accretion of the Guerrero ter-
rane, as well as arc-related magmatism and subduction dynamics on
the Pacific flank ofMexico.We also compare the parallelism of deforma-
tion processes in the hinterland and foreland Cordilleran domains
(Guerrero terrane and MFTB, respectively) and review tectonic models
to explain the formation of the MFTB. In particular we address four
key points:

1. The architecture of Mexican fold and thrust belt, and the influence of
inherited paleogeographic elements on Late Jurassic-Paleogene stra-
tigraphy and deformation patterns;

2. Spatial and temporal relations of deformation and sedimentation;
3. Evolution of subduction-related magmatism within the MFTB;
4. A review of tectonic models that integrally explain deformation

propagation, magmatism and foreland basin migration within a
broad paleotectonic framework that integrates the Guerrero terrane,
the Arperos-Alisitos basin and the MFTB.

1.1. Historical perspective: from the Sierra Madre Oriental to the Mexican
fold and thrust belt

Prior to the 1950s and into the 1960s, most geological studies in
Mexico were focused on mining exploration and definition of regional
stratigraphy (e.g., Baker, 1922; Kellum, 1930; Imlay, 1936; King, 1944;
Rogers et al., 1961). Only a few pioneer studies were dedicated to
describing structures of the Sierra Madre Oriental in NE Mexico
(e.g., Böse, 1923; Kellum et al., 1936; Heim, 1940; Álvarez, 1949). Be-
cause many of these studies were carried out by geologists from the
U.S., a connection or continuity of structures of the Sierra Madre Orien-
tal to structures farther north was suggested (e.g., Humphrey, 1956).



Fig. 2. The North American Cordilleran system, including theMexican orogen, adapted from Yonkee andWeil (2015). Themap includes current distribution ofmajor tectonic elements of
the cordilleran orogenic system in Mexico, including Triassic-Jurassic? accretionary complexes, forearc basins, backarc suture basin in Mexico (Arperos basin), hinterland magmatic arc
(Guerrero terrane), hinterland metamorphic core complexes, Sevier fold-thrust belt, Laramide foreland belt, and overlap of thin-skinned and thick-skinned domains on the Mexican
fold-thrust belt and foreland basins in Mexico. Details of the U.S.-Canada area available in Yonkee and Weil (2015). Major frontal thrusts of the MFTB are indicated with white lines
with triangular barbs. References: 1Aranda-Gómez andMcdowell, 1998, 2Centeno-García, 2005; 3Barboza-Gudiño et al., 2010, 4Campa and Coney, 1983, 5Jones et al., 1995; Ortega-Gutiér-
rez et al., 2014, 7Martini and Gutiérrez, 2016a, Martini et al., 2016b, 8Goldhammer, 1999; 9Walawender et al., 1990, 10Henry et al., 2003, 11Ramos-Velázquez et al., 2008, 12Schaaf et al.,
2003, 13Wong and Gans, 2008. The distribution of thin-skinned and thick-skinned structures near the Mexico-USA border considers works by Pubellier et al. (1995) and Lawton (2000,
2008).
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The first classic work on the Sierra Madre Oriental by Zoltan de Cserna
(1956) presented a map, detailed structural cross-sections, and a kine-
matic interpretation of folds and thrusts of a broad area that included
the Monterrey salient and the Parras transverse sector between Mon-
terrey and Torreón (Fig. 1). De Cserna later included these features in
the first tectonic map of Mexico (de Cserna, 1961) and framed the pat-
terns of deformation in a broader tectonic context (Guzman, 1963).
Guzman and deCserna (1963) also applied the term, “Mexican structur-
al belt,” to a group of structures in eastern Mexico formed between the
Late Jurassic and Pliocene, and proposed the term, Hidalgoan orogeny,
for an early Eocene shortening event, which they correlated with the
Laramide orogeny.

The 1960s and 1970s sawmore modern structural studies and kine-
matic interpretation of the MFTB. Carrillo-Bravo (1961, 1965, 1971)
contributed iconic works on stratigraphy and structure of the MFTB in
central Mexico. Mark Tardy (Tardy et al., 1975; Tardy, 1980) revised
the geology of the Sierra Madre Oriental in the Mesa Central and
Monterrey salient, and applying concepts of Alpine geology, analyzed
the effect of pre-orogenic basin architecture on deformation styles of
the region.

In the 1980s, with significant advances in understanding of Cordille-
ran tectonics, Campa and Coney (1983) divided the Mexican territory
into tectono-stratigraphic terranes and defined the SierraMadre terrane
as: “…a sequence of folded and imbricated thrust-faulted upper
Mesozoic limestones, shale, and sandstone layers of the superjacent
Gulf of Mexico transgressive sequence deformed during the Late
Cretaceous-early Tertiary Laramide orogeny.” Mesozoic strata were in-
ferred to overlie a succession of Paleozoic sedimentary and metamor-
phic units with a Precambrian basement in this terrane. Campa (1985)
pointed out that the Mexican thrust belt also includes parts of adjacent
tectono-stratigraphic terranes, including the Juárez, Mixteco, Coahuila
and Chihuahua terranes. Campa (1985) considered the Mexican thrust
belt as a transposed tectonic element emplaced at the border between
the Guerrero terrane to the west and the eastern autochthonous fore-
land terranes of Mexico, in the Cordilleran orogenic system.

The 1990s saw continued growth in general understanding of MFTB
structural geology and kinematics. As the result of regional mapping
projects, Suter (1990) and Carrillo-Martínez (1997) generated remark-
able advances in understanding the MFTB in central Mexico (Suter,
1984, 1987, 1990; Carrillo-Martínez, 1989, 1990); through their work,
this is probably the best known part of the MFTB. Padilla y Sánchez
mapped and analyzed the geometry of structures of the Monterrey sa-
lient (Padilla y Sánchez, 1982, 1985). Based in part on this mapping,
Marrett and Aranda-García (1999) interpreted the structures of the
Monterrey salient and central Mexico in light of advances on kinematic
models of structures in fold-thrust belts, and of the orogenic wedge the-
ory. Eguiluz de Antuñano et al. (2000) likewise presented an integrated
review of the tectonics of the Sierra Madre Oriental that synthesized
published and unpublished data by PEMEX on stratigraphy and large-
scale structure of the belt.

Since 2000, studies have focused on understanding kinematics and
tectonics (Salinas-Prieto et al., 2000; Ortuño-Arzate et al., 2003; Zhou
et al., 2006; Nieto-Samaniego et al., 2006; Alzaga-Ruiz et al., 2009;
Roure et al., 2009; Fischer et al., 2009; Fitz-Díaz et al., 2008; Fitz-Díaz
et al., 2011a, González-León et al., 2012; Martini et al., 2013), sedimen-
tation (Hernández-Romano et al., 1998; Giles and Lawton, 1999;
Lawton, 2008; Lawton et al., 2009; Gray and Lawton, 2011;
Ocampo-Díaz et al., 2016), magmatism (González-León et al., 2000,
2011; Valencia-Moreno et al., 2001; Chávez-Cabello, 2005; Cerca et al.,
2007; Ramos-Velázquez et al., 2008; Martini et al., 2009), fluid-rock in-
teraction and thermal structure (Gray et al., 2001; Fischer et al., 2009;
Ferket et al., 2003; Fitz-Díaz et al., 2011b; Nemkin et al., 2015) and
timing and propagation of deformation (Gray et al., 2001; Gray and
Lawton, 2011; Cuéllar-Cárdenas et al., 2012; Fitz-Díaz and van der
Pluijm, 2013; Fitz-Díaz et al., 2014a,b; Heller and Liu, 2016) along spe-
cific transects or areas of the thrust belt. This manuscript is based on a
review of classic and recent publications to produce an updated over-
view of the MFTB.

1.2. Structures vs. tectonic events

The term, “fold-thrust belt” is a concept in structural geology that
describes a province, generally of significant topography, dominated
by shortening structures (folds and thrusts) affecting stratified rocks
at very low metamorphic facies to surface conditions. Such belts lie on
the continental, or foreland, edges of wider orogenic belts. Because of
the belt's proximity to the surface, deformation, erosion and sedimenta-
tion are interacting processes in fold-thrust belts (Dahlstrom, 1970;
Chapple, 1978; Price, 1981; Beaumont, 1981; Beaumont et al., 1992;
McClay, 1992; DeCelles, 1994; Lawton, 2008) and advances in orogenic
wedge numerical models have illustrated the intimate feedback rela-
tionships among these processes (Willet, 1999; Stockmal et al., 2007;
Cruz et al., 2010); nevertheless, deformation, magmatism and meta-
morphism are dominant processes in the internal, hinterland part of
orogenic belts in the vicinity of plate boundary (Monger et al., 1982;
Barton and Hanson, 1989; Brown, 1993).

For the foreland orogenic wedge, we use a slight modification of the
term, Mexican thrust belt, proposed by Campa (1985) because it per-
fectly suits the topical content of this review. The Mexican fold thrust
belt, as defined here (Fig. 1), constitutes a widespread geographic prov-
ince distributed along a mountainous fringe from southern Oaxaca to
Sonora (Fig. 1). The belt includes all shortening structures involvingMe-
sozoic sedimentary units, and locally basement rocks that were formed
in the Late Cretaceous-Paleogene in theMexican foreland of the Cordil-
leran orogenic system. We add the word “fold”, to the term “Mexican
Thrust Belt” of Campa (1985) because a significant portion of this belt
is dominated by folds that are unrelated to thrusts (Fitz-Díaz, 2010;
Fitz-Díaz et al., 2011a, 2012), which is a characteristic style in Mexico
and is different from the thrust belt style of the Rocky Mountains,
which is dominated by thrusts (Bally et al., 1966; Armstrong, 1968;
Price and Fermor, 1985). The MFTB includes thin-skinned and thick-
skinned structures, which are represented in two domains, green and
light orange in map of Fig. 2, with an overlap among them in pale
brown. The Sevier and Laramide belts of the U.S. are also mapped with
similar colors, respectively.

The Sevier belt or Sevier orogen is distributed along a sinuous band
on the western side of the Colorado Plateau in the southwestern U.S.
(Fig. 2; Armstrong, 1968) and western Canada (Price and Fermor,
1985). The Sevier orogen consists of folds and thrusts that in cross-
section are confined within an orogenic wedge tapering to the east
(Fig. 2 in Weil and Yonkee, 2012). The age of deformation in this belt
took place between the Hauterivian and early Eocene (see Fig. 12 and
references in Yonkee and Weil, 2015) and crustal shortening has been
attributed to an increase in convergence rates between the North
American plate and subducting Farallon oceanic plate from the Jurassic
to the Early Cretaceous. It has been speculated that the rate of trench
rollback was likely lower than the rate of the overriding North
American plate motion, thus causing convergence of the subduction
hinge, with intraplate shortening and development of the Sevier belt
as a consequence (DeCelles, 2004; Fig. 6B–D, in Yonkee andWeil, 2015).

Coney (1976) defined the Laramide orogen on the basis of deforma-
tion style and time of formation between Maastrichtian and middle Eo-
cene (Dickinson et al., 1988; DeCelles, 2004). The faults in the Laramide
province are typically high-angle reverse faults with 10s of km of along-
strike extent that accommodate significant vertical displacements, in-
volve basement rocks, and are commonly associated with km-scale
drape folds (Friedman et al., 1976; Figs. 5D and 6D of Yonkee and
Weil, 2015). Despite contrasting styles of deformation, there is substan-
tial temporal overlap of shortening in the Sevier and Laramide belts. In
central Utah, displacement along low-angle thrusts at the front of the
thrust belt continued until middle to late Eocene time and thus tempo-
rally overlapped themain phase of basement deformation that occurred
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farther to the east (Lawton and Trexler, 1991; Lawton et al., 1993).
Moreover, as Lawton (2008) pointed out “basement-involved disrup-
tion of the orogenic foreland never did take place in the Canadian Cor-
dillera; therefore, the temporal definition of the Laramide orogeny is
an artificial construct in Canada.” In addition to basement-cored uplifts
of the Colorado Plateau (Davis, 2009), thick-skinned structures are also
present in California, Arizona, New Mexico, and extend into the states
of Sonora, Chihuahua and Coahuila in northern Mexico (Fig. 2;
Drewes, 1988; Hennings, 1994; Pubellier et al., 1995; Jacques-Ayala,
1999; Jacques Ayala et al., 2009; Lawton, 2008; Haenggi, 2002;
Chávez-Cabello, 2005). The development of crustal-scale basement-
involved structures has been associated with an increase in basal trac-
tion as a consequence of flat-slab subduction (Dickinson and Snyder,
1978; Jordan and Allmendinger, 1986), or subduction of thick, buoyant
oceanic plateaus (Liu et al., 2010).

Due to the trend of structures of theMFTB and their continuity to the
north, they have historically been related to the Laramide orogeny
(Humphrey, 1956; De Cserna, 1956; Campa and Coney, 1983; Eguiluz
de Antuñano et al., 2000; Nieto-Samaniego et al., 2006; Cerca et al.,
2007; Cuéllar-Cárdenas et al., 2012), regardless of their deformation
style or timing (Coney, 1976). In Fig. 2 we use the same color for thin-
skinned structures in the MFTB as for those in the Sevier belt on the
basis of kinematic affinity, and the thick-skinned structures have a
Fig. 3.Modified geologicmap of Fig. 10 inMartini andOrtega-Gutiérrez (in press) showing the l
during the drift and cooling stage. The distribution of shallow and deepmarine successions dev
Weuse thisfigure as a reference for Cretaceousplatforms andbasins, forwhich the stratigraphic
of the Late Jurassic-Cenomanian successions from the available 1:250′000 maps of the Servicio
(1990), Lehmann et al. (1999), Silva-Romo et al. (2000), Haenggi (2002), Humphrey and Díaz (
Rosales et al. (2010), García Barragán and Jacques-Ayala (1999).
similar color to the Laramide province. This does not necessarily imply
that the thin-skinned structures of the MFTB were formed during the
Sevier orogeny or that the thick-skinned features were formed during
the Laramide orogeny. In fact, we now know that the thin-skinned
structures of the MFTB are younger than most of the Sevier structures.
Thick-skinned structures in northernMexico, on the other hand, in gen-
eral correspondbetter in space, time and stylewith Laramide structures.
Most thick-skinned structures of the MFTB in northern Mexico are
flanked by reactivated normal faults, previously active during the for-
mation and subsidence ofMiddle Jurassic-Early Cretaceous sedimentary
basins (e.g., Bisbee, Chihuahua and Sabinas basins, Fig. 3), which pre-
sumably formed as a consequence of the opening of the Gulf of
Mexico and were later inverted (Mckee et al., 1990; Lawton, 2000;
Haenggi, 2001, 2002; Mauel et al., 2011; Chávez-Cabello, 2005).

In the absence of detailed kinematic studies, age or specific data
about their origin, most shortening structures within the MFTB of gen-
eral Late Cretaceous-Paleogene age, irrespective of geographic location,
or their thin- or thick-skinned style, have been interpreted as part of the
Laramide orogen. We believe that this indiscriminate correlation is in-
appropriate for most structures in the MFTB, which, although domi-
nantly thin-skinned, include a variety of structural styles. Moreover,
although the Sevier, Laramide and MFTB orogens all lie in the foreland
of the Cordilleran orogenic system, the geodynamics along the western
ocation and extension of the Late Jurassic-Cenomanian stratigraphic successions developed
eloped on basement highs and subsiding basin, respectively, are differentiated in themap.
columns in Figs. 4 and5,were synthesized. The authors of thisfigure recompiled exposures
Geológico Mexicano, as well as from Suter (1987), Carrillo-Martínez (1989), McKee et al.
2003), López-Doncel (2003), Cerca et al. (2007), Barboza-Gudiño et al. (2010), Mendoza-
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margin of North America were so variable, in both time and space
(Hildebrand, 2009), that it would be impossible that all thrust belts
were formed in the same tectonic scenario, especially considering the
great length of the belt. In addition, continental-arc magmatism accom-
panied the entire time span of deformation in Mexico, as reviewed
below,whereas the Laramide orogeny of theU.S. was largely amagmatic
(e.g. Dickinson and Snyder, 1978). For the above reasons, we propose
redefinition of the Late Cretaceous-Eocene deformed belt in all its struc-
tural variability as the Mexican orogen. For instance, the accretion to
Mexico of the Guerrero superterrane is restricted to western Mexico,
yet Guerrero rocks were the source of much of the sediment in the
foreland basins.

Finally, the Laramide orogeny may have a tectonic cause related to
distribution of crustal heterogeneities in the Farallon slab. Recent in-
verse convection models (Liu et al., 2010) have suggested that the
timing and distribution of thick-thinned Laramide deformation resulted
from the passage of a conjugate of the Shatsky oceanic plateau under
the southwestern U.S. between 90 and 68 Ma, while its companion,
the conjugate Hess oceanic plateau, passed under northern Mexico
later, from 65 to 50 Ma ago. In summary, preserved evidence in the
crust and poorly preserved evidence from the subducting plates
deciphered from inverse convection models (Liu et al., 2010; Liu and
Stegman, 2011) support the idea that theMexican orogen has sufficient
structural variation and potentially different tectonic drivers to warrant
its consideration as a separate entity, distinct from its northern counter-
parts in the Cordilleran orogenic system.

2. Paleogeographic and stratigraphic synthesis ofMexico prior tode-
velopment of the Mexican orogen

Most post-Proterozoic basement rocks in Mexico were added to
older Precambrian basement rocks on the southern edge of the North
American continent in northwestern Mexico (Ruiz et al., 1988) or to
Oaxaquia (Ortega-Gutierrez et al., 1995), a suite of Grenville age granu-
lites also known as the Middle American terrane (Keppie and Ortega-
Table 1
Color code of the lithotectonic groups represented in strati
Fig. 8. Lithology and tectonic environment duringdeposition

Color
code

Lithoestratigraphic grou

Quaternary alluvial and colluvial deposits. 

Neogene clastic deposits of the Gulf of Mexico co

Paleogene intrusions (syn-or post-tectonic if the

Paleogene marine synorogenic deposits along th

Paleogene redbeds overlying Upper Cretaceous t
deltaic deposits.

+  +  +  Upper Cretaceous intrusive rocks (syn or post te

……….. Upper Cretaceous shallow marine deltaic deposi

_ _ _ _ _ Upper Cretaceous synorogenic turbidites. 

Deepwater carbonate units deposited from Late 
Cretaceous time, during the drift period of the G

Shallow water carbonates deposited from the La

Cretaceous, during the drift period of the Gulf of

Volcanic and volcaniclastic rocks deposited in an
basin and the Alisitos arc during Late Jurassic an

^  ^ /- - - Middle to Upper Jurassic evaporites and carbona

Clastic marine deposits formed during the openi
Gutiérrez, 2010), during the progressive assembly of Pangea in the
Paleozoic (Poole et al., 2005; Ortega-Gutiérrez et al., 2003). Precambrian
and Paleozoic metamorphic and magmatic rocks are classified as base-
ment rocks and are indicated with the same pattern for simplification
in stratigraphic columns as indicated in Table 1.

The subsequent history of the breakup of Pangea, the persistent sub-
duction on thewesternmargin of Mexico and the opening of the Gulf of
Mexico deeply influenced the Mesozoic paleogeography and stratigra-
phy of Mexico, as described by Martini and Ortega-Gutiérrez (in
press). Following the Gondwana-Laurentia collision along the Ouachita
belt (Viele and Thomas, 1989; Poole et al., 2005), and the emplacement
of plutons of the Permo-Triassic arc (Torres et al., 1999, drawn in pale
purple in the cross-sections, as indicated in Table 1), Pangea experi-
enced a stage of thermal doming in northeasternMexico and southeast-
ern U.S. in the Late Triassic (Dickinson et al., 2010). During the uplift, a
gigantic volume of siliciclastic detritus was transported from the dome
toward the continental margin of western Mexico, where it is recorded
by deposits of quartz-rich sandstone interbedded with phyllite in the
fluvial El Alamar Formation and the Zacatecas Formation, which repre-
sents deposits of the Potosi submarine fan (Centeno-García and
Silva-Romo, 1997; Barboza-Gudiño et al., 2014). Finer-grained deposits
with similar populations of detrital zircons are exposed in central
Mexico in El Chilar complex (Ortega-Flores et al., 2014), and as far
south as the state of Michoacán, on the western margin of Mexico, in
the Arteaga complex (Centeno-García, 2005), providing a perspective
of the extent of this enormous depositional system that covered both
the future foreland and hinterland of the Cordilleran orogenic system.
These units are drawn in purple in the cross-sections and stratigraphic
columns.

In Early to Middle Jurassic time, felsic volcanic rocks were locally
emplaced in central Mexico in the vicinity of theMesa Central, presum-
ably during the development of the Nazas volcanic arc, related to sub-
duction of the Farallon plate on the Pacific margin of Mexico (Jones
et al., 1995; Torres et al., 1999; Bartolini et al., 2003); nevertheless, de-
tailed stratigraphic analyses of these deposits suggest they are
graphic columns of Figs. 4 and 6 and cross-sections of
constitute criteria for defining lithostratigraphic groups.
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dominated by felsic volcaniclastic rocks, rather than volcanic deposits
and only in Sonora and the southwesternU.S. are caldera-like structures
and Lower to Middle Jurassic granitoids preserved (Lipman and
Hagstrum, 1992; Riggs et al., 1993; Anderson et al., 2005a,b). These
rocks are indicated in sky blue (Table 1) and seem to be present in
both the hinterland and foreland of the Mexican orogen (Ortega-
Flores et al., 2015).

Adjacent to eastern Mexico, rifting in the Gulf of Mexico began
somewhat later in the Middle Jurassic (Ross and Scotese, 1988; Pindell
and Kennan, 2009). The horsts and grabens formed during the rifting
stage controlled the distribution of onshore Mexico evaporites and
redbeds (inverted-v pattern and pale blue, respectively in cross-
sections and columns, see Table 1) that filled the nascent basins. Car-
bonate platformal (bright green) and basinal facies (dark green) were
deposited atop basement highs andwithin structural lows, respectively,
during subsequent drifting stage of the Gulf of Mexico from the Late
Jurassic to the Cenomanian (Fig. 3; Wilson, 1990; Goldhammer, 1999).

In the Guerrero terrane, volcanism and plutonism were the domi-
nant Late Jurassic-Early Cretaceous geologic processes, as intra-arc ba-
sins and the backarc Arperos basin filled with deepwater volcaniclastic
sediments, in part including the Mezcalera Formation (Eguiluz de
Antuñano andCampa, 1982) formost of the Early Cretaceous. In the cor-
relation table (Fig. 4)we include composite stratigraphic columns of the
Guerrero terrane because its position in the hinterland of the Cordille-
ran orogenic system influenced formation of the MFTB, and the base-
ment rocks of the Guerrero terrane were an important source of
sediments in the synorogenic foreland basin. Thus, deformational epi-
sodes in the Guerrero terrane, evident as depositional hiatuses in the
stratigraphic column, can be related to episodes of sedimentation
to the east. We therefore use no color code for units in the Guerrero
terrane, but rather emphasize intervals marked by hiatuses.

Near the end of the Early Cretaceous, emplacement of magmatic
rocks into the Guerrero terrane dominated the tectonics of the western
margin of Mexico; however, carbonate and clastic deposits, which in-
clude a thick interval of redbeds, also accumulated in the hinterland
(Altamira-Areyan, 2002). In the foreland to the east, synorogenic turbi-
dites were deposited and preserved to form a record of foreland-basin
development from late Cenomanian through Maastrichtian time (pale
green in stratigraphic columns of Fig. 4). These turbidites are overlain
by fluvial deposits (orange) on the western side of the MFTB and by
clastic marine deposits (salmon colored) on the eastern edge of the
belt. Around the Gulf of Mexico margin, Neogene clastic deposits that
overlie the Paleogene strata are indicated in yellow in the cross sections.
Finally, we also include thick Quaternary alluvial and colluvial deposits
in pale yellow.

The color code of Table 1 allows us to establish stratigraphic correla-
tions across Mexico, and is used in the cross-sections in order to cali-
brate tectonostratigraphic relations and illustrate the mechanical
stratigraphy of the MFTB.

3. Basin development in the Mexican orogen

The stratigraphic record of the Mexican orogen can be divided into
two major tectonostratigraphic assemblages, which include (1) an as-
semblage of deep water strata and mafic volcanic rocks deposited in
an offshore basin or basins prior to accretion of the Guerrero terrane,
and (2) syntectonic strata deposited in a foreland basin that developed
adjacent to the orogenicwedge.We term the former assemblage, which
constitutes the fill and basement of the Arperos basin, pre-consolidation
marginal-basin deposits. These rocks were formed prior to shortening in
the orogen and were subsequently thrust over the continental margin
to form a pervasively deformed suture zone between the Guerrero
terrane and deformed Paleozoic to Mesozoic rocks on the flank of the
Proterozoic core of eastern Mexico. The latter deposits, which formed
adjacent to an orogenic wedge, which began to develop after the
accretion of Guerrero, are termed simply the foreland basin fill.
3.1. Pre-consolidation marginal-basin deposits

The combined effects of Laurentia-Gondwana separation and long-
term Triassic-Jurassic retreat or rollback of a paleo-Farallon plate ulti-
mately resulted in the development of the Arperos basin, a marginal
basin between a rifted Late Jurassic magmatic arc and mainland
Mexico. The Arperos basin spanned an imprecisely defined time inter-
val, but published data suggest that the basin developed between Late
Jurassic and Early Cretaceous time (Lapierre et al., 1992; Freydier
et al., 1996; Ortíz-Hernández et al., 2003; Martini et al., 2011).
The Arperos Formation (Late Jurassic-Early Cretaceous) consists of
highly deformed flysch-like detrital strata and volcanic rocks
(Ortíz-Hernández et al., 2003; Martini et al., 2011). Less deformed
parts of the Arperos Formation are composed of rhythmic interbeds
of fine- to coarse-grained sandstone, gray to black siltstone, claystone,
and uncommon cherty and calcareous shale that rest conformably
on pillow lavas, diabasic dikes, and volcanic-lithic turbidites
(Ortíz-Hernández et al., 2003;Martini et al., 2011). Volcanic-lithic turbi-
dites of the informal Cuestecita formation were originally included in
the Arperos Formation by Martini et al. (2011), but reassigned to the
Cuestecita formation on the basis of field relations (Martini et al.,
2012; Figs. 4, 5).

Following closure of Arperos basin and collision of the Guerrero ter-
ranewithmainlandMexico, the volcanic arc rocks and siliciclastic strata
of the basin were buried by Upper Cretaceous sedimentary successions,
such as the Mexcala and La Escondida formations (Fig. 4) deposited
along the western margin of the MFTB (e.g., de Cserna, 1976;
Ortíz-Hernández et al., 2003; Palacios-García and Martini, 2014;
Ortega-Flores et al., 2015). La Escondida phyllite is a foliated siliciclastic
unit exposed in thewestern part of Sierra de Zacatecas. The unit consists
of thin to medium beds of alternating fine- to medium-grained
metasandstone interbedded with gray phyllite (Ortega-Flores et al.,
2015).

Detrital zircon ages of strata deposited in the Arperos basin are
distinctive and permit their discrimination from subsequent fore-
land basin deposits derived from the orogenic wedge. The dominant
detrital-zircon age component in the Cuestecita formation consists
of Late Jurassic-Early Cretaceous grains (64%; 160 of 250 analyses;
Martini et al., 2012). Older Proterozoic grains, characteristic of base-
ment rocks in southwestern Laurentia, are absent (Fig. 5). A main age
peak at ~132 Ma and continuously distributed grain ages between
~156 and 117Ma, in combination with a volcanic-lithic composition,
are compatible with derivation from the Alisitos arc developed on
the Guerrero terrane. No sources of this age range are known to be
present on the eastern side of the suture zone. The young grains
yield a calculated maximum depositional age of 120 ± 1 Ma (middle
Aptian; Fig. 5). Like the Cuestecita formation, La Escondida phyllite
contains a prominent component of Early Cretaceous ages with a
prominent age peak at ~136 Ma, and a component of Late Jurassic
grains, both of which can be attributed to magmatic rocks of the
Guerrero terrane. Nevertheless, Ortega-Flores et al. (2015) inferred,
from the presence of Grenvillian (~1.3–1.1 Ga) and pan-African
(~700–550 Ma) zircon age components and a quartzose composi-
tion, that La Escondida phyllite also contains recycled detritus from
the Mexican mainland, and thus represents an eastern petrofacies
of the Arperos basin. The young grains yield a calculated maximum
depositional age of 110 ± 2 Ma (Albian; Fig. 5). In summary, detrital
zircon ages from deposits on both flanks of the Arperos basin suggest
that deposition in the basin, which was closely linked to an active
arc, appears to have been finished by late Early Cretaceous time.
We regard La Escondida phyllite and Cuestecita formation as an im-
portant record of depositionwithin the Arperos basin, whichwas de-
formed during formation of the suture boundary between the
Guerrero terrane and mainland Mexico. Subsequent to deformation
during the closure of the marginal basin, the basinal rocks constitut-
ed part of the hinterland of the eastward-migrating orogenic wedge.
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basin (Suter, 1987; Fitz-Díaz et al., 2012). Finally, the Veracruz basin (Ortuño-Arzate et al., 2003).
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Fig. 5. Comparison of detrital zircon relative age-probability curves from selected localities (see Fig. 7 for location of samples). Geographic variation is evident inMDAs and the component
ages of the selected strata. Detrital zircon ages of Cuestecita formation and La Escondida phyllite can be attributed to sources in theGuerrero terrane andplutonic rocks intruded into it (see
text for details). These units lack Late Cretaceous detrital zircons, but Early Cretaceous ages are dominant, with age peaks at ~132 and ~136 Ma, respectively. The onset of foreland basin
deposition is near early-middle Cenomanian time according to detrital zircon ages in theMineral de Pozos sandstone,which is located in the Cenomanian foredeep near thewestern flank
of the foreland basin. Deposits of the foreland basin contain a distinctive three-fold Laurentian age distribution (peaks near 1.7 Ga, 1.4 Ga and 1.1 Ga; Mineral de Pozos sandstone, sample
MP6; lower Difunta Group, Muerto Formation, samples 05DEL01, 05DEL02; and upper Difunta Group, Carroza Formation, samples 03LP1, 03LP2, in Lawton et al., 2009), right column. The
three age peaks characteristic of Laurentian basement (e.g., Karlstrom et al., 2004) are absent from samples of the oldest deposits (right column). The dominant young age component of
foreland basin strata includes grains with ages equivalent to La Posta intrusive event of southern California and the “type” La Posta of the Baja California Peninsula (~100–90 Ma) in the
detrital samples (left column). MDA = maximum depositional age calculated from individual U-Pb grain analyses. Vertical gray bar is interpreted age range of Arperos basin fill and is
inferred to represent the time span of magmatic activity of the Early Cretaceous Alisitos arc. Yellow bar is the age range of the Late Cretaceous magmatic arc of western Mexico.
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3.2. Deformed foreland basin deposits of the MFTB

Strata deposited in the foreland basin adjacent to the evolvingMFTB
can be divided into (1) strata deposited adjacent to the early thrust
wedge and subsequently imbricated and incorporated into the orogenic
wedge and (2) strata that reside in an assemblage of less-deformed
foreland basins, including the Sabinas, Parras, La Popa, Tampico-
Misantla and Veracruz basins (Fig. 2).
3.2.1. Imbricated foreland basin deposits, MFTB
A tract of pervasively thrusted and folded turbidites underlies the

Mesa Central of northern Mexico, continues northward along an appar-
ently narrower belt northward into Chihuahua, and extends southward
beneath the Trans-Mexican volcanic belt into southern Mexico. These
siliciclastic rocks include unnamed turbidites (formerly termed Caracol
Formation; de Cserna, 1976), the informal Mineral de Pozos sandstone
(Ortega-Flores et al., 2014), and the Soyatal (Wilson et al., 1955;
Hernández-Jaúregui, 1997) and Concepción del Oro (Ocampo-Díaz
et al., 2016) formations of early Late Cretaceous age (late
Cenomanian-Santonian; Fig. 4). The sandstones constitute a wide
range of facies characteristic of submarine fan deposits, including
upward-coarsening and upward-fining stratal successions, rhythmic
thin sandstone beds in thick siltstone and shale successions, and boul-
der conglomerate supported in a mudstone matrix. We interpret these
facies as depositional lobes, channel complexes, basin-plain deposits
and slope-related slump deposits, respectively (e.g., Posamentier and
Walker, 2006). The sources and dispersal directions of these deep-
water sandstones are not yet well known, although local southeast-
directed flute casts indicate axial transport parallel to the inferred
foredeep of the foreland basin. As with the Arperos basin fill, sandstone
compositions are rich in volcanic-lithic detritus (Ocampo-Díaz et al.,
2016). The siliciclastic turbidites are depositionally intercalated with
turbidites composed exclusively of extrabasinal and intrabasinal car-
bonate grains, or calciturbidites, with west-directed paleocurrents.

Detrital zircon content of the foreland basin strata is different from
that of the Arperos basin fill and serves to discriminate the foreland
basin strata on the basis of grain age and provenance. The Mineral de
Pozos sandstone contains detrital zircons that yield Proterozoic ages
with peaks at ~1.7, 1.4, and 1.1 Ga (Fig. 5), a continuum ofMiddle Juras-
sic and Early Cretaceous grains, and Late Cretaceous grains in the range
~100–92Ma. The young grains yield a calculatedmaximum deposition-
al age of 93 Ma (early Turonian) and thus indicate foreland deposition
by early Late Cretaceous time. The old grains are characteristic of base-
ment in southwestern Laurentia (e.g., Karlstrom et al., 2004), whereas
Late Jurassic and Early Cretaceous grains are compatible with derivation
from the Guerrero terrane. The dominant source for Late Cretaceous de-
trital zircons was contemporary magmatism along the western margin
of the recently accretedGuerrero terrane, indicating concurrent subduc-
tion of the Farallon slab (e.g., Kimbrough et al., 2001; Ortega-Rivera,
2003). The extrabasinal carbonate grains of the calciturbidites were de-
rived from strata of exposed Lower Cretaceous platforms of eastern



Fig. 6. Stratigraphic columns of different Cretaceous paleogeographic elements of easternMexico (location is indicated in Fig. 3), which show stratigraphic variations and emphasize thick-
ness variations among Late Jurassic-Early Cretaceous basins and platforms (Fig. 4). As the exposure of most pre-Cretaceous units is limited, we used the cretaceous carbonates as a refer-
ence horizon to look at deformation variations along the cross-sections shown in Figs. 7 and 8. Notice the distribution of evaporites and carbonaceous shale under the platformal and
basinal carbonate successions, which in most of the MFTB served as the basal or local detachment horizon. These columns synthesize data reported in López-Ramos (1982), Suter
(1987), Carrillo-Martínez (1989), McKee et al. (1990), Hennings (1994), Jones et al. (1995), Goldhammer (1999), Haenggi (2001), Eguiluz de Antuñano (2001), Fitz-Díaz (2001),
Ortuño-Arzate et al. (2003), López-Doncel (2003).
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Mexico (e.g., Wilson and Ward, 1993), which persisted into the Late
Cretaceous on the Valles-San Luis Potosí platform (Fig. 3; Carrillo-
Bravo, 1971). Deep-water deposition, axial paleocurrent directions
and intercalation of sediment derived from opposite flanks of the
basin indicate deposition in the rapidly subsiding foredeep depozone
of a foreland basin (e.g., DeCelles and Giles, 1996). The width of the
basin, from the initial thrust front near the Arperos basin suture zone,
to likely sediment sources for the calciturbidites in the Valles-San Luis
Potosí platform, was approximately 200 km. Former carbonate plat-
forms on the distal flank of the foredeep probably formed important re-
sidual topography, similar to that of the Miocene Appenine foreland
basin system (Critelli et al., 2007).

3.2.2. Extant foreland basin
North and west of the MFTB lie individual, but formerly connected

depocenters, including the Parras, La Popa and Tampico-Misantla ba-
sins, of a nearly continuous foredeep that probably extended around
the front of the MFTB prior to advance of the Monterrey salient into
the foredeep (e.g., Ye, 1997a). Although shortened and inverted by Pa-
leogene deformation as discussed earlier, this part of the foreland
basin experienced less deformation and uplift than the adjacent MFTB
and therefore preserves themost complete foreland-basin stratigraphic
succession. It includes a three-fold succession of older deep-water car-
bonates, intermediate deep-water siliciclastics and younger shallow-
water and continental deposits analogous to the stratigraphic succes-
sion in an evolving underfilled to overfilled foreland basin (Sinclair,
1997a,b; Gupta and Allen, 2000; Allen et al., 2001). The deep-water car-
bonates include the Cuesta del Cura, Indidura and Agua Nueva forma-
tions (Fig. 4; Barboza-Gudiño et al., 2004; Ángeles-Villeda et al., 2005).
These formations consist of deep-water pelagic carbonate and subordi-
nate shale, which in combination with overlying foraminiferal carbon-
ate mudstones, shales and tuffs of the Caracol and San Felipe
formations, represent a deepening-upward succession at the beginning
of Late Cretaceous time that signals widespread drowning of the Lower
Cretaceous carbonate depositional system. Overlying shale and subordi-
nate sandstone of the intermediate siliciclastic succession, which in-
cludes the Parras and Méndez formations, record influx of siliciclastic
sediments in the distal MFTB in Santonian time. North of the Parras
transverse belt, in the Parras and La Popa basins, the upper shallow-
water succession, which includes shallowmarine, deltaic and continen-
tal deposits of the Difunta Group, was deposited between late Campa-
nian and early Eocene time by sediment-dispersal systems oriented
parallel to the basin axis (Weidie and Murray, 1967; McBride et al.,
1974; Lawton et al., 2009). Contemporary latest Cretaceous-Paleogene
strata in the Tampico-Misantla basin consist of distal mud-rich turbi-
dites of the Méndez and Velasco formations and the sandier
Paleocene-Eocene Chicontepec Formation (Fig. 4). Ye (1997a,b) sug-
gested that dispersal systems of the Difunta Group connected down-
dip into theChicontepec Formation of the Tampico-Misantla basin, a hy-
pothesis that has not yet been rigorously tested with provenance data.
Why the Tampico-Misantla basin never experienced a phase of
shallow-water deposition similar to that of the Parras and La Popa ba-
sins is an important unanswered question concerningMexican foreland
evolution, but may be related to accentuated flexure of the narrow
width of continental crust that lay between the orogenic wedge and
the Gulf of Mexico.

Because the synorogenic sedimentary basin linked to development
of the orogenic wedge developed for its entire subsidence history on
the continental side of an active continental margin magmatic arc (see
below), it represents a retroarc foreland basin (sensu Ingersoll, 2012).

3.3. Chihuahua and Sabinas basins

Upper Cretaceous strata are not widely preserved in either the
Chihuahua basin or the Sabinas basin, because both of these basins
were uplifted during shortening of the foreland region (Haenggi,
2002) and as a result of late Paleogene epeirogenic uplift of eastern
and northeastern Mexico (Gray et al., 2001). Thin stratigraphic sections
of Cenomanian-Turonian strata are present on the northeastern flank of
the Chihuahua basin, in the Sabinas basin (Eguiluz de Antuñano, 2001)
and locally on the Coahuila block, where the strata are preserved be-
neath the hangingwall of the SanMarcos reverse fault. These strata con-
sist of pelagic limestone intercalated with carbonate-rich litharenite
and shale layers of Turonian age (Alonso-Manuel, 2016). They may



Fig. 7.Digital elevation model of Mexico, in which the distribution of structures of theMFTB and of its western boundary, the Arperos suture, as well as the location of the regional cross-
sections of Fig. 8 across the MFTB are shown. Notice the change of fold axis trend, which is dominantly NW-SE in Northern Mexico, and shows variable orientations and spacing in the
Coahuila platform (CP), and then again fold are concentrated in a belt that goes around the CPwith a NW-SE on its westernmargin, to E-W trend on its southernmargin, along the Parras
transverse range. The structures around the Monterrey salient continue with a NNW-SSE trend. In southernMexico the belt bifurcates, with a western branching into the Morelos-Guer-
rero platform, where folds have an average N-S trend and on an eastern leg along the Zongolica range,where folds are NW-SE oriented. The location of selected localities for detrital zircon
provenance analysis of Fig. 6 are also indicated with tags letters: AB-Arperos basin, FOW-Foreland orogenic wedge, FB-Foreland basin.
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record long-wavelength dynamic subsidence coincident with initial
emplacement of the Farallon slab beneath Mexico and attendant onset
of downwelling of asthenosphere in the mantle wedge above the slab
(e.g., Heller and Liu, 2016).

4. Shortening deformation in the MFTB

In order to analyze the diverse structures in the Mexican fold and
thrust belt, we use the Lower Cretaceous carbonate platforms and ba-
sins (Figs. 3, 4, 6) as a reference for the cross-sections of Figs. 7 and 8.
The Lower Cretaceous is widely exposed across the MFTB and accounts
for the dominant volume of rocks involved in the deformation. Facies
within the Lower Cretaceous carbonates, whether thin-bedded basinal
deposits or thick platformal strata, strongly controlled local deformation
stylewithin the belt. To illustrate structural variability and the varied ar-
chitecture of the foreland wedge, we selected six cross-sections on the
basis of availability of information and variable structural characteristics
in theMFTB. The structural transects include: A-A′, the deformed belt of
the Chihuahua basin; B-B′, beginning on the southern edge of Sierra de
Parras and crossing the Coahuila platform and the southern Sabinas
basin; C-C′ across the central Mexico basin, primarily of Jurassic and
Early Cretaceous age; D-D′, of significant structural variability, across
basins and platforms in central Mexico; E-E′ traversing the Morelos-
Guerrero platform; F-F′ across the Cordoba platform and Veracruz
basin (Figs. 3 and 7).

In order to compare deformation variations along the MFTB, we use
approximately the same scale and color code for stratigraphic reference
horizons. For simplification, we avoided formational names and used
the lithostratigraphic groups described in Table 1 and illustrated in
Figs. 4 and 6. We also considered litho-stratigraphic unit thickness
variations in the construction of the cross sections, as shown in Fig. 6.
However, the columns of Fig. 6 are based on data reported in the litera-
ture for specific areas, so they are rough estimates of thickness of the
Cretaceous carbonate interval; complex deformation and limited expo-
sures of Triassic and Middle Jurassic units renders their thickness in
Fig. 6 approximate. The geometry of the structures along the cross-
sections considers the length and thickness of the Cretaceous carbonate
units, whereas the structures beneath the Cretaceous were inferred



Fig. 8. Selected structural cross-sections of the MFTB, each at about the same scale and with a standard lithostratigraphic color code for comparison (see Table 1 and Figs. 4 and 5).
Section A-A′ is modified from Hennings (1994). Section B-B′ is adapted from work by Quintero-Legorreta and Aranda-García (1985), Eguiluz de Antuñano (2001); Chávez-Cabello
(2005) and Bolaños-Rodríguez, 2006. Section C-C′ is based on Chávez-Cabello (unpublished) and observations by Jones et al. (1995) in the San Julián block. Section D-D′ is adapted
from Fitz-Díaz (2010). The western half of section E-E′ is adapted from the Cuernavaca geological map (1:250′000) published by the Mexican Geological Service, and the western
margin includes work by Salinas-Prieto et al. (2000); the eastern half is based on detailed mapping by Fitz-Díaz (2001). Section F-F′ is based on the detailed and careful work by
Ortuño-Arzate et al. (2003) and Ángeles-Moreno (2012). MT-Monillas thrust, FT-Frontal thrust, LCaT-La Catana thrust, SMFS-San Marcos fault system, SJF-San Jerónimo fault, STL-San
Tiburcio lineament, GT-Galeana thrust, SRT-Santa Rosa thrust, HT-Higuerillas thrust, EDT-El Doctor thrust, JT-Jiliapan thrust, TT-Tetitla thrust, ET-Enramaditas thrust, TPTS-Teloloapan-
Pachivia thrust system, CPT-Cruz de Palma thrust, PF-Papalutla fault, SJMB-Sierra de Juarez mylonite belt, VHT-Vista Hermosa thrust, OT-Orizaba thrust, SAT-Sierra Azul thrust, AC-
Acatlán Complex, OC-Oaxaca complex, Ko-Ojinaga Fm., Kd-Difunta Group, Kp-Parras Fm., Kco-Concepción del Oro Fm., Ks-Soyatal Fm., Kmn-Mendez Fm., Kmx-Mexcala Fm. 1-Sosa-
Valdés, 2011, 2-Ramírez-Peña and Chávez-Cabello, 2017, 3-Chávez-Cabello, 2005, 4-Mitre-Salazar, 1989.
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from limited exposures, and structural geometry is less well controlled
than in the Cretaceous reference horizon. Both columns and cross-
section are organized from left to right and top to bottom to correspond
with their description from north to south in the following text.

4.1. Sonora

Although we do not include a cross-section from Sonora due to lim-
ited exposures of shortening structures involving Cretaceous units,
some discussion of deformation style and timing is warranted. Both
low-angle and high-angle faults have been reported in northern Sonora.
Near Arizpe and to thenortheast of Hermosillo, low-angle thrusts affect-
ing Lower Cretaceous strata and pervasive folds with vergence to the
east have been observed in different localities (Pubellier et al., 1995).
Thick-skinned structures and related foreland basins have also been re-
ported in NE Sonora (e.g., Cabullona basin, González-León and Lawton,
1995; Lawton, 2008). The San Antonio reverse fault on the northeastern
flank of the Middle-Late Jurassic Altar-Cucurpe basin in north-central
Sonora emplaces redbeds of the Lower Cretaceous Bisbee Group over
the synorogenic Cocóspera Formation, which contains interbedded an-
desite flows and boulders derived from the Bisbee Group (Mauel et al.,
2011). Correlative conglomerate in the Escalante Formation of El
Chanate Group in Sierra El Chanate, northeast of Caborca, contains clasts
of felsic intrusive and pyroclastic rocks, quartzarenite and litharenite.
The Cocóspera Formation is unconformably overlain by volcanic and py-
roclastic rocks of the Tarahumara Formation (González-León et al.,
2011); the Escalante Formation is concordantly overlain by El Charro
volcanic complex, which consists of volcanicflows,flowbreccias and in-
termediate to felsic tuffs, and is folded with the underlying El Chanate
Group in El Chanate syncline (Jacques-Ayala, 1999).

High-angle faults are slightly younger than the low-angle faults
(González-León et al., 2012), and were apparently in part coeval with
displacement on the northwesternmost thrusts exposed in Sonora,
which preserve a dominant direction of transport to the north, and
have ages between 75 and 60 Ma (Iriondo et al., 2004). The high-
angle reverse faults, such as the San Antonio fault, reactivate normal
fault systems that formed during Jurassic basin formation (Mauel
et al., 2011); we thus consider them to have originated as basin-
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inversion structures (e.g., Coward, 1994; Lowell, 1995). Cross-cutting
relations in central Sonora suggest that these structures locally affect
previous thin-skinned structures according to Pubellier et al. (1995).

Ages of continental syntectonic clastic strata, combined with
the ages of overlying volcanic and volcaniclastic strata, indicate that
shortening in Sonora took place between late Cenomanian and late
Campanian time (e.g., González-León et al., 2012). A hornblende andes-
ite flow in the Cocóspera Formation yielded a 40Ar/39Ar hornblende age
of 93 ± 1 Ma, and the overlying Tarahumara Group has yielded U-Pb
ages ranging ~79–59 Ma in northeastern Sonora (González-León et al.,
2011). The lowermember of the Escalante Formation has detrital zircon
young grain ages of ~97–94Ma and a sandstone in the upper part of the
El Chanate Group contains two young zircon grains of ~76 and 74 Ma
(Jacques Ayala et al., 2009). El Charro volcanic complex has yielded a
single 40Ar/39Ar hornblende age of 72 ± 1 Ma (Jacques-Ayala, 1993).
El Charro volcanic complex thus probably records shortening during
the late Campanian (Jacques-Ayala, 1999; Jacques Ayala et al., 2009)
and which may have continued into the Paleogene (e.g., Iriondo et al.,
2005).
Fig. 9. Schematic model of propagation of deformation of theMexican fold-thrust belt in centra
biostratigraphy, deformation affected rocks of the Tolimán sequences on thewesternmost part o
until Early Campanian. In the same rocks, a second horizontal shortening pulse sub-parallel to t
and re-folding in the middle Campanian. On top of the VSLPP, syn-tectonic turbidites were de
sediments were deposited directly on top of the platformal carbonates. Ar-illite ages sugges
whichmakes good sense with the fact that these folds involve local syntectonic turbidites (Men
intensely folded/foliated Campanian-Maastrichtian turbidites from less deformed paleogene de
Mexico) until the middle Eocene. 0-Hernández-Jaúregui, 1997, 1-Kiyokawa, 1981, 2-Omaña-Pu
4.2. Section A-A′: Chihuahua basin

Cross section A-A′ depicts shortening across the Jurassic-Lower Cre-
taceous Chihuahua basin, or Chihuahua trough. The cross section was
based on several years of fieldwork by Hennings (1994), who inferred
that shortening in the Chihuahua basin is recorded by km-scale NW-
SE oriented folds bounded by high-angle reverse faults in the borders
of the basin. The structures record NE-SW shortening of the basin,
with thrusting to the northeast onto the Diablo platform on the north-
east flank of the basin, and SW-directed onto the intra-basinal Aldama
platform, to the southwest (Figs. 3 and 7). Within the basin, Paleozoic
and Middle Jurassic strata are exposed in the Plomosas uplift, which
consists of imbricated thrust sheets with SW vergence. A single expo-
sure of Proterozoic basement consisting of amphibolite intruded by
1.1 Ga pegmatitic granite is present in the uplift at Cerro del Carrizalillo,
south of the Conchos River (Dyer and Reyez-Cortes, 1987). Thick sec-
tions of Jurassic strata, formerly considered Permian, have recently
proven to be Middle Jurassic (Villarreal-Fuentes et al., 2014;
Barboza-Gudiño et al., 2016), suggesting that the Plomosas uplift
l Mexico (modified from Fig. 8 in Fitz-Díaz et al., 2014b). According to Ar/Ar ages and local
f the section in the Coniacian. Then, deformation propagated to the ZB causing folding (F1)
he previous one caused attenuation of high angle inverted forelimbs of asymmetrical folds
posited in the Coniacian-Santonian and then in the Late Campanian-Maastrichtian clastic
t that folding affected the westernmost TMB rocks in the Late Maastrichtian/Paleocene,
dez Fm., Fig. 4), which is as young as Late Maastrichtian. A folded unconformity separates
posits in the foothills. Folding was propagated to the foothills (coastal plain of the Gulf of
lido, 2012, 3-Suter, 1990, 4-López-Oliva et al., 1998, 5-Alzaga-Ruiz et al., 2009.



Fig. 10.Migration of magmatism in northernMexico from Early Cretaceous through Neo-
gene time. Data were plot in a distance to paleotrench vs. age graph (modified from
Damon et al., 1981a,b). We include data reported by Henry et al. (2003), Iriondo et al.
(2004), Chávez-Cabello (2005), Solé et al. (2007), Sosa-Valdés (2011). The migration of
magmatism to the east has been used as an argument to explain progressive reduction
in the subduction angle of the Farallon plate between 80 and 40 Ma, by comparison
with the Laramide orogeny (Damon et al., 1981a,b; Ferrari et al., 2005). However, recent
data from northern Mexico (dashed line), show that such a migration of magmatism is
not very clear in Mexico for such a period of time.
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represents an inverted Jurassic basin (Fig. 8, A-A′). Evaporite injection
enhanced fold hinges in the center of the basins, and also occurred
along thick-skinned thrusts on the margins of the basins. Hennings
(1994) interpreted the shortening in the Chihuahua basin as dominated
by a thin-skinned deformation style with two different detachment ho-
rizons, one at the basement levelwith structures verging to the south on
the southernmargin, and another detachment localized in evaporites at
the Jurassic-Cretaceous boundary, with structures verging to the north
on the northern margin.

Haenggi (2001, 2002) interpreted the deformation in the Chihuahua
basin as the result of left-lateral oblique compression, involving reacti-
vation of pre-existing faults formed during the formation of the
Jurassic-Aptian extensional basin, and as in Sonora presumably related
to the opening of the Gulf of Mexico (González-León and Lawton,
1995; Mauel et al., 2011). Haenggi (2002) suggested that evaporites in
the basin center favored the formation of open folds, followed by fold
amplification accompanied by evaporite injection in anticlinal hinges.
Emplacement of reverse faults, principally toward the Diablo platform,
and diapiric injection of evaporites along the margins of the basin
postdated folding. Despite the evaporite-related local detachments,
Haenggi (2002) inferred that thrusts are dominantly basement-
involved rather than related to a regional-scale décollement, which is
consistent with the estimated overall fold-related shortening folding
of 16% in the basin (Hennings, 1994). Synorogenic strata are absent in
the Chihuahua basin, but cross-cutting relationships and the ages of
tilted volcanic units and syntectonic magmatism in the area indicate
the age of deformation to be between 68 and 46 Ma (McDowell and
Mauger, 1994).

4.3. Section B-B′: Mesa Central-Coahuila block-Sabinas basin

This cross-section illustrates variation of deformation styles in
three important Jurassic-Cretaceous paleogeographic elements, the
Central Mexico basin to the south, the Coahuila platform and the
Sabinas basin to the north, whose deformed equivalents are termed
the Parras transverse belt (or sector transversal), the Coahuila block
and the Coahuila fold belt, respectively. The orientation of the cross-
section line changes to cross structures perpendicularly in each seg-
ment (Fig. 7). In the Parras transverse belt, named the “Parras
nappe” by Tardy et al. (1974), the deformation of the Central Mexico
basin rocks is dominated by tight asymmetrical folds associated with
reverse faults, which were displaced along a detachment level in Mid-
dle Jurassic evaporites (Fig. 5). Northward, the folds demonstrate
north vergence (Quintero-Legorreta and Aranda-García, 1985), and
the frontal La Catana thrust emplaces strata of the Central Mexico
basin over the strata of the Parras foreland basin, the strata of which
formerly overlapped the Coahuila platform but are now largely eroded
from the platform (Fig. 8, section B-B′). South of the Parras transverse
belt, thrust-related folds have an opposite south vergence. The
bivergent character of thin-skinned deformation in the Parras trans-
verse belt is peculiar to this segment of the MFTB, and is apparently
continuous, following a sinuous belt along the southern margin of
the Coahuila platform. Similar double verging structures with signifi-
cant internal deformation are only known in Sierra del Gallo, Durango
(Eguiluz de Antuñano and Campa, 1982), 280 km to the NW, and in
the eastern Mesa Central, to the south.

The strata of the Parras foreland basin have tight folds and develop-
ment of an axial-plane cleavage in the vicinity of the Parras transverse
Fig. 11. Timing of deformation in the Mexican orogen. In the upper part we show a digital eleva
colored according to different episodes of deformation, as shown in the table below. In black are
basin in the Albian, deep green are Turonian-Early Campanian in age, pale green are Late Campa
progressively younger to the east. The deformation age table for the MFTB was based on the fo
Johnson et al., 1999, 4-Cuéllar-Cárdenas et al., 2012, 5-Ramos-Velázquez et al., 2008, 6-Henry e
Ortega-Flores et al., 2015, 10-Martini et al., 2011; 11-this work, 2016; 12-Solé et al., 2007, 13-
Arzate et al., 2003, 17-Iriondo et al., 2005, 18-González-León et al., 2011, 19-Mauel et al., 20
et al., 2007, 24-Delgado-Argote et al., 1992; 25-Elías-Herrera et al., 2000.
range front and near La Catana thrust. Folds are more open and lose
amplitude near the exposures of the Coahuila platform rocks, to the
north (section B-B′). Except for dome-like structures and small-
displacement north-verging detachment levels observed on its
northern edge (Chávez-Cabello, 2005; Bolaños-Rodríguez, 2006), the
Coahuila platform has negligible internal deformation and for this
reason it is also known as the Coahuila block, a mechanically resistant
element constituted by a relatively strong basement, which remained
as a high-standing structural element for most of the Mesozoic, as sug-
gested by its stratigraphic record (Fig. 6). The Coahuila block and the
low-angle detachment structures on its northern margin, are cut by
high-angle reverse faults with southern transport directions. The faults
served to uplift and emplace strata of the Sabinas basin onto the adja-
cent Coahuila platform. Although field observations suggest that there
are few high-angle reverse faults along the edge of the platform, as
shown in section B-B′, the best exposed of these high-angle faults is
the SanMarcos Fault. Based on detailedmapping and stratigraphic anal-
ysis, McKee et al. (1990) concluded that the WNW-ESE oriented San
Marcos fault originated as a left lateral fault in theMiddle Jurassic during
the opening of the Gulf of Mexico, was active as a normal fault in
the Early Cretaceous and finally, was converted to a reverse fault in
the Paleogene (Chávez-Cabello, 2005).

Folds in the Sabinas basin have a general NW-SWorientation and di-
verse geometries. On the southern flank of the basin, folds are typically
asymmetric fault-propagation foldswith steep forelimbs facing south in
theCuatro Ciénegas area (e.g., Sierra LaMadera, LaVirgen, La Fragua and
San Marcos-Pinos anticlines; Chávez-Cabello et al., 2007), whereas
nearer the basin center, fold form is gentle to open and slightly asym-
metrical with fault-propagation fold geometries (Eguiluz de Antuñano,
2001). Close to the depocenter of the basin, where they are detached
on Middle to Late Jurassic salt, folds have irregular shapes in part influ-
enced by large volumes of evaporite injection (i.e. Obayos anticline;
tion model of Mexico with major shortening structures in theMFTB. Folds and thrusts are
mapped structures of unknown age, in blue those formedduring the closure of the Arperos
nian-Masstrichtian and in orange grouped Paleogene structures. Notice that structures are
llowing references: 0-Moore, 1985, 1-Busby et al., 2006; 2-Baldwin and Harrison, 1992, 3-
t al., 2003, 7-Centeno-García et al., 2011, 8-Martini et al., 2014 and Martini et al., 2009, 9-
Fitz-Díaz et al., 2014a,b; 14-Gray and Lawton, 2011, 15-Fitz-Díaz et al., 2016, 16-Ortuño-
11, 20-this work, 21-Kimbrough et al., 2001, 22-McDowell and Mauger, 1994, 23-Cerca
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Peterson-Rodríguez et al., 2008). Folds are open and slightly asymmet-
rical on the northern edge of the basin in the vicinity of La Babia fault
trace (Fig. 8). Shortening estimates across the Sabinas basin are on the
order of 14% (Eguiluz de Antuñano et al., 2000), which are very similar
to those in the Chihuahua basin to the northwest. Both basins have a
thick-skinned deformation style characteristic of basin inversion
(Lowell, 1995), in which internal open to isoclinal box folds are de-
tached above a thick evaporite horizon within the basin, and
basement-involved faults develop fault-propagation folds near the
basin edges. As in the Chihuahua basin (Haenggi, 2002), the obliquity
between the fold axes and basin-marginal San Marcos and La Babia
faults has been explained by reference to left-lateral, basin-scale oblique
contraction (Charleston, 1981). Nevertheless, except for syntectonic in-
trusive bodies with sigmoidal map shapes in the Monclova area
(Chávez-Cabello, 2005), no direct supporting kinematic evidence for
strike-slip displacement on the faults has been reported.

With respect to the age of deformation along this section, the age of
syntectonic intrusives (Chávez-Cabello, 2005), foreland deposits (Gray
and Lawton, 2011), and the age of folds in the Monterrey salient (Fitz-
Díaz et al., 2016) suggest that the deformation from the Parras foreland
basin to the northern edge of the Sabinas basin occurred between 74
and 44 Ma, and was probably younger to the north.

4.4. Section C-C′: Central Mexico basin from Zacatecas to Nuevo León

Cross section C-C′ illustrates the deformation style of CentralMexico
basin strata from the block of San Julián to the Mexican coastal plain
near Linares, Nuevo León, along an ENE-WSW transect. A basal detach-
ment zone separating folded strata above from less shortened rocks un-
derneath creates the dominant thin-skinned deformation style.
Exposure of rocks and structures on the western half of this transect is
limited byNeogene alluvial and colluvial deposits that cover older strata
inwide grabens (Aranda-Gómez andMcdowell, 1998); nevertheless, on
a regional scale the basal detachment zone can be traced because it is
well exposed in the San Julián (Jones et al., 1995) and Galeana uplifts.
Fold geometry is not clearly evident on the section because the section
line is oblique to fold axes between these two uplifted blocks, but fold
vergence and spacing are well illustrated on the basis of field
observations.

At thewestern end of the section, the basal detachment constitutes a
low grade mylonite zone localized along the contact between volcanic,
volcaniclastic and intrusive Middle Jurassic rocks and highly deformed
Triassic siliciclastic deposits of the Taray Formation, interpreted as a
subduction complex (Anderson et al., 2005a,b). The mylonite has an
SL fabric with the foliation dipping to the west on the western margin,
dipping to the east on the eastern margin, and flat in the middle of the
San Julián block. Above the detachment, tight asymmetrical folds verg-
ing to the east are pervasive inUpper Jurassic and Lower Cretaceous car-
bonates on the northern edge of the block. On the easternmargin of the
block a NW-SE oriented subvertical reverse fault zone affecting the de-
tachment zone is exposed. This reverse fault systemmight have caused
the uplift of rocks of the San Julián block and of the detachment zone. To
the east, Upper Cretaceous turbidities, presumably of the Concepción
del Oro Formation (Ocampo-Díaz et al., 2016), are exposed. These
rocks are folded but the folds are less tight than in the carbonates
below and are unconformably covered by thick-bedded limestone-
clast conglomerate, the Ahuichila Formation, which is gently folded.
To the east, at the Concepción del Oro bend (Rogers et al., 1957),
north-verging fault-propagation folds have curved axes that form a sa-
lient in map view (Fig. 7). Fold-axis bending might be the result of
refolding, which could have happened during displacement of the San
Tiburcio fault in the Cenozoic (Mitre-Salazar, 1989). The folds along
the segment between San Tiburcio and Galeana, are cut by post-
tectonic shallow plutons, such as the Matehuapil (Sosa-Valdés, 2011)
and El Peñuelo plutons (González-Guzmán et al., 2009), with U-Pb
ages of 79.2 and 72.2 Ma, respectively, which indicates that the thin-
skinned deformation in the area is early Campanian or older; the age
of the high-angle faults remains unknown.

To the east of El Peñuelo pluton, the crests of some anticlines are ex-
posed above the surficial deposits (section C-C′ in Fig. 8). The anticlines
were presumably formed above a basal detachment zone in Middle
Jurassic evaporites and limestone that is exposed on the Galeana uplift.
The exhumation of this block exposed Triassic and Lower Jurassic
clastic sedimentary rocks (Alamar, La Boca and La Joya formations;
Figs. 4 and 6) and the basal detachment zone (evaporites of the Minas
Viejas Formation; Kroeger and Stinnesbeck, 2003; Cross, 2012), which
is cut by high angle reverse fault (GT) on the eastern edge of theGaleana
block. This structure seems to be complicated by salt tectonics. At the
easternmost end of the section, a train of kilometer-scale asymmetrical
folds verging to the east and locally affected by high angle reverse faults,
is almost continuously exposed along the Santa Rosa Canyon. At the
eastern end of section C-C′, the Santa Rosa thrust emplaces Upper Juras-
sic strata of the Zuloaga Limestone and La Casita Formation over Upper
Cretaceous turbidities of the Agua Nueva Formation.
4.5. Section D-D′: Central Mexico

The cross-section from Vizarrón to Tamazunchale in central Mexico
is probably the most studied section of the MFTB, in part because rocks
are very well exposed, and also because regional mapping established
consistent stratigraphy (Suter, 1990; Carrillo-Martínez, 1997) and
well-documented structural geology (Suter, 1984, 1987; Suter et al.,
1997; Carrillo-Martínez, 1989, 1990). Almost 20 years later the fold-
belt wedge exposed along the cross-section was revised (Fitz-Díaz,
2010, Fitz-Díaz et al., 2011a) and used as a natural laboratory to analyze
the effect of lateral carbonate facies variations on deformation
(Fitz-Díaz et al., 2012; Contreras and Suter, 2015), fluid flow and
water-rock interaction during folding and faulting within an evolving
orogenic wedge (Fitz-Díaz et al., 2011b), illitization and
remagnetization during folding of basinal carbonate successions (Fitz-
Díaz et al., 2014a; Nemkin et al., 2015), and fold dating with 40Ar/39Ar
in illite (Fitz-Díaz and van der Pluijm, 2013; Fitz-Díaz et al., 2014b).

The knowledge accumulated in studies along the transect containing
section D-D′, which is oriented ENE-WSW and includes almost the full
width of the MFTB along its 130 km length, can be summarized in six
major points. 1) This part of the orogen has an overall wedge shape ta-
pering toward the east and a dominantly thin-skinned deformation
style (Fitz-Díaz et al., 2011a). 2) Most of the volume of deformed
rocks are Upper Jurassic-Lower Cretaceous carbonates distributed in
four major paleogeographic elements across the region, which are
from east to west the Tampico-Misantla basin (TMB), the Valles-San
Luis Potosí platform (VSLPP), the Zimapán basin (ZB), and El Doctor
platform (EDP, Fig. 8); to the west, these carbonates are overthrust
along the Higuerillas thrust by a suite of rocks included in the Tolimán
sequences (Dávila-Alcocer et al., 2009; Fitz-Díaz et al., 2011a). 3) The
vertical displacement of the Higuerillas thrust is significantly greater
than any other thrust along the section. High-angle faults superimposed
on cataclasites in the Higuerillas fault zone indicate that later reactiva-
tion of this structure probably produced the Tolimán uplift. 4) The
Tolimán uplift, like the San Julián, Galeana and Real de Catorce uplifts
(Franco-Rubio, 1999), has a folded and faulted detachment zone that
separates Triassic siliciclastic units and Lower Cretaceous volcaniclastic
rocks. 5) Lithological variations among the Early Cretaceous platforms
and basins resulted in contrasting deformation styles dominated by in-
tense folding in the basins and thrust faulting in the platforms. Little dis-
placement took place along intra-formational thrusts and pervasive
folding small-scale folding is important in the basins, as compared to
greater fault displacement and imbrication with almost no internal de-
formation in the platformal carbonate successions. 6) The intensity of
shortening (from 20 to 70%, Fitz-Díaz et al., 2011a), and temperature
(from ~80° to 250 °C, Fitz-Díaz et al., 2011b) and complexity of
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deformation decrease eastward, consistent with progressive develop-
ment of an orogenic wedge.

Geometrical-kinematical comparative analysis of folds in Aptian-
Albian carbonates in the Zimapán and Tampico-Misantla basins (Fitz-
Díaz et al., 2012), and 40Ar/39Ar dating of illite produced during fold-
associated bed parallel shear (Fitz-Díaz et al., 2014b) indicate that:
a) shortening in the basins is accommodated by mesoscopic buckle
chevron folds, which become progressively tighter and flattened to the
west; b) west of the Tetitla thrust near the tip of the orogenic wedge,
two generations of folds (F1 and F2) are present in Cretaceous carbon-
ates (Fig. 3); F1 folds are close to tight and pervasive throughout the
section whereas F2 folds are open and commonly localized in thinly-
bedded and/or fine-grained rocks; c) a single generation of open, m-
to km-scale folds, which involve the regional K-Pg boundary angular
unconformity, is present east of the Tetitla thrust; nevertheless,
d) 40Ar/39Ar illite ages from four folds and one shear zone along the
transect representative of these two phases in each of the two basins,
show that fold age is consistently older, beginning at ~85 Ma to the
western part of the section and younger, ending at about 43 Ma, in the
east; e) the combined illite ages and fold analysis show that the defor-
mation was progressive but episodic from west to the east along this
transect as shown in Fig. 9.

4.6. Section E-E′: Morelos Guerrero platform

The Morelos-Guerrero platform (MGP) represents the foreland of
theMexican orogen in southern Mexico and unlike section D-D′, its de-
formation has been poorly documented. Except for detailed structural
studies by Salinas-Prieto (1994) and Salinas-Prieto et al. (2000) on its
western margin and by Fitz-Díaz (2001) and Cerca et al. (2007) on its
eastern margin, as well as regional mapping of structures by the Mexi-
can Geological Service (Rivera-Carranza et al., 1998), little of the struc-
tural geology has been published. The western boundary between the
MGP and hinterland rocks is a highly deformed thrust fan known as
the Teloloapan-Pachivia thrust system (TPTS; Salinas-Prieto et al.,
2000), in which thrust sheets of platformal carbonates are imbricated
with Upper Cretaceous turbidites of the Mexcala Formation, with a di-
rection of transport to the east. To the east of the TPTS, a box-fold geom-
etry observed in platformal carbonates on a kilometer scale at the
surface, along with stratigraphic duplication in the central part of the
platform reported in the Tecuman 2 borehole by PEMEX (López-
Ramos, 1982), permits us to interpret fault-bend fold imbricates in the
lesser known central sector of the section. Farther east, mesoscopic
chevron folds, and km-scale folds and thrusts have a dominant direction
of transport to the east (Fitz-Díaz, 2001). On the eastern edge of the sec-
tion, east-verging structures are cut by a regional scale, high-angle
west-vergent reverse fault, the Papalutla thrust (De Cserna et al.,
1980), which emplaced rocks of the Acatlán complex upon the MGP to
the west.

Considering the relatively high internal deformation of the rocks in
the MGP, the dominant east-vergent structures and the absence of
major vertical uplifts, evidenced by the lack of significant stratigraphic
discontinuities (such as the exposure of older rocks), makes the struc-
tures of this section very similar to those of section D-D′ in central
Mexico. By analogy we infer an analogous dominant thin-skinned de-
formation style, with a shallow basal detachment dipping to the west;
nevertheless, we have no data that control the depth of the detachment.
A progression of deformation from west to east is supported by the
fact that the sedimentation of syntectonic turbidites was older,
Cenomanian-Turonian, on the western margin of the platform
(Hernández-Romano et al., 1997) and younger, Maastrichtian,
(Perrillat et al., 2000) to the east.

Cerca et al. (2007) interpreted an initial shortening event in the
Morelos-Guerrero platform, affecting the rocks on the eastern margin
of the platform, between 68 and 57Ma and a second strike-slip faulting
event, with associated magmatism, affected regional folds and thrusts
between 37 and 29Ma. At present no ages of deformation have been re-
ported for the western margin of the Morelos-Guerrero platform.

4.7. Section F-F′: Cuicateco assemblage-Veracruz basin

This NE-SW cross-section illustrates exposed structures of the
northern portion of the Zongolica Range (Ángeles-Moreno, 2006) and
buried structures in the Veracruz basin (Ortuño-Arzate et al., 2003). At
the southwesternmost end of the section, granulites and granites of
the Oaxaca terrane, buried under Cenozoic redbeds, constitute the
hanging wall of the Oaxaca normal fault, and northeastward, rocks of
the Cuicateco assemblage are exposed. At its western extent, the
Cuicateco assemblage includes the Sierra de Juárez mylonite belt
(SJMB, Alaniz-Álvarez et al., 1994), which consists of mylonitic diorite
migmatites and tonalite gneiss, volcano-sedimentary rocks of the
Chivillas Formation (Mendoza-Rosales et al., 2010), and uncommon
serpentinites (Delgado-Argote, 1988; Ángeles-Moreno, 2006). Accord-
ing to Alaniz-Alvarez et al. (1996) the SJMB was created by dextral
strike-slip movement related to the opening of the Gulf of Mexico and
Early Cretaceous reactivation as a reverse fault (Delgado-Argote et al.,
1992; Ángeles-Moreno, 2006). Subsequent shortening in the Late Creta-
ceous and Paleogene probably effected inversion of the former Chivillas
pull-apart basin in the southwestern part of section F-F′, transferring
deformation to the Cordoba platform (Ángeles-Moreno, 2006) and ulti-
mately to the Veracruz basin in the Paleogene (Ortuño-Arzate et al.,
2003).

Eastward from the Vista Hermosa thrust, which constitutes the
tectonic contact between the Cuicateco assemblage and the Cordoba
platform, the cross section is based on the superb cross-section by
Ortuño-Arzate et al. (2003), who integrated field observations, seismic
interpretations and borehole records to create one of themost complete
and detailed cross-sections of the MFTB (Fig. 8). Along this part of the
section, imbricated thrust sheets demonstrate east vergence above a
basal detachment inclined to the east; however, this is likely not the
original dip of the detachment zone, as no evidence for gravitational
sliding, such as conjugate updip extension, has been reported or sug-
gested in this area. Paleocene-Eocene growth strata are present in the
subsurface and are unconformably buried by Oligocene post-tectonic
strata, constraining youngest deformation in the Veracruz basin to the
Eocene. This deformation age is consistentwith the Paleogene age of de-
formation of similar structures in the Isthmus of Tehuantepec to the
south (Pérez-Gutiérrez et al., 2009).

4.8. MFTB deformation summary

Except for the basin inversion kinematic style in the Chihuahua and
Sabinas basins on the northeastern margin of the MFTB, structures are
dominantly thin-skinned in the rest of the belt. In the three northern-
most sections (A-A′, B-B′ and C-C′), basement rocks are generally
shallower, basement block uplifts are more common than in the south-
ernmost sections, and strata of theMesozoic section exhibit less internal
deformation.

In westernmost outcrops, a conspicuous regional shear zone at the
contact between highly deformed siliciclastic Triassic turbidite strata
and volcaniclastic units above it (cf., Nazas, La Joya and San Juan de la
Rosa formations) could represent the basal detachment of the MFTB
wedge, which was locally uplifted by later thick-skinned deformation.
To the east, the basal detachment lies in Jurassic-Lower Cretaceous
evaporites or carbonaceous shale, and in the Gulf of Mexico coastal
plain, the detachment continues in the same stratigraphic level accord-
ing to seismic interpretations (Alzaga-Ruiz et al., 2009; Roure et al.,
2009). In general, rocks above a detachment located in evaporites
(e.g., Minas Viejas and Olvido formations, Fig. 4) have less internal de-
formation than strata above a detachment occupies carbonaceous
shale (cf., Santiago Formation in centralMexico), where folds are tighter
and or there aremore thrust faults (Fitz-Díaz et al., 2011a). Deformation



Fig. 12. Mexican orogen and syn-orogenic magmatism. A) Main deformation events of
MFTB and southern Laurentia (late Paleozoic-Paleogene, details in the text). Note that
Mexican orogen (~98–45 Ma) had a greater temporal history than the Laramide orogen
of the U.S. B) Probability distribution of detrital zircons in the foreland basin system of
the MFTB. The arc derived grains form three main Late Cretaceous peaks: Early
Cenomanian (~96 Ma), early Campanian (~80 Ma) and late Campanian (~73 Ma). A
minor peak defined during Ypresian (~52 Ma) results from a single unpublished sample
of the Chicontepec Formation. These data support the idea of magmatism migration
through time from western to eastern Mexico. C) Relative flux curves of Sierra Nevada
batholith and batholithic rocks of southern California interpreted from exposures of igne-
ous rocks of U.S. Cordillera. Note that main Late Cretaceous magmatic peaks match with
the interpreted age ranges of La Posta and Sinaloa batholiths of northwestern Mexico.

74 E. Fitz-Díaz et al. / Earth-Science Reviews 183 (2018) 56–84
in platformal carbonates is dominated by thrusts and thrust-sheet im-
bricates, whereas in basinal carbonate successions there is more strain
in the rocks that is accommodated by buckle folds, which are unrelated
to thrusts (e.g., central Mexico, Fitz-Díaz et al., 2012). On themargins of
platforms at changes inmechanical properties of the Cretaceous carbon-
ate interval (Contreras and Suter, 2015), it is common to observe re-
gional scale thrusts, which accommodated considerable displacement
for long periods of time (e.g., El Doctor thrust, Garduño-Martínez
et al., 2015).

The wavelength of the folds is controlled by the layer thickness of
the carbonate horizons, as well as relative competence and thickness
of the rocks of the detachment zone (Hudleston and Treagus, 2010).
For instance, in the Zimapán and the Tampico-Misantla basins in east-
central Mexico (sensu Suter, 1987), which are mostly composed of
thinly-bedded limestone interbedded with chert and shale, relatively
tight mesoscopic chevron folds detached above carbonaceous shale are
pervasive. In contrast, the Monterrey salient contains a section of
thick-bedded carbonate strata N1 km thick (Fig. 4), which overlies
hundreds of meters of evaporites, and is overlain by Upper Cretaceous
shale. There, the style of shortening consists of a train of detached,
kilometer-scale buckle folds developed in the massive limestone strata,
which control the fold wavelength (Padilla y Sánchez, 1982).

5. Syn-orogenic magmatism

Subduction-related magmatism accompanied shortening deforma-
tion in most of the Mexican orogen during its entire Cenomanian
through Eocene history. In this regard, the Mexican orogen differs sig-
nificantly from the largely amagmatic Laramide orogen of the United
States. The Mexican territory has an extensive history of magmatism,
mainly in the Sonora region and along a big portion of the Mexican Pa-
cific margin from the Mesoproterozoic to the Miocene (Clark et al.,
1982; Damon et al., 1981a,b; Silver and Chappell, 1988; Schaaf et al.,
2002; Valencia-Moreno et al., 2001, 2003; Solari et al., 2007;
Ortega-Gutiérrez et al., 2014). During the Mesozoic, magmatism was a
prevalent process in what is now the hinterland of the Mexican orogen
(Guerrero terrane) and included at least two phases of extensional arc-
relatedmagmatism (Busby, 2004; Centeno-García et al., 2011). The first
phase occurred during the Late Triassic-Late Jurassic andwas character-
ized by intermediate to silicic explosive and effusive volcanism, andwas
followed by a second phase of arc rifting, during the Late Jurassic-Early
Cretaceous, characterized by widespread dike swarms and extensive
mafic lavas and hyaloclastites, which are particularly common in the
Arperos basin. In the Late Cretaceous, intense calc-alkaline plutonism
and silicic volcanism along the Pacific margin (Henry et al., 2003;
Valencia et al., 2013, Centeno-García, 2017) took place within an envi-
ronment of tectonic shortening (Centeno-García et al., 2011).

Syn- and post-orogenic magmatism occurred from the Late Creta-
ceous to the Miocene, and is concentrated in northwestern and central
western Mexico, in the states of Sonora, Sinaloa, Chihuahua, Durango,
Jalisco, Colima and Michoacán, although scattered plutons and volcanic
rocks are also found to the east, in the states of Coahuila, Nuevo León,
Tamaulipas, San Luis Potosí, Zacatecas and Guanajuato (Stein et al.,
1994; Ferrari et al., 2005; Molina-Garza et al., 2008; Velasco-Tapia
et al., 2011). The Sierra Madre Occidental contains most of the pre-,
syn- and postectonic magmatic record of the MFTB according to
Ferrari et al. (2005), who grouped the subduction related magmatism
of this province in four main igneous complexes: (1) Upper Cretaceous
to Paleocene plutonic and volcanic rocks; (2) Eocene andesites and less-
er dacitic-rhyolites, both of which are included in a “Lower Volcanic
Complex” (LVC); (3) silicic ignimbrites emplaced during two pulses of
Oligocene (~32–28 Ma) and early Miocene (~24–20 Ma) ages and
grouped into the “Upper Volcanic Supergroup” (UVS); and (4) transi-
tional basaltic-andesitic lavas erupted after each ignimbritic pulse and
correlated with the Southern Cordillera Basaltic-Andesite (SCORBA) of
the southwestern U.S.

Upper Cretaceous-Paleogene plutonic rocks are exposed discontinu-
ously in a belt of large batholiths that extends from northwesternmost
Mexico to the vicinity of Michoacán. This belt includes the Puerto
Vallarta, Los Cabos, Sinaloa, Sonora and Peninsular Ranges batholiths
and marks the location of the continental-margin magmatic arc during
shortening of theMFTB. The large-volume eastern part of the Peninsular
Ranges batholith of the northern half of the Baja Peninsula was
emplaced primarily between 105 and 80 Ma (Ortega-Rivera, 2003),
with a major magmatic pulse known as the “La Posta event” between
98 and 92 Ma (Kimbrough et al., 2001). Emplacement of the Los Cabos
batholith at the southern tip of the peninsula also began near 100 Ma,



Fig. 13.Mesozoic tectonic evolution of Mexico prior the development of theMFTB viewed along a NE-SW transect fromMazatlán to southern Texas (green line in Fig. 6). a) Late Triassic,
erosion of the Permo-Triassic (Torres et al., 1999) and deposition of siliciclastic sediments of the Potosi and El Alamar fans on western Pangaea. b) Beginning rolling back subduction of a
paleo-Pacific plate on the western margin of North America, initiation of rifting in the Gulf of Mexico (May 1970; Pindell and Dewey, 1982) and installation of the border rift Nazas Arc.
c) Instauration of drifting in theGOMand consolidation of theNazas arc inwesternMexico during themiddle Jurassic. d) Back-arc extension inwesternMexico that trigger development of
Arperos basin during Late Jurassic and end of drifting inGOMbasin. e)Drifting inArperos basin and deposition of Cuestecita and Arperos Formation in thewest of the basin and Valenciana
and Los Cuarzos in the continental margin in the area of Guanajuato (Martini et al., 2014), end of drifting in the GOM during Late Jurassic. f) Major subsidence in the GOM basin and de-
position of argillaceous and carbonate rocks during Early Cretaceous time (Wilson, 1990). g) Closure of Arperos basin during Late Aptian (Martini et al., 2016).
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but continued to about 80 Ma (Duque-Trujillo et al., 2014), and the
Puerto Vallarta batholith, which was contiguous with the Los Cabos
batholith prior to opening of the Gulf of California, likewise has yielded
U-Pb crystallization ages of ~100–80 Ma (Schaaf et al., 1995; Valencia
et al., 2013). The Sinaloa batholith represents the southern continuation
of the Sonora batholithic complex and was apparently a long-lived
magmatic complex, with intrusive ages ranging 101–45 Ma (Henry
et al., 2003).

In northeastern Mexico, most Upper Cretaceous-Paleogene igneous
rocks constitute small outcrops of volcanic deposits or shallow plutonic
bodies emplaced in the sedimentary section. Most of the older rocks are
buried beneath younger volcanic or continental deposits. Syntectonic



Fig. 14. Tectonic scenarios inwhich the three episodes of deformation described from theMFTBmight have occurred in the Late Cretaceous-Paleogene. Explanation is provided in the text.

76 E. Fitz-Díaz et al. / Earth-Science Reviews 183 (2018) 56–84
plutonic bodies are elongate perpendicular to the direction of shorten-
ing and have a strong internal magmatic foliation that is concordant
with the structural orientation of hosting folds and thrusts
(e.g., Chávez-Cabello, 2005; Solé et al., 2007; Ramírez-Peña and
Chávez-Cabello, 2017; Ramírez-Peña and Chávez-Cabello, 2017).
Other plutons that cross-cut folds and thrusts and lack an internal fabric
coaxial with shortening structures are interpreted as post-tectonic
(Molina-Garza et al., 2008). The post-tectonic plutons are commonly
Eocene granitic bodies (Fig. 8, section B-B′), whereas syntectonic intru-
sives range from Late Cretaceous to Paleogene in age and tend to be
more mafic in composition than the post-tectonic plutons.

Numerous workers have documented a general eastward migration
of magmatism across northern Mexico from the Pacific paleotrench to-
ward theMexican foreland duringMFTB deformation (Fig. 10). Tempo-
ral eastwardmigration of magmatismwas first proposed on the basis of
data from Sonora (Damon et al., 1981a,b; Clark et al., 1982), where
there is evidence that migration accelerated between 70 and 60 Ma
(Ramos-Velázquez et al., 2008). Clark et al. (1982) also noted a Late Cre-
taceous to late Eocene shift from calc-alkalic to high-K calc-alkalic plu-
ton chemistry. Late Eocene magmatism in Coahuila extended nearly
1000 km east of the paleotrench (Chávez-Cabello, 2005). Henry et al.
(2003) suggested that further south, at the latitude of the states of
Sinaloa and Durango, magmatismmigrated only ~100 km eastward be-
tween 100 and 45 Ma, reaching a distance ~400 km east of the
paleotrench (Fig. 10).

The migration of magmatism through time from western to eastern
Mexico, in concert with chemical variation, has been explained by two
different tectonic models: (1) A progressive increase in subduction
rate and attendant decrease in subduction angle of the Farallon plate
under North America, followed by a later plate roll-back as in the south-
western U.S. (Coney and Reynolds, 1977; Damon et al., 1981a,b), or
(2) subduction of a thickened segment of the Farallon plate (e.g., an oce-
anic plateau) to createflat subduction during the latest Cretaceous-early
Eocene, and later reestablishment of a steeper subduction angle after
the plateau passage (Ferrari et al., 2005). The secondmodel is supported
by recent independent evidence that predicts passage of theHess conju-
gate oceanic plateau under northernMexico from70 to 50Ma (Liu et al.,
2010). Nevertheless, flat subduction of the Hess conjugate does not ex-
plain continued magmatism in the Mexican orogen during latest
Cretaceous-Eocene time.

6. Timing of deformation in the Mexican orogen

Deformation timing in the Mexican orogen has been inferred from
various sources of geologic data, including (1) ages of syntectonic and
cross-cutting plutons (e.g., Johnson et al., 1999; Henry et al., 2003;
Chávez-Cabello, 2005; Ramos-Velázquez et al., 2008), (2) the age of
syntectonic sedimentary deposits or the ages of angular unconformities
in the stratigraphic succession (e.g., Gray and Lawton, 2011;
González-León et al., 2011; Centeno-García et al., 2011); and (3) abso-
lute ages of folds, faults and shear zones on the basis of ages of
syntectonic mica or illite (Iriondo et al., 2005; Cuéllar-Cárdenas et al.,
2012; Fitz-Díaz and van der Pluijm, 2013; Fitz-Díaz et al., 2014a,b,
Fitz-Díaz et al., 2016). Data from different sources are summarized in
Fig. 11 to provide an overview the timing of deformation in theMexican
orogen.

The time range of deformation interpreted in different structures of
theMexican orogen is organized spatially formwest to east and tempo-
rally from oldest to youngest in Fig. 10. The table indicates that shorten-
ing deformation in the Mexican orogen started in the hinterland in the
Early Cretaceous, presumably localized on its western edge along accre-
tionary prisms (Moore, 1985). Stratigraphic relations (Martini et al.,
2013, 2014; Ortega-Flores et al., 2015) and 39Ar/40Ar whole-rock ages
of metavolcanic rocks (Elías-Herrera et al., 2000) and hornblende ages
separated from metabasites (Delgado-Argote et al., 1992) indicate the
closure of the Arperos basin took place in southern and central Mexico
during the Albian (blue band inmap and correlation table of Fig. 10). Ki-
nematic studies of structures in southern Mexico indicate that during
basin closure, rocks of the Guerrero terrane arc were thrust eastward
over the Arperos basin (Salinas-Prieto et al., 2000), producing intense
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pervasive deformation characterized by isoclinal folding in
metasedimentary rocks (Fitz-Díaz et al., 2008) and localized deforma-
tion recorded by anastomosing mylonite zones, such as those exposed
in metavolcanic rocks of Valle de Bravo, Estado de México (Fitz-Díaz
et al., 2008) or the Sierra de Guanajuato (Martini et al., 2011, 2012).
Albian deformation was also determined on the basis U-Pb zircon ages
from syntectonic plutons of the Main Martir thrust, on which eastern
Peninsular Ranges plutons are thrust over volcanic and sedimentary
rocks of the Alisitos arc in Baja California (Johnson et al., 1999). The
Main Martir thrust has a direction of transport to the west, which is op-
posite to that observed in southern Mexico (Fig. 2). Metamorphism of
ophiolite assemblages in the footwall of this shear zone, to the west of
the Alisitos arc, in the Vizcaino peninsula also occurred during the
Albian (Baldwin and Harrison, 1992).

Following closure of the Arperos basin, another shortening event af-
fected the rocks in both the Guerrero terrane and the westernmost side
of the MFTB (deep green band, Fig. 10). This episode is as old as
Cenomanian (~98–90 Ma) and as young as early Coniacian in the hin-
terland, according to the age of syntectonic intrusives (Henry et al.,
2003) and the age of the Todos Santos mylonite (Cuéllar-Cárdenas
et al., 2012). In the westernmost exposures of the Guerrero and
Zihuatanejo terranes in Colima and Michoacán, shortening and meta-
morphism of Upper Jurassic and Lower Cretaceous units occurred be-
tween Turonian and Coniacian time (Centeno-García et al., 2011).
Despite the above investigations, a scarcity of structural studies in the
Guerrero terrane prevents a complete perspective on the kinematics,
style and history of deformation between the Turonian and Campanian
in the Guerrero terrane. The first folding event in the westernmost ex-
posures of the MFTB occurred during the Turonian-Early Campanian
(Fitz-Díaz et al., 2014b). Although a little younger, these structures are
in part contemporaneous with shortening structures in the Guerrero
terrane described above and for this reason we group them in the
same deformation episode, colored with deep green in the structural
map and correlation table of Fig. 11. This generation of folds of the
MFTB is tight to isoclinal in medium to thinly bedded limestone of the
Mesa Central, and their axes show abrupt orientation variations on the
map (Fig. 11).

From late Campanian to Maastrichtian time, a second shortening
event, which is evidenced by refolding, affected the MFTB. Structures
of this event are shown in green in the map and the correlation table
of Fig. 11. This generation of folds is relatively more open and widely
spaced and is superimposed on older folds in the Zimapán basin
(Figs. 8 and 9). During this time, it is possible that the folds of the Parras
transverse belt and the Monterrey salient advanced the front of the
MFTB further east. The trend of the fold axes of the second episode of
deformation is shown in pale green in the map of Fig. 11. These fold
axes also show a sinuous trend along a belt in the middle of the MFTB,
which is the same as the trend of the older folds, and could also be a re-
sult of refolding.

The youngest folds and thrusts in the MFTB are indicated in orange
on its eastern front, and are as old as 64Ma and as young as 42Ma (mid-
dle Eocene) in central Mexico (Fitz-Díaz and van der Pluijm, 2013). In
northern Mexico, the folds of the Monterrey salient (Fitz-Díaz et al.,
2016), of La Popa (Gray and Lawton, 2011), Sabinas (Chávez-Cabello,
2005) and Chihuahua basins (McDowell and Mauger, 1994) were also
formed in this time range. In southern Mexico, the age of growth strata
indicate a Paleogene episode of shortening in folds buried beneath the
coastal plain of the Gulf of Mexico in the Tampico-Misantla and Vera-
cruz basins (Ortuño-Arzate et al., 2003; Alzaga-Ruiz et al., 2009; Roure
et al., 2009). The southernmost structures of the MFTB, in the Isthmus
of Tehuantepec, involve 65 Ma old rocks (Pérez-Gutiérrez et al., 2009),
and thus likely also formed during the Paleogene shortening episode,
which seems to be a pervasive event of deformation in the eastern foot-
hills of the MFTB. Nevertheless, Paleogene structures of the MFTB show
very contrasting styles. In northern Mexico the shortening is recorded
by a basin-inversion deformation style, whereas in southern Mexico,
particularly in the Veracruz basin, the deformation is thin-skinned
(Ortuño-Arzate et al., 2003).

Distribution of structural ages indicates that shortening in the Mex-
ican orogenwas older to thewest and that thrust deformation advanced
eastward progressively and episodically (Fig. 11). Regional patterns of
shortening are thus consistent with documented shortening ages
along a transect in central Mexico (Fitz-Díaz et al., 2014a, Fig. 9), and
therefore the age of shortening episodes can be extrapolated north
and south along theMFTB. The oldest folds (Fig. 11, deep green domain)
seem to be tightly refolded on the western side of the belt, whereas
Campanian-Maastrichtian structures are distributed along a sinuous
belt along the eastern front of the Sierra Madre Oriental that continues
along the Parras transverse belt. Paleogene structures are located in
the inverted foreland of northeastern Mexico and in the Tampico-
Misantla and Veracruz basins.

Possible correspondence of magmatic events and shortening in the
MFTB can be estimated from the content of detrital zircon age groups
in sandstones of the foreland basin (Fig. 12). The shortening events de-
scribed above from 40Ar/39Ar ages on neomorphic illite (Fig. 12A) over-
lap with Late Cretaceous and Paleogene magmatic events recorded as
detrital zircon age peaks present in eighteen combined foreland-basin
sandstones (Fig. 12B). The detrital-zircon age peaks record the
~100–92 Ma La Posta magmatic event of the Peninsular Ranges batho-
lith and contemporary batholiths on the continental margin, as well as
Santonian and late Campanian peaks at ~80 and ~73 Ma, and a promi-
nent peak at ~54Ma, which is contributed by a single sandstone sample
from the Eocene part of the Chicontepec Formation in the Tampico-
Misantla basin (Fig. 4). Cenomanian turbidites of the foreland basin,
which contain abundant approximately syndepositional zircons derived
from the La Posta magmatic event, were quickly deformed by shorten-
ing that began in the Turonian. The second influx of zircons into the
foreland basin appears to have taken place during continued shortening
during the initial Turonian-early Campanian shortening event. The age
peak at ~73 Ma corresponds with onset of late Campanian shortening
recorded in the Zimapán basin (Fig. 12A, B). Two minor peaks and a
major peak at ~54 Ma indicate marked influx of Paleocene zircons to
the foreland and corresponds to an interval of rapid subsidence in the
Tampico-Misantla basin. This Paleocene influx correlates with shorten-
ing ages from the eastern front of the Sierra Madre Oriental.

Estimates of intrusive-flux rates during the life of the continental
margin arc in the U.S. (Fig. 12C) demonstrate both similarities and dif-
ferences with magmatic history, as inferred from our preliminary
detrital-zircon data set. The Sierra Nevada batholith experienced a
large magmatic episode coeval with the La Posta event, but lacks the
Santonian-Campanian event that is prominent in Mexico. Nevertheless,
the Santonian-Campanian event is prominent in the San Bernardino
Mountains and Mojave Desert of southern California. Paleogene
magmatism west of the Eocene province of the U.S. is markedly absent,
in contrast to Paleogene syndeformational magmatism indicated by zir-
con grains from an Eocene sample in the detrital analyses of Fig. 12B.
The absence of U.S. Paleogene magmatism illustrates the amagmatic
character of the U.S. Laramide event and its difference from theMexican
orogen.

7. Tectonic evolution of Mexico during the Mesozoic and the devel-
opment of the Mexican orogen

The tectonic evolution of Mexico from Triassic through the end of
Early Cretaceous time was dominated by extensional deformation, but
we include a summary of that deformation because of its profound in-
fluence on style and distribution of Late Cretaceous-PaleogeneMexican
deformation. In this section, a sequential model (Fig. 13) of important
Triassic-Albian tectonic events is illustrated along a transect from Sina-
loa to southern Texas (green line of Fig. 7), followed by a model for de-
formation of the Mexican orogen itself (Fig. 14). Each step of this
tectonic evolution remains controversial and debated.
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Extensive exhumation of Upper Permian-Lower Triassic granitoids
took place in easternMexico, accompanied by deposition of voluminous
submarine fans along the western flank of Proterozoic basement in
Mexico. The granitoids were emplaced as part of a continental margin
arc that persisted along thewesternmargin of Gondwana after its sutur-
ing with Laurentia (Torres et al., 1999; Dickinson and Lawton, 2001).
The detrital zircon record of the Upper Triassic submarine-fan deposits
suggests rapid exhumation of the Permo-Triassic batholith of eastern
Mexico and the presence of a Late Triassic magmatic gap
(Barboza-Gudiño et al., 2010; Ortega-Flores et al., 2014). Nevertheless,
Upper Triassic granite porphyries and Jurassic sandstones with abun-
dant Late Triassic grains have recently been described from the Chihua-
hua basin in northernMexico (Villarreal-Fuentes et al., 2014). Although
the voluminous Upper Triassic deposits have been attributed to cessa-
tion of subduction and development of a passive margin along
Mexico's west coast (Centeno-García and Silva-Romo, 1997;
Barboza-Gudiño et al., 2010), we suggest that rapid exhumation of the
Permo-Triassic granitoid trend of eastern Mexico resulted from flat-
slab subduction even as normal subduction continued farther north-
west beneath northwestern Mexico and the southwestern U.S., where
abundant evidence of Late Triassic magmatism is present in the Chinle
Formation and correlative stratigraphic units (Riggs et al., 1993) and
in Jurassic strata of northeastern Chihuahua (Fig. 13a; Villarreal-
Fuentes et al., 2014).

Early toMiddle Jurassicmagmatismhas been attributed to theNazas
arc, which extended from northwest to southeast across northern
Mexico, and is also present in Chiapas (Dickinson and Lawton, 2001;
Bartolini et al., 2003; Godinez-Urban et al., 2011; Lawton and
Molina-Garza, 2014). The volcanic succession of the arc contains thick
siliciclastic successions interbedded with volcanic and pyroclastic
rocks and thus has been attributed to arc development in a succession
of extensional basins termed an arc-graben depression (Busby-Spera,
1988).Middle and Late Jurassic extension inMexico and the southwest-
ern USA has been variably attributed to opening of the Gulf of Mexico
and attendant processes related to the breakup of Pangea (Stern and
Dickinson, 2010;Martini and Ortega-Gutiérrez, in press) and to rollback
of a subducting oceanic slab that lay west of Mexico (Lawton and
McMillan, 1999; Dickinson and Lawton, 2001). We suggest that exten-
sion in Mexico was due to a combination of North America-South
America separation (e.g., Pindell and Kennan, 2009) and slab rollback,
the latter of which began in Late Triassic-Early Jurassic time (Fig. 13b)
and continued through the Jurassic as described below.

The locus of Late Jurassic volcanism lies west of the inferred trace of
the Middle Jurassic volcanic arc as recorded by plutons in the Baja
California Peninsula and Jalisco (Valencia et al., 2013) and Sinaloa
(Vega-Granillo et al., 2008). The Middle and Late Jurassic magmatic
trends appear to merge in northern Sonora (e.g., Anderson et al.,
2005a,b), but in most of Mexico, continued slab roll back appears to
explain Jurassic igneous rock distribution (Fig. 13c).

The Arteaga complex forms the basement of the Guerrero terrane on
the Pacificmargin ofMexico and contains similar detrital zircon age pat-
terns to those of the Triassic submarine-fan systems of central Mexico.
The detrital zircon link suggests that the Arteaga complex was deposit-
ed in the same Triassic sedimentary system on the edge of Mexico
(Centeno-García, 2005), and implies that the Guerrero terrane was not
as allochthonous as formerly thought, but rather that it was separated
from the Mexican mainland in the Late Jurassic-Early Cretaceous
(Martini et al., 2011, 2013, 2014; Ortega-Flores et al., 2014, 2015,
Fig. 13d). At present, we are unsure how far the Guerrero terrane was
separated from the Mexican mainland, but the extension of the
resulting Arperos basin was likely adequate to produce oceanic crust
(Lapierre et al., 1992; Freydier et al., 1996; Martini et al., 2011,
Fig. 13e). Shortening and low grade metamorphism during the closure
of the Arperos basin most likely occurred during the Albian (Fig. 13f),
as a consequence of west-facing subduction of the newly formed ocean-
ic crust. We base our speculation on the fact that Guerrero rocks were
thrust over the Arperos basin rocks and the fact that the foreland
basin developed to the east of the suture. Although considerable inter-
nal deformation was accumulated in the Arperos suture
(Salinas-Prieto et al., 2000; Fitz-Díaz et al., 2008), no shortening defor-
mation was propagated to the east, as carbonate sedimentation
prevailed during that time in the foreland. It is also likely that deformed
rocks of the Arperos basin remained beneath sea level as no detritalma-
terial derived from the oceanic rocks has been observed in carbonate
successions to the east. Finally, we infer a breakup of the paleo-
Farallon plate at this point of time as a result of the opposing subduction
directions beneath the Guerrero terrane, which might have caused in-
teraction between the two subducting slabs. The paleo-Farallon slab is
likely one of the many vertical slab walls observed in seismic tomogra-
phy data under the Caribbean region interpreted as detached pieces of
paleo-Pacific plates (Sigloch and Mihalynuk, 2013).

Paleogene deformation in the MFTB, dominated by thick-skinned
structures in northern Mexico (Fig. 14c) and thin-skinned structures
in central and easternMexico,may have occurred due to geographically
distinct mechanisms. For instance, Laramide structures of the Colorado
Plateau required of a particular subduction setting that involved flat
subduction (Dickinson and Snyder, 1978) presumably of the conjugate
Shatsky oceanic plateau (Tarduno et al., 1985; Liu et al., 2010), which
caused coupling between the North American and Farallon plates and
produced crustal-scale shortening in the southwestern U.S. (see Fig. 6
in Yonkee and Weil, 2015 The conjugate Hess plateau was subducted
under northern Mexico in the Paleogene, later than the Shatsky conju-
gate (Liu et al., 2010), but it did not affect most of Mexico. Nonetheless,
there was also an increase in rate of westward North American plate
motion during the Paleogene (van der Meer et al., 2010). Thus it is pos-
sible that these two combined factors, or one dominating over the other
in different places,might have caused the diversity of structure that was
characteristic of the MFTB during the Paleogene.

Because the detachment zone in some parts of the MFTB is flat
(Fig. 8, sections B-B′, C-C′) or dips to the east (Fig. 8, section F-F′;
e.g., the Veracruz basin), it has been suggested that gravitational
sliding drove the deformation (de Cserna, 1956). Nevertheless,
there is no evidence in the form of up-dip contemporary conjugate
extension reported anywhere within the MFTB similar to that ob-
served in gravitational structures in the Gulf of Mexico (e.g., Peel
et al., 1995). Moreover, evidence such as a gradient of shortening,
temperature of deformation and topography increasing to the west
(Fitz-Díaz et al., 2011a,b, 2012) corroborate the development of an
orogenic wedge across the MFTB.

New geological data from the last 15 years pertaining the Mesozoic
stratigraphy and structural geology of central Mexico (Martini et al.,
2014, and references therein) combine to support progressive closure
of the Arperos back-arc basin, along with convergence of the Farallon
plate hinge and the North American plate as the principal mechanisms
that drove shortening in the Mexican orogen. Plate interactions
and shortening were enhanced by acceleration of westward North
American plate motion between 90 and 70 Ma, and again during the
Paleogene, corresponding to the times of primary deformation recorded
in the MFTB.

8. Conclusions

Structural, stratigraphic and geochronological data, including
recent studies, cited herein, from the hinterland and foreland of
the Mexican fold-thrust belt, support the following general
conclusions:

1. The Mexican fold-thrust belt possesses many key aspects, including
(a) a variable deformation style dominated by basin inversion in
the north and thin-skinned and fold-dominated shortening in central
and southern Mexico, (b) a characteristic deformation history
consisting of at least three superimposed belts that propagated
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deformation to the east, (c) Late Cretaceous to Eocene syn-orogenic
sedimentation patterns, and (d) a distinctive tectonic scenario
which included a collapsed back-arc basin and volcanic superterrane
to the west. Although it shares some of these characteristics with the
Sevier and Laramide orogens of the U.S., in the aggregate, they clearly
distinguish theMexican orogen from those orogens lying to the north.

2. In contrast to the Laramide orogen of the U.S., continental
magmatism was a continuous process throughout the evolution of
the Mexican orogen. The foreland basin system of the orogen thus
constituted a retroarc foreland basin. Volcanic rocks provided
voluminous detritus to the evolving basin, and young detrital zircons
provide key evidence to stratigraphic age of the foreland-basin strata.

3. The arrival of the para-autochthonous Guerrero terrane and atten-
dant closure of the Arperos basin to form the Arperos suture either
completely preceded, or were at most the first manifestation of de-
formation of the Mexican fold-thrust belt. All three tectono-
structural elements – volcanic superterrane and oceanic suture of
the hinterland, and deformed foreland – together constitute the
Mexican orogen.

4. The magmatic-flux model, which explains large-scale cycles of
subduction-related magmatism, hinterland uplift, linked erosion
and sedimentation, and deformation in the foreland (DeCelles
et al., 2009), provides a first-order mechanism for the origin of the
Mexican fold-thrust belt. We conclude that Late Cretaceous-
Paleogene deformation was a result of a single, evolving subduction
zone that lay west of the Guerrero terrane, rather than multiple
events of terrane accretion or gravity-driven shortening. Active
magmatism during the entire history of MFTB shortening likewise
implicates the subducted Farallon slab as a principal driver of crustal
orogenesis. Moreover, deformation-magmatic cycles coincide with
periods of westward acceleration of the North American plate (van
der Meer et al., 2010) and further corroborate subduction as the
principal tectonic driver of Mexican orogenesis. Nevertheless, the
magmatic flux model imperfectly explains patterns of magmatism
in northern Mexico, suggesting at least local flat-slab subduction,
perhaps related to the passage of the Hess ridge beneath Mexico.
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Sediment provenance, sediment-dispersal systems, and major arc-magmatic events
recorded in the Mexican foreland basin, North-Central and Northeastern Mexico
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de Ingeniería, Universidad Autónoma de San Luís de Potosí, San Luis Potosí, México; dDepartment of Geological Sciences, Jackson School of
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ABSTRACT
The Late Cretaceous-Paleogene Mexican foreland basin (MFB), defined herein, represents the south-
ern continuation of the lateMesozoic Cordilleran foreland basin. Sandstone petrography, newdetrital-
zircon (DZ) U-Pb geochronology, and paleocurrent data indicate that much of the sedimentary fill of
the basin was derived from an active Late Cretaceous-Paleogene magmatic arc, termed here the
Mexican Cordilleran arc, on the western continental margin of Mexico. The oldest known strata of the
proximal foreland basin in the Mesa Central consist of Cenomanian-Turonian turbidites. Sampled
sandstones are compositional volcanic litharenites with abundant neovolcanic grains and a dominant,
approximately syndepositional DZ age group ranging ~98–92 Ma that records a major magmatic
event in the Mexican Cordilleran arc. Santonian-Campanian strata in the distal MFB consist of
carbonate pelagites with abundant interbedded tuffs and tuffaceous sandstones. Represented by
the Caracol and San Felipe formations deposited in the forebulge and back-bulge depozones,
respectively, these strata form an arcuate outcrop belt ~700 km in length. DZ ages ranging ~85–74
Ma in the arc-derived tuffaceous strata record a second prominent magmatic event.

Two principal transport mechanisms delivered volcanogenic sediment to the MFB from multi-
ple, simultaneously active arc sources during Late Cretaceous time: (1) Cenomanian-Turonian east-
directed transverse fluvial systems transported volcanic-lithic sand rich in young zircon grains; and
(2) airborne ash clouds transported Santonian-Campanian zircon grains to the distal foreland
basin in prevailing Late Cretaceous northwesterly winds. Axial transport of sediment derived from
active arc sources, Proterozoic basement and derivative sedimentary rocks in northwestern
Mexico, in addition to transverse transport from the thrust orogen itself, represents a younger
sediment-routing system, modified by advance of the foreland fold-thrust belt, to the
Maastrichtian-Paleogene foreland of northeastern Mexico.
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Introduction

The Mesozoic record of magmatism in the North American
Cordillera of the western United States includes plutonic
and volcanic rocks produced during Late Cretaceous
events (Smith 1960; McDowell and Clabaugh 1979;
Christiansen et al. 1994; DeCelles et al. 2009; de Silva et al.
2015). Termed magmatic flare-ups, the events took place
during time intervals on the order of 5–20 m.y. (Ducea
2001; Ducea and Barton 2007; DeCelles et al. 2009; Ducea
et al. 2015). In the California segment of the Cordilleran arc,
these magmatic events are interpreted to have resulted
from eastward subduction of the Farallon oceanic plate
(Ducea 2001). Belts of Cretaceous-Paleogene plutons
along the western margin of Mexico also originated by

subduction of the Farallon plate (Ortega-Gutiérrez et al.
2014; Fitz-Díaz et al. 2018).

Assessments of the Late Cretaceous-Paleogene mag-
matic history of western North America based on compila-
tions of plutonic rock ages can be limited by incomplete
exposure of or inadequate access to, volcanic and plutonic
igneous rocks of the arc. This problem is especially acute in
western Mexico where Mesozoic igneous rocks are exten-
sively covered by younger volcanic rocks (e.g. Langenheim
and Jachens 2003; Fletcher et al. 2007). In such cases, the
volcaniclastic content and detrital-zircon record of adjacent
sedimentary basins can provide critical evidence for the
magmatic history of the arc. For example, the distribution
and ages of bentonites and ash-rich strata in deposits of
the Cretaceous Western Interior Seaway (Figure 1(a))
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correlate closely with emplacement ages of plutons in the
North American Cordillera (Christiansen et al. 1994).

Although the detrital zircon record of the Cordilleran
foreland basin of the United States has been described
extensively, the detrital zircon record and composition of
sandstones in a correlative counterpart basin in Mexico
remain largely unknown. In this paper, we introduce the
name Mexican foreland basin (MFB) for a foreland-basin
system (e.g. DeCelles and Giles 1996) that developed
adjacent to an eastward-advancing, Late Cretaceous-
Paleogene fold-thrust belt termed the Mexican orogen
(Fitz-Díaz et al. 2018). MFB subsidence began immediately
following accretion of the Guerrero terrane, a composite
oceanic or fringing arc system (Centeno-García et al. 2008,
2011; Martini et al. 2012, 2013), near the end of Late
Cretaceous time. Although initial deep-water fill of the
basin resembles that of the collisional Alpine foreland
basin (e.g. Sinclair 1997), a pro-foreland basin, the history
of subsidence in the MFB corresponded with arc magma-
tism in western Mexico related to subduction of the
Farallon slab, as we describe below; therefore, the tectonic
setting of the MFB is consistent with that of a retroarc or
retro-foreland basin (e.g. Dickinson 1976).

In cases where retro-foreland basin systems (sensu
Ingersoll 2012) are linked to adjacent drainage networks
within the volcanic carapace of the arc, the basin fill can
record arc history because easily eroded volcanogenic
material transported to the basin provides a widely dis-
tributed record of approximately contemporary magma-
tism (DeCelles et al. 2009; de Silva et al. 2015). Detrital
zircon (DZ) analysis, integrated with systematic mapping
has been applied to the fill of the Cordilleran foreland
basin in the United States to identify short-livedmagmatic
pulses in the North American Cordillera (Laskowski et al.
2013; de Silva et al. 2015; Ducea et al. 2015). Airborne ash
erupted during major magmatic events can also provide
a direct record of arc magmatism if prevailing atmo-
spheric circulation is from the arc to the basin (e.g.
Christiansen et al. 1994).

In this study, we present sandstone petrographic data
andU-Pb geochronological data from zircon grains in sand-
stone and tuff of the MFB to augment the record of
Cretaceous arc history in western Mexico and evaluate the
influence of themagmatic arc on the basin fill. On the basis
of new DZ data and U-Pb ages of tuffs interbedded in
foreland basin strata, we recognize two major Late

Figure 1. (a) Palaeogeography of Cordilleran orogen, foreland basin and Western Interior Seaway during late Cenomanian-
Campanian time. Mexican foreland basin is the southern extension of the Cordilleran foreland basin (stippled), which occupies
the western part of Western interior seaway. Explanation: FP, Farallon plate. (b) Locations of geographic and geologic features of
northern and central Mexico. Guerrero terrane (GT) is a fringing or exotic magmatic arc, which was accreted near the end of Early
Cretaceous time (e.g. Alisitos arc, Busby et al. 2006; Martini et al. 2014). Physiographic provinces of Mexico described in text: MC,
Mesa Central; SMO, Sierra Madre Oriental fold and thrust belt; TMVB, Trans-Mexican volcanic belt. Numbered sample localities: (1)
Río Grande, (2) Mexquitic, (3) La Casita Canyon, (4) Huasteca Canyon, (5) Alamar Canyon, (6) Jalpan-Concá, (7) Tezapotla, (8) Agua
Zarca. Components of Mexican foreland basin system: SB, Sabinas basin; Bur, Burgos basin; LPB, La Popa basin; PB, Parras basin, ZB,
Zimapán basin; TMB, Tampico-Misantla basin. GoM, Gulf of Mexico. Plutonic and volcanic rocks of Mexican Cordilleran arc, defined
in text: WPRB, Western Peninsular Ranges batholith; EPRB, Eastern Peninsular Ranges batholith; SonB, Sonora batholith; SinB;
Sinaloa batholith; LCB, Los Cabos batholith; PVB, Puerto Vallarta batholith. Cities (white dots): Ch-Chihuahua; To-Torreón; Mo-
Monterrey; Za-Zacatecas; SLP-San Luis Potosí; Gu-Guanajuato.
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Cretaceous magmatic events in western Mexico with
a duration of ~7 and ~11 m.y., suggesting that magmatic
activity in the southern part of the Cordilleran arc was
similarly episodic. The Late Cretaceous magmatic events
correlate with similar ones in the magmatic arc of the
United States, but we also recognize an Early Cretaceous
magmatic event that corresponds with a coeval episode of
low apparent magmatic flux in the California arc to the
north (e.g. Ducea 2001); the Early Cretaceous event serves
to distinguish the arc history of Mexico from that of the
United States and provided an important source for detrital
zircons in Mexico. Our study also suggests mechanisms of
sediment transport between the arc and the basin and
provides a possible explanation for the distribution of
tuffs and ash-rich strata in the southern part of the North
American Cordillera during Late Cretaceous time.

Geological framework

Foreland-basin sedimentation in Mexico was linked to the
development of the Mexican orogen, a deformed belt of
variable kinematic style that extends the length of Mexico
(Fitz-Díaz et al. 2018). In late Early Cretaceous time, volcanic
arc rocks and siliciclastic strata of the Guerrero terrane were
accreted to western Mexico (Dickinson and Lawton 2001;
Busby et al. 2006; Martini et al. 2014); sedimentation in the
adjacent foreland of central Mexico began shortly after the
collision. Alternative models for the origin of the Guerrero
terrane, whether as an exotic, far-travelled arc (Tardy et al.
1994; Dickinson and Lawton 2001; Sigloch and Mihalynuk
2013) or a parautochthonous fragment of North America
separated during Late Jurassic-Early Cretaceous marginal-
basin formation (Centeno-García et al. 2008, 2011; Martini
et al. 2011; Fitz-Díaz et al. 2018) remain a matter of debate.
In either case, east-dipping subduction of the Farallon slab
beneath Mexico was established by Cenomanian time,
roughly synchronous with the age of the oldest deposits
of the foreland basin (Kimbrough et al. 2001; Centeno-Garc
ía et al. 2011; Ortega-Gutiérrez et al. 2014; Fitz-Díaz et al.
2018). Late Cretaceous-Paleogene subduction created
a continental-margin arc along the western flank of
Mexico, which consisted of the newly accreted Guerrero
terrane. Because much of the volcanic caparace has been
removed by erosion, extensive batholiths in western
Mexico (Zimmermann et al. 1988; Henry et al. 2003;
Valencia et al. 2013; Ortega-Gutiérrez et al. 2014) and the
Baja Peninsula (Walawender et al. 1990; Kimbrough et al.
2001; Langenheim and Jachens 2003; Ortega-Rivera 2003)
provide the principal record of the arc (Kimbrough et al.
2001). Episodic magmatism during Late Cretaceous-
Eocene time was particularly voluminous (Kimbrough
et al. 2001; Ortega-Gutiérrez et al. 2014). In this paper, we
refer to the post-accretion, Late Cretaceous-Paleogene

magmatic arc of the Baja Peninsula and western mainland
Mexico as the Mexican Cordilleran arc. Consistent with pre-
vious usage, an Early Cretaceous magmatic arc that devel-
oped on the Guerrero terrane prior to its accretion is
termed the Alisitos arc (Wetmore et al. 2002, 2003;
Alsleben et al. 2012).

The Mexican foreland basin (MFB) lay on the continen-
tal side of the magmatic arc and Mexican orogen (Fitz-
Díaz et al. 2018). The foreland basin ranges in age from
late Cenomanian(?)-Eocene (Figure 2) (Lawton et al. 2016)
and extends from the suture with the Guerrero terrane to
the Gulf of Mexico; much of the early-formed basin was
extensively deformed by advance of the Mexican orogen
(Figure 1) (Fitz-Díaz et al. 2018). The basin includes a broad
region of deformed turbidite strata in the Mesa Central,
formerly termed the Central Mexican Mesozoic basin
(cuenca Mesozoica del Centro de México; Carrillo-Bravo
1971), as well as local stratigraphic inliers in the Sierra
Madre Oriental fold-thrust belt, such as the Zimapán
basin, and the Burgos, Parras, La Popa, Sabinas and
Tampico-Misantla basins (Figure 1(b)), which lie north
and east of the Mexican orogen (e.g. Fitz-Díaz et al.
2018, and references therein).

Cenomanian(?)-Turonian calciturbidites and siliciclas-
tic turbidites of the Mesa Central constitute the oldest
strata of the basin (Figure 2). Younger strata are absent
from the Mesa Central, evidently due to erosion during
eastward-advancing uplift of the fold-thrust belt (Fitz-
Díaz et al. 2018). Santonian-Campanian strata are pre-
sent farther east, in the Sierra Madre Oriental, where
pelagic carbonate and shale successions of the Caracol
and San Felipe formations, rich in interbedded tuffs,
represent distal deposits of the basin (Figure 2).

East of the Mesa Central, Early Cretaceous carbonate
platforms of eastern Mexico were onlapped by clastic
stata in Santonian time as a result of eastward migration
of the foreland basin foredeep (Figure 1, 2) (Carrillo-Bravo
1971; Wilson andWard 1993). The youngest deposits of the
foreland-basin system include Campanian-Eocene strata of
the Difunta Group in the Parras and La Popa basins of
northeastern Mexico (e.g. McBride et al. 1974; Lawton
et al. 2009) and the Paleocene–Eocene Chicontepec
Formation in the Tampico-Misantla basin of eastern
Mexico (Bitter 1993; Alzaga-Ruiz et al. 2009).

Methods

Four samples were collected from Mesa Central turbi-
dites for petrographic and detrital zircon analysis. Due
to structural complexity, it is not possible to determine
the relative stratigraphic positions of the Mesa Central
samples within the foreland basin succession. A fine- to
medium-grained sandstone was collected from a road

INTERNATIONAL GEOLOGY REVIEW 3



cut exposure near the city of Río Grande in Zacatecas
(sample 14-26IV14; Figure 1(b), locality 1). In the south-
ern part of the Mesa Central, three samples (25-MB02,
26-PST01, and CARN-28; Figure 1(b), locality 2) were
collected west of the village of Mexquitic in San Luis
Potosí from the bases of medium-grained sandstone
beds.

Four samples of reworked tuffs were collected for
U-Pb analysis from measured stratigraphic sections of
the Caracol and San Felipe formations, as described
below (Figure 1, localities 3, 4). Five additional samples
(29-TE-01, 36-CL01, 48-AZ02, 04-JC01 and 05-JC02) were
collected from ash beds of the San Felipe Formation
along the frontal part of the Sierra Madre fold-thrust
belt south of the Monterrey salient (Figure 1, local-
ities 5–8).

Each geochronological sample consisted of approxi-
mately 3–5 kg of rock, which yielded at least 50 zircon
grains per tuff sample and at least 140 grains per
detrital sample. Samples were analyzed by LA-ICPMS
in the Laboratorio de Estudios Isotópicos (LEI) at the
Centro de Geociencias, UNAM, according to the meth-
odology reported in Solari et al. (2018) and UT Geo- and
Thermochronometry Laboratory at the University of
Texas, according to the methodology reported in Hart
et al. (2016). One sample of the Caracol Formation

(07COA-CA3) was analyzed at the Arizona LaserChron
Center, at the University of Arizona, according to the
methodology of Gehrels et al. (2008). Analyses with
discordance >20% or reverse discordance >5% are indi-
cated by strikethrough text in Supplemental Data
Tables DR-1 and DR-2 and were not considered further.
Concordant grains were plotted as probability distribu-
tion functions using Isoplot software (Ludwig 2008).
The maximum depositional age (MDA) of each sand-
stone sample was interpreted from the weighted mean
of the concordant, youngest grain ages that overlap at
two-sigma (2σ) analytical error (e.g. Dickinson and
Gehrels 2009). Tuff ages represent the weighted mean
age of the cohort of overlapping (at 2σ error) young
grain ages that yielded an MSWD (mean square of
weighted deviates) nearest unity, also using Isoplot
(Ludwig 2008). We employ the Geologic Time Scale of
Cohen et al. (2013).

Thin sections were prepared of all samples collected
for U-Pb analysis. Sandstone thin sections were point-
counted using the Gazzi-Dickinson technique to reduce
compositional dependence on grain size (Ingersoll et al.
1984). Sandstone and tuff samples were examined to
establish the presence or absence of neovolcanic grains
(sensu Critelli and Ingersoll 1995) that might indicate
contemporary volcanism.

Figure 2. Stratigraphic correlation chart, central and eastern foreland region of Mexico. Lower units of columns represent pre-
foreland basin carbonate facies. Lower and upper age limits of turbidites in Mesa Central are unknown due to incomplete sampling
and erosion. Siliciclastic environments represented by patterned and dark grey units, migrated eastward with time, toward the
exterior part of Mexican orogen.
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Foreland basin

We divide Cenomanian to Campanian strata of the
foreland basin into proximal and distal foreland-basin
strata on the basis of their inferred distance from the
time-equivalent thrust front. Strata of the Mesa Central
are considered proximal, whereas strata of the Sierra
Madre Oriental are distal.

Proximal foreland basin strata

Extensively folded and faulted turbidites of the Mesa
Central were formerly assigned to the Caracol Formation
(de Cserna 1976), but our U-Pb data indicate that the
turbidites are older than the type Caracol of the Sierra de
Parras (Imlay 1937) (Figure 1, locality 3; Figure 2). We refer
to the strata as undifferentiated turbidites. They form out-
crops of sandstone, siltstone, shale, calcareous shale and
calclithite that are usually limited to fault-truncated succes-
sions no more than a few meters to tens of meters thick.
Intercalated calciturbidite beds grade from fine-grained
calclithite to laminated calcareous shale. Siliciclastic inter-
vals contain two distinctive lithofacies associations. One
association consists of upward-fining and -thinning succes-
sions composed of massive to graded lenticular sandstone
beds as much as 3.5 m thick interbedded with shale layers.
Mudstone clasts are common at the bases of sandstone
beds. This lithofacies association is interpreted as deposits
of channel systems in a submarine fan system (e.g. Mutti
and Normark 1991; Posamentier and Walker 2006).
A second lithofacies association consists of graded sand-
stone beds that alternate with thin layers of shale to form
upward-coarsening and -thickening successions as much
as 3 m thick. This lithofacies association is interpreted as
deposits of submarine-fan lobes (e.g. Mutti and Normark
1991). Limited palaeocurrent data measured on flute casts
of siliciclastic sandstone beds indicate generally easterly
sediment transport (Figure 3). Calciturbidites were derived
from carbonate platforms to the east on the basis of the
dominance of carbonate grains and clasts, which in some
cases can be matched to Lower Cretaceous rock types of
the Sierra Madre Oriental.

Distal foreland basin strata

Ash-rich volcaniclastic and sedimentary strata of
Santonian-Campanian age crop out in the northern
part of the Mesa Central and in the frontal part of the
fold-thrust belt from the eastern part of the Parras
transverse sector to the eastern front of the Sierra
Madre Oriental (Figure 1, localities 3–8) and continue
east into the subsurface (Santamaría-Orozco et al.

1990). The volcaniclastic and sedimentary succession is
thus distributed along an arcuate belt, approximately
250 km wide by 700 km long, that straddles the present
Sierra Madre Oriental thrust front. The succession varies
from ~350 m thick in the Parras transverse sector
(Figure. 1, locality 3; Figure 2), where it is termed the
Caracol Formation, to 100–250 m thick in the Monterrey
salient and along the Sierra Madre Oriental (Figure 1,
localities 4–8; Figure 2), where it is termed the San
Felipe Formation (Carrillo-Bravo 1961; Gamper 1977;
Sohl et al. 1991; Velasco-Tapia et al. 2016).

The Caracol Formation in La Casita Canyon (Figure 1
(b), locality 3) concordantly overlies limestone beds of
the Indidura Formation (Figure 4(a)). The lower part of
the section consists of shale interbedded with ash-rich
sandstone or reworked ash beds. The sandstone beds
are 3–50 cm thick, rich in tuffaceous grains, volcanic
quartz, plagioclase, biotite and microfossils, and nor-
mally graded from structureless coarse-grained sand-
stone to laminated fine-grained sandstone. They are
interpreted as Bouma AB turbidites. A coarse-grained
sandstone (07COA-CA3) was collected 60 m above the
basal contact for U-Pb analysis.

The middle part of the section (m 110–290) consists
of thin, bioturbated sandstone beds and thick intervals
of shale. Chondrites and Zoophycus traces indicate the
Zoophycus ichnofacies. Shale beds are broadly lenticu-
lar, 60–80 cm thick, with erosive upward-concave basal
contacts that cut subjacent shale layers; overlying shale

Figure 3. Palaeocurrent rose of flute casts and drag marks at two
turbidite outcrops in Mesa Central, Santa Teresa (black shading) and
CARN-28 (grey shading) (Figure 1(b), locality 2). Arrows indicate the
average direction of palaeocurrent measurements at each outcrop.
N values represent the number of measurements.
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onlaps the erosional contacts. This cut-and-fill geometry
results in a broad complex of channelform shale bodies
tens of meters wide. We interpret the shale interval as
a complex of nested slope channels.

The upper 60 m of the Caracol section consists of
interbedded shale and fine- to coarse-grained ash-rich
sandstone and reworked tuff beds with soft-sediment
deformation structures, flame structures, overlain bymed-
ium-grained tuffaceous sandstone with low angle cross-
lamination and undulose upward-convex and -concave
laminae with wavelengths of tens of centimetres. Flute
casts indicate flow to the west and southwest (Figure 4
(a)). The structures in the upper parts of the beds are
interpreted as antidunes, indicating sediment deposition
during supercritical flow. Observations which support the
antidune interpretation include: 1) Morphology of the
structures, which consist of upward-convex parallel lami-
nae with low-amplitude rounded crests and absence of
swales; 2) presence of traction carpets and horizontal
lamination in medium sandstone below the undulating
interval, which indicate upper flow regime flow; 3)
absence of wave ripples in upper parts of beds; and 4)
absence of other structures formed by oscillating currents.
The top of the uppermost coarse-grained tuffaceous bed,
the level of sample 33-AC01V, is defined as the upper limit
of the Caracol Formation (Figure 4(a)). Discrete beds of
tuff and ash-rich sandstone form ~13% of the section. The

overlying Parras Shale resembles the shale of the Caracol
Formation but lacks tuff beds. The Caracol Formation
represents alternating deposits of volcaniclastic turbidites,
some of which are resedimented and altered ash falls or
bentonites (e.g. Christiansen et al. 1994; Christidis and
Huff 2009), and hemipelagic mud. The Zoophycus ichno-
facies indicates low-energy, likely deepwater, conditions
(e.g. Pemberton et al. 1992). Turbidites and shale-filled
channels indicate the presence of a submarine slope.
The Caracol Formation has been previously interpreted
as shelfal deposits (PEMEX, Petróleos Mexicanos 1988;
Barboza-Gudiño et al. 2004), but deposition by sediment-
gravity flows and the presence of a topographic slope
suggest a more distal site in the foreland basin, as dis-
cussed below.

We measured a complete section of the San Felipe
Formation in La Huasteca Canyon, in the Monterrey
salient, where the unit is 75 m thick (Figure 1(b), locality
4). It is dominantly composed of calcareous shale, ben-
tonite, micritic limestone beds as much as 50 cm thick,
and rhythmic, thin ash-rich sandstone beds (Figure 4
(b)). The ash-rich beds make up ~20% of the succession
and represent Bouma AB turbidites, normally graded
from structureless coarse-grained sandstone to lami-
nated fine-grained sandstone. The San Felipe
Formation overlies limestone and shale beds of the
deepwater Agua Nueva Formation, correlative with

Figure 4. (a) Measured stratigraphic section of Caracol Formation in La Casita Canyon, Sierra de Parras, Coahuila (Figure 1(b),
locality 3). Section begins at 25º 13.970’N, 101º 25.977’W and ends at 25º 14.221’N, 101º 25.908’W. Measured palaeocurrent
directions indicated as azimuths along the column. Stratigraphic position of a sample reported by Longoria et al. (1999) is
approximate. (b) Measured stratigraphic section of San Felipe Formation in La Huasteca Canyon, Monterrey salient. Section begins
at 25º 35.122’N, 100º 25.535’W and ends at 25º 35.645’N, 100º 26.399’W.
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the Indidura Formation, and is overlain by the pale
brown Méndez Shale. The lower and upper contacts
of the San Felipe Formation are defined to lie at lower-
most and uppermost occurrences of coarse-grained
ash-rich beds. Two samples of coarse-grained ash-rich
sandstone (49-SF02b and 48-Me16) were collected for
U-Pb analysis near the base and top of the San Felipe
Formation (Figure 4(b)).

The San Felipe Formation has been alternatively
interpreted as basinal deposits (e.g. Sohl et al. 1991;
Ángeles-Villeda et al. 2005) or as outer shelf deposits
on the basis of lithology, trace fossils, and the ratio of
planktonic to benthic foraminifera (e.g. Gamper 1977;
López-Ramos 1980; Martínez-Paco 2012). The combina-
tion of deepwater deposition, pelagic carbonate
deposition, and presence of carbonate extra basinal
grains (Lsc) in turbidites derived from a contemporary
orogenic belt to the west suggest deposition in a distal
part of the foreland basin (sensu DeCelles and Giles
1996).

Younger strata of foreland basin (Difunta group)

The late Campanian-Eocene Difunta Group was depos-
ited in a foredeep depozone adjacent to the frontal
Sierra Madre Oriental fold-thrust belt (Soegaard et al.
2003; Lawton et al. 2009). The Difunta Group consists of
sandstone-rich fluvial and deltaic deposits that are coar-
ser grained than the San Felipe and Caracol formations
(McBride et al. 1974). Published petrographic and detri-
tal zircon results from the Difunta Group (Lawton et al.
2009) complement understanding of basin evolution
and illustrate the age distribution of detrital zircon
grains in younger, Maastrichtian-Eocene units of the
foreland basin.

Clastic petrography

Mesa Central sandstones range from lithic arkose to lithar-
enite (classification of Folk 1974). Framework grains are
dominated by monocrystalline quartz, plagioclase, volca-
nic lithic grains and subordinate potassium feldspar that
includes microcline, as well as polycrystalline quartz,
metamorphic and siliciclastic sedimentary lithic grains
(Figure. 5(a-b)). Extra basinal carbonate lithic grains (Lsc
of Ingersoll et al. 1987) derived from erosion of carbonate
rocks are uncommon in most samples, except in 26-PST
01, where they are dominant (Figure 6(a)). Altered feldspar
and secondary carbonate cement are very common and
unstable grains are commonly replaced by calcite (Figure
6(b)). Volcanic lithic grains represent more than 50% of
the lithic fragments in two of the samples (Figure 5(c)).
Many of the volcanic lithic grains are fresh to altered

felsitic grains (Figure 6(a–f)) that we interpret as neovol-
canic grains deposited during penecontemporaneous vol-
canism in the sediment-source area (e.g. Critelli and
Ingersoll 1995). Fresh plagioclase is present in all samples
(Figure 6(f–i)). Feldspar and volcanic lithic grains are
locally altered to incipient pseudomatrix.

All Caracol and San Felipe tuffs are volcaniclastic
sandstones (sensu Critelli and Ingersoll 1995), most
having a high degree of alteration, including replace-
ment by calcite, which makes a comparison of grain
proportions among samples difficult (Figure 7(a,b)). The
framework grains include felsitic volcanic grains, as well
as microcrystalline tuffaceous lapilli and glass shards,
plagioclase with polysynthetic twins, monocrystalline
volcanic quartz and fresh biotite (Figure 7(c–h).
Potassium feldspar is rare; a few grains of microcline
and sanidine were observed. Detrital carbonate grains
and bioclasts are present (Figure 7(d-i)); carbonate
grains can be difficult to discriminate from plagioclase
and tuffaceous grains that are replaced by calcite
(Figure 7(d-f)).

Zircon grains are common in all tuffs and ash-rich
sandstones. All zircon grains consist of elongate euhedral
crystals that are colourless or pale yellow; 80–100% of the
analyzed grains in individual samples are tetragonal
prisms with bipyramidal terminations and well-
developed regular oscillatory zoning with parallel
domains. A subordinate group of colourless grains lacks
zonation. Neither U-Pb analyses nor cathodoluminescent
images indicate the presence of inherited cores.

U-Pb geochronology

New U-Pb geochronologic analyses of the undifferen-
tiated turbidites and tuffaceous sandstones include 932
zircon ages (Table 1).

Detrital zircons of undifferentiated turbidites, Mesa
Central

Mesa Central turbidite grain ages span ~2940 to ~84 Ma,
of which 49% (249 of 509 analyses) are younger than 300
Ma (Figure 8). Precambrian grains constitute
a subordinate age component that lacks significant age
peaks. Pan-African grains (~652–544 Ma) are present but
uncommon in one sample (CARN-28; Figure 8). Early
Palaeozoic grains form subordinate age peaks ranging
~469 Ma to ~450 Ma in all samples. Jurassic zircon grains
represent an important component (14%; n = 72) of all
samples, with peaks ranging from ~164 Ma to ~156 Ma.
Cretaceous grains ranging from ~145 to ~66 Ma consti-
tute the most abundant ages in the samples (31%, 159 of
509 analyses). A distinctive Early Cretaceous age group
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with an age peak at ~131 Ma is present in sample 26-PST
01 and Early Cretaceous grains are present in 25-MB02
and CARN-28 (Figure 8). Early Late Cretaceous grains form
dominant peaks ranging from ~98 Ma to ~92 Ma in the
samples. All Mesa Central samples yielded Turonian max-
imum depositional ages (Table 1).

U-Pb ages of tuffs in distal foreland units

Late Cretaceous zircon grains (98%, 331 of 339 analyzed
zircons) dominate our samples of the Caracol and San
Felipe formations. All samples yielded mean ages of
~84–76 Ma (Figure 9; Table 1). The lower Caracol sample
(07COA-CA3) from ourmeasured section in Sierra de Parras
yielded a weighted mean age of 84.4 ± 0.8 Ma and the
upper sample (33-AC01V) yielded a weighted mean age of
81.5 ± 0.5 Ma, which we interpret as the depositional ages
for the lower part and top of the measured section (Figure
4(a)). The resulting Santonian-early Campanian age range
for the Caracol Formation agrees with a Santonian-early

Campanian biostratigraphic age determined for the forma-
tion at the same locality (Longoria et al. 1999).

The lowermost San Felipe sample (49-SF02B) from our
measured section at La Huasteca Canyon yielded
a weightedmean age of 81.6 ± 0.6 Ma and the uppermost
sample (48-Me16) yielded a weighted mean age of 75.9 ±
0.6 Ma, indicating an early to middle Campanian age for
the section (Figure 4(a-b), 9(a-d)). The ages thus indicate
alternatively that the lower part of the Sierra de Parras
section is equivalent to strata designated as Agua Nueva
Formation at La Huasteca Canyon, that the base of the
San Felipe Formation is time-transgressive or that there is
an unrecognised unconformity at the base of the unit at
La Huasteca Canyon that creates a hiatus between the
Agua Nueva and San Felipe formations. The second two
possibilities could have resulted from deposition of the
San Felipe higher on the forebulge than the Caracol
Formation.

Five additional tuff samples of the San Felipe Formation
were collected along the frontal part of the Sierra Madre
Oriental (Figure 1), from incompletely exposed sections, in

Figure 5. (a) and (b), Total grain plots of detrital modes of Turonian sandstones in Mesa Central (black dots, this study), middle
Maastrichtian sandstones in La Popa basin (white dots, Lawton et al. 2009), and uppermost Maastrichtian-Paleogene sandstones in
Parras basin (white triangles, Lawton et al. 2009). Provenance fields after Dickinson (1985). (c) LmLvLs compositional plot of Mesa
Central turbidites and Difunta Group sandstones. L = polycrystalline lithic fragments, Lm = metamorphic lithic fragments, Lv =
volcanic lithic fragments, Ls = sedimentary lithic fragments, Lt = total lithic fragments. Qt, total quartz = Qm, monocrystalline quartz
+ Qp, polycrystalline quartz. Lt = L + Qp. Chert is included in Qp and Ls. n = number of samples. Provenance fields of LmLvLs plot
after Ingersoll and Suczek (1979).

8 E. JUÁREZ-ARRIAGA ET AL.



which their stratigraphic position within the succession is
not known. Samples are located in the central Sierra Madre
Oriental fold-thrust belt, except 36-CL01, which is from El
Alamar Canyon, in the southern part of the Monterrey
salient. Weighted mean ages of the samples span late
Santonian to middle Campanian (84.4 to 77.0 Ma; Figure
9(e–h); Table 1).

Discussion

Depositional model

We interpret the units of Turonian to Campanian age
described above as deposits of the Late Cretaceous
foreland basin developed adjacent to the Cordilleran
orogen in Mexico. The turbidite strata of the Mesa
Central represent the oldest known deposits within
the basin. Eastward and southeastward palaeoflow
directions (Figure 3) indicate sediment transport from
the time-equivalent magmatic arc, with flow likely influ-
enced by a foredeep that was oriented NW-SE.

Depositional style changed as basin deposition
migrated eastward with time, toward the exterior part

of the Sierra Madre Oriental. Santonian-Campanian
pelagic and volcaniclastic facies of the Caracol and
San Felipe formations were deposited from suspension
in the distal foredeep and by ash falls or mass flows
generated on the slight slope between the distal fore-
deep and forebulge of the foreland-basin system
(Figure 10). Although the Caracol Formation has pre-
viously been interpreted as a shelfal deposit, our envir-
onmental interpretations indicate deep-water
deposition in a foreland basin system. Key features of
the deposits include: 1) Local southwest-directed flute
casts that indicate sediment transport toward the oro-
gen, rather than away from it, as would be expected in
a conventional shelf setting; and 2) broad channelform
shale bodies, formed on the flank of a submarine slope
susceptible to submarine erosion (e.g. Collinson et al.
2006). These features indicate the existence of subtle
elevated topography in the distal part of the basin,
which we interpret as the transition between the fore-
deep and forebulge depozones (sensu DeCelles and
Giles 1996), where some ash was transferred from the
forebulge to distal foredeep by subaqueous gravity-
driven transport toward the orogen.

Figure 6. Thin section photomicrographs of Cenomanian-Turonian undifferentiated turbidites, Mesa Central. All photos cross-
polarized light; sample numbers indicated in the lower left of photos. (a) Detrital carbonate grain (Lsc) and finely crystalline felsitic
volcanic lithic fragment (Lvf) in litharenite, Río Grande, Zacatecas. (b–d) Angular volcanic lithic fragments in litharenite, Río Grande,
Zacatecas, and (e–i) metamorphic, volcanic and sedimentary lithic fragments in litharenites, Mexquitic, San Luis Potosí.
Abbreviations: Lvf, felsitic volcanic lithic fragment; Lvm, microlitic volcanic lithic fragment; Lvl, lathwork volcanic lithic fragment;
Lsc, detrital carbonate fragment; Lss, sedimentary lithic fragment (argillite); Lmf, foliated quartz-mica metamorphic fragment; Qtz,
monocrystalline quartz; K, potassium feldspar; Plg, plagioclase. Length of bar is 250 µm in all images.
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Neither previous research on the San Felipe Formation
nor our observations have documented fan lobes or chan-
nel systems. We infer that sediment was not distributed
from a single point source, but rather was fed frommultiple
sources that were active more or less simultaneously. U-Pb
zircon ages that approximate the biostratigraphic age
(Table 1) and tuffaceous sandstones in thedeposits indicate
that most of the volcanic grains in this unit were trans-
ported to the distal basin by syndepositional ash clouds.
Abundant detrital carbonate grains (Lsc) can be explained
by erosion of the Early Cretaceous carbonate platforms of
eastern Mexico, which were elevated by eastward migra-
tion of forebulge. Furthermore, it is possible that sediment
reworking toward the distal part of the basin might have
been caused by instability that resulted from rapid accu-
mulation of volcanic ash on the forebulge. The resulting
remobilization could have caused mass flows, resulting in
deposition of debrites and turbidites (Figure 10).

Sediment sources of foreland-basin strata

Potential source regions for the foreland basin fill are
interpreted on the basis of clastic petrography and
detrital zircon U-Pb ages of the Mesa Central

sandstones and previously published data from the
Campanian-Eocene Difunta Group (Lawton et al. 2009).
Geochronological data and sandstone petrography
indicate that the component detritus of the Mesa
Central sandstones came from a western source that
produced approximately syndepositional zircon grains
and a combination of metamorphic, sedimentary and
volcanic lithic fragments. The following interpretation
of source regions considers Upper Cretaceous and
Paleogene volcanic and volcanosedimentary succes-
sions that were likely widespread along the western
margin of Mexico during the time intervals of interest
(e.g. Talavera-Mendoza et al. 2007; Bissig et al. 2008;
Mortensen et al. 2008; Centeno-García et al. 2011;
González-León et al. 2017).

Petrographic data demonstrate that Mesa Central and
Difunta Group sandstones are in general compositionally
similar, but some Mesa Central samples indicate a greater
influence of volcanic source rocks. Both Mesa Central
turbidites and Difunta Group sandstones plot along the
shared boundary of the recycled orogenic and arc prove-
nance fields of Dickinson (1985) (Figure 5(a, b)), with
Difunta Group sandstones tending toward lower values
of Lv/Ls (Figure 5(c)). Palaeocurrent data for both

Figure 7. Thin section photomicrographs of Santonian-Campanian tuffs and tuffaceous sandstones of the Mexican foreland basin. All
photos cross-polarized light, except (b); sample numbers indicated in the lower left of photos. (a) Devitrified tuff containing glass shard, San
Felipe Formation, Monterrey salient. (B) Devitrified tuff and glass shards (arrows) in tuff layer of the San Felipe Formation, central Sierra
Madre Oriental fold-thrust belt (plane-polarized light). (c) Detrital biotite grains in the lower part of Caracol Formation, Sierra de Parras,
Coahuila. (d–i) Ash-rich sandstones of San Felipe Formation, central Sierra Madre Oriental fold-thrust belt with euhedral and broken crystals
and a variety of volcanic lithic fragments. Symbols as in Figure 5, and Bio, bioclast. Length of bar is 250 µm in all images.
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depositional systems indicate that the source rocks lay
generally west of the basin. Thus, plausible sources for the
lithic fragments in Mesa Central sandstones include base-
ment of the Guerrero terrane, including magmatic, sedi-
mentary and metamorphic rocks formed prior to its
accretion, and a post-accretion continental-margin arc.
By the time of deposition of the Difunta Group, crustal
deformation had advanced eastward to what is now the
front of the Sierra Madre Oriental (Fitz-Díaz et al. 2018)
and arc magmatism had migrated eastward into Sonora
(González-León et al. 2011), Sinaloa (Henry et al. 2003),
and Zacatecas (Velasco-Tapia et al. 2016); therefore,
younger volcanic rocks and exhumed older rocks of north-
western and central Mexico, including the Mesa Central
itself, could have provided sediment to the foreland.

Detrital zircon ages compiled from all Mesa Central
samples provide insight into U-Pb age distribution in the
foreland basin in early Late Cretaceous time (Figure 11).
Uncommon old grains (>1 Ga) (Figure 8, 11(a)) are diffi-
cult to attribute to a specific source but may represent
grains derived from Triassic metasedimentary rocks that
constitute the oldest rocks of the Guerrero terrane (e.g.
Centeno-García et al. 2011). A larger data set of correla-
tive Triassic sedimentary rocks deposited on the west
flank of continental Mexico reveals similar grain-age dis-
tributions to the Guerrero metasedimentary rocks,
including Neoproterozoic, early Palaeozoic and Permian-
Triassic grain ages consistent with Mexican basement
sources, as well as uncommon Palaeoproterozoic and

Archean grain ages (Barboza-Gudiño et al. 2010; Ortega-
Flores et al. 2014). Most pre-Jurassic zircon grains were
thus likely recycled from metasedimentary rocks of
Guerrero.

Plots of the combined Mesa Central analyses reveal
age peaks in the Middle Jurassic and Late Cretaceous
and a minor age peak in the Early Cretaceous (Figure 11
(a)). Jurassic granitoids and volcanic rocks of the
Guerrero terrane probably provided the Jurassic zircon
grains. Middle to Late Jurassic granitoids are locally
exposed in the Cuale area (Mortensen et al. 2008), and
Jurassic granitoids of the Guerrero terrane farther to the
southeast range ~163–145 Ma (e.g. Centeno-García
et al. 2011). Alternative sources are rhyolites of volcanic
sequences in the Guerrero terrane, with ages spanning
~151 to 138 Ma (e.g. Bissig et al. 2008; Mortensen et al.
2008) and a postulated silicic large igneous province in
western Mexico now largely eroded, spanning 170–165
Ma (Kimbrough 2018).

Cretaceous zircon U-Pb ages in the Mesa Central
have modes at ~130 Ma and ~96 Ma, separated by
a hiatus of about 15 m.y. (~125–110 Ma). We propose
two principal sources for the Cretaceous grains: 1)
Lower Cretaceous plutonic rocks of the Alisitos arc
emplaced in the Guerrero terrane, and 2) Late
Cretaceous volcanoes of the Mexican Cordilleran arc.
Early Cretaceous ages reported from Guerrero include
mica schist with a unimodal zircon age at ~134 Ma and
the Ahuacatlán granodiorite exposed near the younger

Figure 8. Probability density plots of DZ U-Pb ages in sandstones of Mesa Central. Detrital zircon age probability distribution for
zircon grains younger than 300 Ma (left column), and for all grains analyzed (right column). Zircon components are shown with grey
and shaded bars. Maximum depositional ages (MDA) are shown in Table 1.
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Puerto Vallarta batholith (Valencia et al. 2013). The
group of Late Cretaceous grains with a peak at ~96
Ma corresponds with ages of plutons in the Baja
Peninsula, especially the Eastern Peninsular Ranges
batholith (Kimbrough et al. 2001), the Los Cabos bath-
olith (Duque-Trujillo et al. 2015), and granitoids of
Puerto Vallarta batholith (~92 Ma, Valencia et al. 2013).

The compiled zircon age distribution from the
Maastrichtian-lower Eocene Difunta Group possesses
marked differences from, and some important simila-
rities to, the Mesa Central sandstones. Difunta sand-
stones have an age range of ~3037 to ~54 Ma, of
which 69% (901 of 1302 analyses) are younger than
300 Ma (Figure 11(b)). Like Mesa Central samples,
zircon grains of the Difunta Group were derived in
part from Mesozoic arc terranes in western Mexico,

but in contrast to Mesa Central sandstones, samples
of the Difunta Group include Proterozoic grains of
Laurentian derivation (Figure 11(b)) (e.g. 1.7 Ga, 1.4
Ga and 1.1 Ga; e.g. Van Schmus et al. 1993; Gehrels
et al. 2011). The Proterozoic age peaks are subordinate
but well defined, and likely were derived directly from
the basement or derivative sedimentary rocks, the
nearest of which were exposed in northern Sonora,
northern Chihuahua, and the southwestern U.S. (e.g.
Lawton et al. 2009). In addition to the Guerrero base-
ment, a potential source for moderately abundant
Triassic grains lies in sedimentary units of southwes-
tern U.S. or northern Sonora (e.g. Barth and Wooden
2006; González-León et al. 2009).

Abundant Jurassic and Cretaceous grains in the
Difunta Group (Figure 11(b)) can also be attributed

Figure 9. Tera-Wasserburg Concordia diagrams and weighted mean ages for samples of Caracol (a and b), and San Felipe
formations (c–h). Calculated ages for all samples are listed in Table 1. Data point errors in all samples are 2σ.
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to northwestern Mexico. Jurassic grains have several
potential sources because Laramide deformation in the
southwestern U.S. and advance of the Mexican orogen
to the east likely exhumed pre-Cretaceous rocks in
northwestern and central Mexico. Middle Jurassic
grains could have been derived from volcano-
sedimentary rocks of southern Arizona and California,
including ignimbrites of the McCoy Mountains
Formation in southern California (Fackler-Adams et al.

1997; Haxel et al. 2005; Hildebrand and Whalen 2014)
or volcano-sedimentary successions such as the
Rancho San Martín Formation of northern Sonora,
which also contain detrital Proterozoic grain ages simi-
lar to those observed in the Difunta Group (Leggett
2009; Mauel et al. 2011). Late Jurassic grains could
have been derived from the tuff-rich Cucurpe
Formation in northern Sonora (Mauel et al. 2011).
Alternatively, early Late Jurassic zircon grains may

Figure 10. Depositional model for forebulge and distal foredeep deposits of MFB during late Santonian-Campanian time, adapted
from foreland-basin system model of DeCelles and Giles (1996). Sediment derived from volcanic carapace was transported by fluvial
systems and deposited in basin foredeep by turbidity currents. Volcanic ash from explosive eruptions was transported by westerly
winds, and deposited as fall deposits in distal part of the foreland-basin system where some ash was redistributed from the
proximal flank of forebulge by subaqueous sediment-gravity flows. Flow direction was toward basin foredeep, where ash was
ultimately deposited, as indicated by SW-directed palaeocurrents.

Figure 11. Probability density plots of detrital U-Pb ages of upper Cenomanian(?)-Turonian undifferentiated turbidites of the Mesa
Central and sandstones of Difunta Group in northeastern Mexico.
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have been supplied in part by rocks of the Nazas
continental magmatic arc (Lawton and Molina-Garza
2014).

Thus, Cretaceous grains in the Difunta Group had
similar sources to those of the Mesa Central sandstones
but could have included more northern parts of the
Mexican continental margin. Grains that form
a prominent Early Cretaceous age peak at ~131 Ma
were likely derived from the Alisitos arc, exposed in
the northern part of the Baja Peninsula (Wetmore
et al. 2002, 2003; Busby et al. 2006; Alsleben et al.
2012), and from its southern extension, the Western
Peninsular Ranges batholith, known primarily from
magnetic data (Langenheim and Jachens 2003). Other
potential sources for Early Cretaceous zircons are
located in southern California, such as plutons of the
Ramona plutonic complex, with ages ranging 115–101
Ma (Todd et al. 2014). Other possible sources include
volcanic rocks of El Encino Formation (~119–98 Ma,
Böhnel et al. 1989) near Manzanillo, in the Jalisco
block, as well as plutonic rocks near Concepción del
Oro (Velasco-Tapia et al. 2016). Early Late Cretaceous
grain ages ranging 99–90 Ma, common in Difunta
Group sandstones, were likely derived from voluminous
intrusions of the Eastern Peninsular Ranges batholith
that crop out in southern California and the entire
length of the Baja Peninsula (e.g. Walawender et al.
1990; Kimbrough et al. 2001; Langenheim and Jachens
2003; Ortega-Rivera 2003). Late Cretaceous grains could
also have been contributed by recycling of older fore-
land-basin deposits containing those ages. A group of
grain ages with a peak at ~80 Ma was likely derived by
erosion of tuff-rich Santonian-Campanian strata uplifted
in the thrust belt. Young grains with ages near 62 Ma,
the approximate depositional age of the upper Difunta
Group (Figure 11(b)), were likely derived from volcanic
and plutonic rocks in northern Sonora described by
González-León et al. (2011).

In summary, both the Mesa Central and Difunta Group
sandstones had important sediment sources in the
Mexican Cordilleran arc. Although it is difficult to pinpoint
grain sources in an arc that paralleled the length of the
foreland basin, slight differences in petrography inferred
sediment dispersal, and U-Pb ages of zircon in the sedi-
ment suggest primarily sources to the west for the Mesa
Central sandstones. The same region of the arc may have
continued to provide grains to the Difunta Group of
northeastern Mexico, but a more diverse range of lithic
fragments and U-Pb detrital grain ages indicates that the
Mexican part of the fold-thrust belt, including pre-
Campanian foreland basin strata in central Mexico, and
younger volcanic rocks in northwestern Mexico supplied
sediment to the younger part of the foreland basin,

represented by the Difunta Group. This interpretation is
consistent with previous hypotheses that Upper
Cretaceous deposits with abundant volcanic grains were
derived from a volcanic terrane to the west (e.g. Tardy and
Maury 1973; Ocampo-Díaz et al. 2016).

A similar Santonian-Campanian set of new and pub-
lishedU-Pb datawas assembled for tuffaceous units of the
distal MFB. We combined our samples of the Caracol and
San Felipe formations (n = 339) with seven samples (n =
247) by Velasco-Tapia et al. (2016) (Figure 12). The com-
bined data set extends the age range of the tuffaceous
units to the late Campanian (~74 Ma; Figure 12 and Table
1). This age rangematches ages reported from the Sinaloa
batholith (Henry et al. 2003), Manzanillo batholith (Panseri
et al. 2007), and Los Cabos batholith (Duque-Trujillo et al.
2015), as well as intra-foreland plutons near Concepción
del Oro in Zacatecas (Velasco-Tapia et al. 2016), located
less than 100 km southwest of our Caracol sample local-
ities in Sierra de Parras.

Magmatic events recorded in foreland strata

We propose that the Cenomanian and the late
Santonian-Campanian age modes within U-Pb zircon
ages in the Mexican foreland basin record two short-
lived magmatic events in the continental-margin arc of
Mexico. Each magmatic event is characterized by
a modal age group defined by continuously distributed
grain ages that overlap at 2σ error. The short-lived
magmatic events can be observed in individual samples
from the Mexican foreland basin; for example, both
magmatic events in the arc can be observed in age
peaks in sample 05-JC02 (Figure 9(h)). The Cretaceous
events and a Paleogene event are also recorded in the
detrital ages of the youngest deposits of the foreland
basin (e.g. Difunta Group; Figure 11(b)).

The older event took place in Cenomanian-early
Turonian time (~98–92 Ma) during the onset of sedimen-
tation in the MFB. The sandstone samples that record
this event contain detrital zircon grains with euhedral
forms, oscillatory texture, and abundant ages of ~98–92
Ma (Cenomanian-early Turonian time, Figure 13(a)).

Tuff and sandstone of the Caracol and San Felipe
formations record a second, more protracted
Santonian-Campanian (~85–74 Ma) magmatic event
Figure 12). Widespread distribution of these units
along the frontal part of the Sierra Madre Oriental
suggests explosive magmatic activity along much of
the Mexican margin during this time. The Campanian
detrital zircon peak (~80 Ma; Figure 13(a)) and U-Pb
ages of the Mexican Cordilleran magmatic arc (~80
Ma; Figure 13(b)) match well. Plutonic rocks approxi-
mately coeval with the second magmatic event are
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quite common along the western Mexican margin
(Figure 1). Small intrusive bodies and associated volca-
nic rocks (~90–70 Ma; McDowell et al. 2001; Ramos-Vel
ázquez et al. 2008; González-León et al. 2017) are pre-
sent in central Sonora. Plutons that span the Santonian-
Campanian time interval are present in the Sinaloa
batholith (~100–45 Ma; Henry et al. 2003), the Los
Cabos batholith (~98–65 Ma; Aranda-Gómez and Pérez-
Venzor 1989) and the Puerto Vallarta batholith (~90–80
Ma; Zimmermann et al. 1988; Valencia et al. 2013).
These plutons form an almost continuous batholithic
belt between Sonora and Jalisco (Figure 1) that prob-
ably represented the main sites of magmatic activity in
the arc, as evidenced by their large sizes and long
duration, and likely produced large eruptions necessary
to generate the tuffs of the MFB.

Relative probability curves for published ages of volca-
nic and plutonic rocks of the southern North American
Cordilleran magmatic arc and detrital zircon ages from
strata of theMFB indicate amatch inmodal ages, especially
during Cenomanian time (Figure 13(b)). The Mexican
Cordilleran magmatic arc curve has a subordinate peak at
~98Ma, and the detrital zircon curve has a principal peak at
~96 Ma (Figure 13(a)). Detrital zircon U-Pb age distribution
occupy a narrow time interval of ~98–92 Ma, which we
interpret as the time span of magmatic activity during early
Cenomanian-Turonian time. We infer that postulated rapid

exhumation of the Peninsular Ranges batholith, which
caused an important pulse of sedimentation in the early
Cenomanian-late Turonian forearc basin (Kimbrough et al.
2001), was also recorded simultaneously in the MFB.

An early-middle Coniacian (~90–85 Ma) magmatic
minimum is present in the age-probability curves of the
Mexican Cordilleran magmatic arc and strata of the MFB
(Figure 13(a,b)). The ~90–85 Ma age gap is also observed
in the relative flux curves of the Sierra Nevada batholith
and batholithic rocks of southern California (Figure 13(c)).
Following this reduced magmatic activity, a younger age
peak spans nearly 10 m.y., an interval that contains the
peak at ~80 Ma (Figure 13(b)).

The imperfect match between the igneous and det-
rital data sets (Figure 13(a,b)) may result from
a combination of geochronological analytical uncertain-
ties, sampling bias in the arc domain, and mixing of
sediment from multiple magmatic sources. Large mag-
matic systems can be difficult to interpret because they
are incompletely preserved or exposed, and the ability
to resolve absolute age differences decreases as the age
of the magmatic system increases (de Silva et al. 2015).
Another potential reason for a mismatch of igneous and
detrital geochronological data sets results from sam-
pling bias in the magmatic arc. Commonly, data for
complete arcs are lacking because most studies are
focused on segments of a particular (e.g. Cordilleran)

Figure 12. Probability density plots of U-Pb ages of Caracol and San Felipe formations reported in this study and by Velasco-Tapia
et al. (2016).
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Figure 13. Comparison of age probability plots of Cordilleran batholiths of United States and Mexico with zircon relative age-
probability curve of Mexican foreland basin. N = number of samples, n = number of analyses. (a) and (b) Relative probability
density plots based on our zircon U-Pb dataset that include new and published data, according to criteria discussed by de Silva et al.
(2015). (a) Detrital zircon ages <200 Ma from samples of MFB strata of this study and Cretaceous-Eocene samples of Parras and La
Popa basins (Lawton et al. 2009). Y-axis frequency label refers to this part of the figure only for the unnormalised curve. (b)
Normalized volcanic and plutonic zircon U-Pb data set <200 Ma of Mexican Cordilleran magmatic arc. LC, Los Cabos batholith; PV,
Puerto Vallarta batholith. Vertical shaded grey bars are interpreted age ranges of high magmatic activity events in Mexican
Cordilleran arc. Sources of age data: Sonora batholith, Ramos-Velázquez et al. (2008); Pérez-Segura et al. (2009); González-León et al.
(2011), González-León et al. (2017)); Los Cabos and Sinaloa batholiths, Duque-Trujillo et al. (2015); Puerto Vallarta batholith, Valencia
et al. (2013). Igneous U-Pb data set (<200 Ma) from Upper Jurassic and Lower Cretaceous of the Guerrero terrane. Data sources:
Cuale volcanic sequence, Bissig et al. (2008); Mortensen et al. (2008); Valencia et al. (2013); Taxco-Taxco Viejo and Arcelia
assemblages, Talavera-Mendoza et al. (2007); Tierra Colorada area, Solari et al. (2007). (c) Relative flux curves of Sierra Nevada
batholith and plutonic rocks of southern California. Sources of data: Sierra Nevada batholith, DeCelles et al. (2009), Mojave and San
Bernardino Mountains (Paterson, unpublished in Ducea et al. 2015). Note that main Late Cretaceous magmatic events match with
interpreted age ranges of Eastern Peninsular Ranges, Los Cabos, Sinaloa and Puerto Vallarta batholiths of Mexican Cordilleran arc.
Jurassic age peaks observed in southern California correspond with ages observed in detrital zircon data of MFB, but Early
Cretaceous peak of MFB is not present in California data. Age compilation of part B does not include Early Cretaceous western
part of Peninsular Ranges batholith.
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arc (e.g. Henry et al. 2003; Haxel et al. 2005; Gehrels
et al. 2009) or individual volcanoes or periods of time.
Many plutonic and volcanic rocks in the Sonora, Los
Cabos and Sinaloa batholiths have been dated recently
(e.g. Duque-Trujillo et al. 2015; González-León et al.
2017), but many igneous rocks in the Mexican
Cordilleran magmatic arc remain to be identified and
dated. Mineral exploration in central and northern
Sonora has been important in the generation of new
U-Pb data because these rocks are linked to copper ore
deposits (e.g. Valencia et al. 2006; Pérez-Segura et al.
2009). Sampling strategies are generally dictated by
mineral exploration, accessibility of outcrops, or avail-
ability of geologic maps, none of which necessarily
leads to an unbiased representation of age distributions
in the continental crust (Condie and Aster 2009). On the
other hand, the sedimentary record of the basin may
provide a good correlation with the history of the mag-
matic arc, depending on whether the arc constitutes
a single or merely a dominant, source (de Silva et al.
2015). Detrital data typically come from several sedi-
mentary units and analyzed sedimentary successions
are likely to record a mixed set of sources through
time. Absence of some age components in the foreland
basin fill may similarly represent sampling bias, actual
absence of sediment due to barriers that prevented
delivery of detritus to the basin during some time
intervals, preferential loss of zircons with high
U content during transport, destruction of small zircon
phenocrysts in the magmatic chamber, changes in sedi-
ment-dispersal patterns, or inefficient mechanisms of
sediment delivery. Thus, some of the histories of
a magmatic arc may not be recorded in the basin.

Sediment-dispersal systems in proximal and distal
MFB

Volcanic detritus was deposited in the foreland basin at
distances between ~200–500 km from the arc during
the Cenomanian-Turonian and Santonian-Campanian
time intervals as indicated by distances from the princi-
pal granite exposures in Sinaloa, Baja California and
Jalisco. These batholiths were likely emplaced coevally
with the eruption of volcanic equivalents, as has been
inferred from other segments of the Cordilleran arc
further to the north (e.g. Ducea and Barton 2007).

We propose two mechanisms for sediment transport
from the active magmatic arc to the Mexican foreland
basin (Figure 14). A principal transport mechanism con-
sisted of fluvial sediment delivery by east-draining trans-
verse river systems with headwaters in the magmatic arc.
Fluvial systems likely debouched into the proximal fore-
deep, with ultimate deposition in the foredeep of the

Mesa Central by turbidity currents. A second transport
mechanism entailed the delivery of airborne pyroclastic
detritus generated by explosive eruptions directly to the
basin (Figure 10). Airborne transport was the principal sedi-
ment-delivery mechanism for the Santonian-Campanian
tuffaceous sandstones. Voluminous tuffs are recorded in
extensive areas far from their potential sources in many
worldwide locations, including the western U.S. (Smith
1960; Christiansen et al. 1994; Jinnah et al. 2009),
Indonesia (Matthews et al. 2012; Costa et al. 2014), and
eastern Europe (Marti et al. 2016; Smith et al. 2016), where
prevailing wind patterns played a fundamental role in dis-
persal of volcanic material. A somewhat different model of
axial fluvial transport southeastward along the front of the
thrust belt is required to explain sediment delivery from
postulated sources in Sonora and the southwestern U.S. to
deltaic and marine depositional settings of the upper
Campanian-Eocene Difunta Group (Lawton et al. 2009). In
that transport system, transverse fluvial systems draining
the fold-thrust belt contributed sediment to the axial drai-
nage and provided zircon grains eroded from uplifted
Santonian-Campanian tuffaceous units. Nevertheless, the
younger fluvial transport system was similar to the
Cenomanian(?)-Turonian system in the inferred dominance
of epiclastic, rather than pyroclastic, sediment transport.

The observed distribution of Santonian-Campanian
tuffs relative to batholith locations was evaluated in the
context of the atmospheric general circulation model
(AGCM) for North America during the Late Cretaceous
(Fricke et al. 2010). The Campanian simulation suggests
that during winter and early springtime, dry atmo-
spheric flow and prevailing winds were from the west
(Fricke et al. 2010). Farther south, in northwestern
Mexico, wind directions to the east were consistent
throughout the year (Figure 14). Global and regional
atmospheric models of Parrish and Curtis (1982) and
Kump and Slingerland (1999) also indicate southeast-
ward atmospheric flow in southwest North America
during the Late Cretaceous. For this reason, we infer
that pyroclastic material produced along the length of
the Mexican Cordilleran magmatic arc, particularly dur-
ing periods of elevated magmatic activity, could have
reached distal parts of the foreland basin through trans-
port by prevailing northwesterly winds, particularly dur-
ing Santonian-Campanian time.

Conclusions

The Late Cretaceous-Paleogene Mexican foreland basin
(MFB), defined herein, represents the southern continua-
tion of the late Mesozoic Cordilleran foreland basin.
Sandstone petrography, detrital-zircon U-Pb geochronol-
ogy, and paleocurrent data indicate that much of the
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sedimentary fill was derived from an active Late
Cretaceous-Paleogene magmatic arc, the Mexican
Cordilleran arc, along the western continental margin of
Mexico. The oldest known strata of the proximal basin in
the Mesa Central consist of calciturbidites that interfinger
westward with Cenomanian-Turonian turbidites; abundant
DZ ages of ~98–92 Ma indicate that much of the sediment
was derived from a voluminous, approximately syndeposi-
tional magmatic event. Santonian-Campanian strata in the
distal MFB consist of carbonate pelagites with interbedded
tuffs and tuffaceous sandstones that form an arcuate out-
crop belt ~700 km in length deposited in the forebulge and
back-bulge depozones, respectively; detrital zircon U-Pb
ages ranging ~85–74 Ma in these successions record
a second prominent magmatic event in the source region.

Granites in Sinaloa, Baja California and Jalisco, with
published ages within the age range of deposition of
the foreland-basin strata, represent the plutonic roots of
a volcanic arc, termed here the Mexican Cordilleran arc,
that served as the dominant source of detritus for the
foreland basin. The arc was eroded during Late
Cretaceous time and derivative sediment was transported
to the basin frommultiple, simultaneously active sources.

Two principal sediment-transport mechanisms delivered
volcanogenic sediment to the basin: (1) Transverse east-
directed epiclastic sedimentary transport in Cenomanian-
Turonian time delivered volcanic-lithic sand and zircon
grains westward; and (2) airborne ash clouds transported
zircon grains to the distal foreland basin in prevailing Late
Cretaceous northwesterly winds in Santonian-Campanian
time. Axial sediment transport from active arc sources,
Proterozoic basement and derivative sedimentary rocks
in northwestern Mexico, in addition to transverse trans-
port from the thrust orogen itself, represents a younger,
modified sediment-routing system to the Maastrichtian-
Paleogene foreland of northeastern Mexico.
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A B S T R A C T

Combined U-Pb and (U-Th)/He ages on a small sample set of Cretaceous foreland-basin sandstone from a
transect of the fold-thrust belt in east-central Mexico reveal correspondence between episodes of thrust-belt
exhumation with previously postulated deformational events and with at least one wedge of synorogenic se-
diment in the adjacent Tampico-Misantla basin. Detrital zircon U-Pb ages, sandstone petrography and multi-
dimensional scaling analysis of the Cenomanian-Turonian Mineral de Pozos sandstone, the Coniacian Soyatal
and Campanian San Felipe formations, and the Paleocene Chicontepec Formation indicate sediment sources in
the Mexican Cordilleran magmatic arc of western Mexico, the accreted Guerrero arc terrane, and Mesozoic
sedimentary rocks of central and western Mexico. (U-Th)/He cooling ages define into three age clusters: (1)
~136-120Ma, (2) ~99-80Ma, and (3) ~66-56Ma. Cooling ages are younger toward the transect's western part,
which represents the interior part of the fold-thrust belt. Dominant Early Cretaceous cooling ages in the San
Felipe Formation indicate lack of, or partial, resetting of the He system. Late Cretaceous cooling ages are
dominant in the Soyatal Formation and are partially equivalent to their maximum depositional age
(88 ± 1Ma), suggesting derivation of grains from adjacent rapidly exhumed thrust sheets. Alternatively, these
grains were partial reset. Youngest cooling ages dominate the Mineral de Pozos sandstone samples, indicating
Paleocene exhumation and erosion of interior thrust sheets. The Paleocene exhumation event is equivalent to
stratal ages of the lower part of the Chicontepec Formation, and sandstone composition of that unit indicates
dominant sediment sources in carbonate rocks of the frontal part of the fold-thrust belt. Combined cooling ages
and sandstone petrography thus indicate coeval exhumation of the entire width of the orogen in the Paleogene,
rather than out-of-sequence thrust-sheet uplift and exhumation of only the interior part of the thrust wedge.
Orogen-wide exhumation is corroborated by a previously published early Paleocene illite 40Ar/39Ar age of
64 ± 2Ma for thrust deformation at the eastern flank of the Valles-San Luis Potosí carbonate platform, which
formed the latest Cretaceous-Paleocene boundary between the fold-thrust belt and foreland basin in which the
Chicontepec Formation was deposited.

1. Introduction

The Mexican fold-thrust belt (MFTB) affects more than 90% of
Mexican territory; nevertheless, study of shortening and uplift timing in
the fold-thrust belt remains in its infancy (see Fitz-Díaz et al., 2018 for a
review). In this work, we present new detrital zircon (DZ) U-Pb and (U-
Th)/(He-Pb) double ages from a transverse section of the MFTB in

central Mexico to elucidate the role of exhumation on sediment pro-
venance and dispersal. The MFTB, which is part of the North American
orogenic system, or Cordilleran orogen, occupies about one-third of the
United States and Canada area and extends across the Mexican con-
tinent nearly to the western Gulf of Mexico (Fig. 1A). Provenance and
stratigraphic data from clastic successions in this part of the MFTB
suggest that crustal shortening in Mexico was accompanied by
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development of a Late Cretaceous-Paleogene foreland basin named the
Mexican foreland basin (Fig. 1A) (Juárez-Arriaga et al., 2019). Detrital
zircon U-Pb ages and sandstone petrography indicate that the compo-
nent detritus of the Mexican foreland basin came from western sources
that produced approximately syndepositional zircon grains and a
combination of metamorphic, sedimentary and volcanic lithic frag-
ments (Tardy and Maury, 1973; Lawton et al., 2016; Ocampo-Díaz
et al., 2016; Juárez-Arriaga et al., 2019).

Timing of thrust motion has been inferred along the Tolimán-
Tamazunchale transect across the fold-thrust belt in central Mexico on
the basis of 40Ar/39Ar ages of neomorphic illite in folds and shear zones.
The available ages indicate that two deformational events progressed
from west to east during early Campaninan (~84-82Ma), and early
Paleocene (~64Ma) time (Fitz-Díaz et al., 2014). Direct dating of in-
dividual structural features in the MFTB suggests that shortening was
approximately coeval with episodes of foreland-basin deposition during
Late Cretaceous-Eocene time (Suter, 1987; Fitz-Díaz et al., 2011, 2012;
Vásquez-Serrano et al., 2018). Regional studies of synorogenic strata in
the Mexican foreland basin likewise demonstrate progressive foreland
migration of deformation and deposition (Lawton et al., 2016; Fitz-Díaz
et al., 2018; Juárez-Arriaga et al., 2019). Nevertheless, basin sedi-
mentary wedges have not yet been explicitly tied to specific thrust
sheets as they have in the United States (U.S.) part of the Cordilleran
orogenic system (e.g., DeCelles et al., 1995; DeCelles and Coogan, 2006;
Yonkee and Weil, 2015).

Integration of provenance analysis, direct dating of structural fea-
tures in the MFTB, and thrust-sheet uplift history in the fold-thrust belt
has not previously been attempted. In this study, we present petro-
graphic data, DZ U-Pb geochronology, and detrital zircon (U-Th)/He

(ZHe) thermochronology for foreland-basin strata along a north-
northeast-trending traverse in central Mexico. The traverse extends
from Tolimán in Querétaro to Tamazunchale in San Luis Potosí and
represents the best-documented structural transect in central Mexico
(Fig. 1B) (Suter, 1987; Fitz-Díaz et al., 2014). The ZHe thermo-
chronologic data permit reconstruction of the history of exhumation
and denudation during Late Cretaceous-Paleogene shortening along the
geologic transect and permit us to compare uplift history with existing
direct ages on individual thrust structures (Fitz-Díaz et al., 2014;
Garduño-Martínez et al., 2015). We also describe the thermo-
chronologic data in the context of new understanding of synorogenic
stratigraphy of the foreland basin and inferred provenance relations of
those strata. Our goal is to recognize spatial and temporal variations in
sedimentation during different stages of evolution of the foreland basin.

2. Geologic background

2.1. The Mexican fold-thrust belt

The MFTB represents the southern extension of the Mesozoic North
American Cordilleran orogen through Mexico (Suter, 1987; Fitz-Díaz
et al., 2014, 2018). The MFTB is wedge-shaped in cross-section, gen-
erally thin-skinned, and was developed during Late Cretaceous-Eocene
time (Suter, 1987; Eguiluz et al., 2000; Alzaga-Ruiz et al., 2009; Fitz-
Díaz et al., 2012, 2018; Garduño-Martínez et al., 2015). The MFTB has
a general NW-SE trend and includes deformed Triassic-Eocene rocks
(Campa, 1985; Suter, 1987; Eguiluz et al., 2000; Fitz-Díaz et al., 2012,
2018). To the south, this orogenic belt is buried beneath the Neogene
Trans-Mexican volcanic belt (Fig. 1B). Development of the MFTB is

Fig. 1. Location map of Tolimán-Tamazunchale geologic transect (A-A′) in central Mexican fold-thrust belt and physiographic elements. (A) Inset rectangle of general
paleogeography for Late Cretaceous-early Paleogene time. FP, Farallon plate. (B) Location of Sierra Madre Oriental front (SMOr, dashed line) and geologic features of
northern and central Mexico. Basins of Mexican foreland basin system: Bur, Burgos basin; LPB, La Popa basin; PB, Parras basin; SB, Sabinas basin; TMB, Tampico-
Misantla basin. Plutonic and volcanic rocks of southern Cordillera: EPRB, Eastern Pensinsular Ranges batholith; WPRB, Western Peninsular Ranges batholith; LCB,
Los Cabos batholith; PVB, Puerto Vallarta batholith; SinB; Sinaloa batholith; SonB, Sonora batholith. Cities (white dots): Ch-Chihuahua; Gu-Guanajuato; Mo-
Monterrey; MP-Mineral de Pozos; SLP-San Luis Potosí; To-Torreón; Za-Zacatecas. GoM, Gulf of Mexico; MC, Mesa Central.
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inferred to have begun after accretion of the Guerrero terrane with
mainland Mexico, which includes Proterozoic basement rocks and,
Triassic and Jurassic deposits, in late Early Cretaceous time (Johnson
et al., 1999; Dickinson and Lawton, 2001; Martini et al., 2014; Ortega-
Flores et al., 2016; Fitz-Díaz et al., 2018). In this interpretation, rocks of
the Guerrero terrane represent the hinterland region of the orogen (Fitz-
Díaz et al., 2018).

After accretion of the Guerrero terrane, the Mexican Cordilleran arc
was developed along the Baja California Peninsula and the western
margin of mainland Mexico during Late Cretaceous-Paleogene time
(Juárez-Arriaga et al., 2019). In this work we use the term Mexican
Cordilleran arc to distinguish the Late Cretaceous-Paleogene arc from
an Early Cretaceous magmatic arc, the Alisitos arc that developed on
the Guerrero terrane prior to its accretion (Wetmore et al., 2002, 2003
and references therein).

In the foreland region, pre-orogenic Lower Cretaceous rocks were
deposited in a system of carbonate platforms and basins that occupied
northern and eastern Mexico following the opening of the Gulf of
Mexico (e.g., Wilson, 1990; Wilson and Ward, 1993; Goldhammer,
1999). These carbonate environments were succeeded in Cenomanian
time by deepwater siliciclastic deposits in the adjacent foreland of
central Mexico. Subsequently, both the carbonate rocks and siliciclastic
strata were incorporated into the orogenic wedge. Between the carbo-
nate platforms and the hinterland, strata involved in the fold-thrust belt
are mostly Lower Cretaceous carbonates and Upper Cretaceous fine-
grained siliciclastic turbidites. Imbricated thick thrust sheets with little
internal deformation dominate the platformal carbonate rocks, whereas
basinal carbonate strata in more spaced thrust sheets exhibit pervasive
meter-scale folding (Fig. 2) (Fitz-Díaz et al., 2011, 2012; Vásquez-
Serrano et al., 2018). The structural transect of the study crosses the
different paleogeographic elements and Upper Cretaceous-Paleocene
foreland deposits of central Mexico (Fig. 2).

2.2. Stratigraphy of Mexican foreland basin

The Mexican foreland basin developed in response to crustal
shortening from Late Cretaceous to Eocene time (Fitz-Díaz et al., 2018).
The onset of shortening is recorded by a shift from carbonate deposition
to siliciclastic turbidites and debris-flow deposits during late Cen-
omanian in the western part of basin, closest to the hinterland. The
oldest succession of the basin is exposed at its western part and is re-
presented by siliciclastic turbidites locally interbedded with calci-
turbidites (Fig. 3, locality 1). Subsidence continued during the Late
Cretaceous as the depocenter of siliciclastic successions migrated east-
ward with time. During the early Late Cretaceous, turbidite stata were
deposited on the western foredeep concurrent with deposition of car-
bonate pelagites deposited in more distal settings. Pelagic carbonate
strata intercalated with tuff beds and ash-rich sandstones were de-
posited in the distal part of the foreland basin in middle Late Cretaceous
time (Santonian-early Campanian; Lawton et al., 2016; Juárez-Arriaga
et al., 2019). Subsequent uplift and erosion of proximal foreland basin
strata resulted in their erosional truncation. In contrast, Upper Cretac-
eous strata consisting of sandstone and mudstone are preserved in
synclines in the fold belt and near the deformation front (Suter, 1980,
1987; Eguiluz et al., 2000; Fitz-Díaz et al., 2014). Key stratigraphic
columns of the foreland region in the Mesa Central and frontal fold belt
are indicated in Fig. 3.

Strata deposited in the Mexican foreland basin adjacent to the
evolving fold-thrust belt can be divided into (1) proximal strata de-
posited adjacent to the older parts of the thrust wedge and subsequently
imbricated and incorporated into the orogenic wedge (e.g., Mesa
Central strata; Fig. 3, locality 1); and (2) distal strata, which are gen-
erally coarser deposits that reside in an assemblage of less-deformed
foreland basins, such as the Tampico-Misantla basin adjacent to the
Gulf of Mexico (Fig. 3, locality 5).

Typically, the age of the proximal foreland basin fill has been

interpreted as Turonian-middle Campanian on the basis of biostrati-
graphic ages (Carrillo and Suter, 1982; Suter, 1984; Omaña-Pulido,
2012). Nevertheless, in this work we consider the oldest strata from the
proximal basin fill to be represented by the Cenomanian Mineral de
Pozos sandstone (Fig. 3, locality 1). Turonian-Campanian turbidites of
the Soyatal Formation crop out in the central part of the fold-thrust belt
(Fig. 3, localities 2–4). Overlying this sedimentary succession are car-
bonate pelagites with abundant tuffs of the Santonian-Campanian San
Felipe Formation, which are distributed along the distal foreland basin
(Fig. 3, localities 4–5). Uppermost Cretaceous strata of the Tampico-
Misantla basin, the youngest part of the Mexican foreland basin, are
represented by shale and thin sandstone layers of the Méndez and Ve-
lasco formations, which were deposited in deepwater settings. Paleo-
gene turbidites of the Chicontepec Formation overlie the Upper Cre-
taceous succession in the Tampico-Misantla basin, the youngest part of
the foreland-basin system (Fig. 3, locality 5).

2.3. Lithostratigraphy

The Mineral de Pozos sandstone, an informal unit, is the oldest se-
dimentary succession yet documented in the foreland basin and lies
nearest to the Guerrero terrane (Ortega-Flores et al., 2014). The for-
mation consists of pervasively deformed debrite and turbidite strata;
the deformation prevents construction of a single complete strati-
graphic section; therefore, the total thickness of this unit is unknown.
Thin sandstone layers are folded and foliated whereas thicker, compe-
tent ones lack such deformation. Continuous sections a few meters to
tens of meters thick include channel deposits and mass-flow deposits
with olistoliths, from which samples 06-MP02 and 08-MP04 were col-
lected. These sandstone samples come from the Mineral de Pozos area,
~75 km northwest of transect A-A′ (Fig. 1 B). The geology of this area
was described by Ortega-Flores et al. (2014; Fig. 2b). DZ U-Pb ages
indicate a late Cenomanian maximum depositional age (Ortega-Flores
et al., 2014).

The total thickness of the Soyatal Formation is likewise unknown,
but the formation has been previously been estimated to be ~1 km
thick (Hernández-Jaúregui, 1997). This succession crops out adjacent to
the El Doctor platform and in the Zimapán basin (Figs. 2 and 3), where
microfossils indicate a late Turonian-Campanian age (e.g., Carrillo and
Suter, 1982; Suter, 1984). Westernmost outcrops of Soyatal Formation
are located adjacent to the Higuerillas thrust, where the strata are
pervasively deformed. Thin (~20m) stratigraphically intact sections
include turbidite beds and channel bodies containing matrix-supported
conglomerate and breccia with exclusively carbonate clasts derived
from the adjacent carbonate platform. The Soyatal Formation grada-
tionally overlies the Tamaulipas Superior Formation near the town of
Vizarrón, few kilometers west of the El Doctor platform (Fig. 3). Within
~15m of its basal contact, the Soyatal Formation consists of alternating
thin beds of limestone, shale and fine-grained sandstone, where we
collected the stratigraphically lowest sample (16-CA08). A second
section includes fine-grained siliciclastic turbidites, the site of a strati-
graphically higher sample (18-CA10). Beds at both sites are pervasively
folded and faulted; therefore, the precise stratigraphic relation of the
two sections is unknown.

A thick succession of fine-grained turbidites of the San Felipe
Formation (Santonian-Campanian) crops out east of the Valles-San Luis
Potosí carbonate platform, where we collected two medium-grained
sandstone samples (04-JC01 and 05-JC02) (Figs. 2 and 3). U-Pb ages of
these samples were previously published (Juárez-Arriaga et al., 2019),
and in this work, we have recalculated all discordance filters. In this
area the San Felipe Formation displays fault-truncated partial thick-
nesses, and lower and upper contacts are not exposed.

The Chicontepec Formation (Paleocene-Eocene), which crops out in
the Tampico-Misantla basin (Figs. 2 and 3), is the youngest synorogenic
sedimentary succession of the foreland basin. It consists of shale and
fine-to coarse-grained turbidite sandstone beds deposited in channels
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and terminal lobes of several submarine-fan systems (Bitter, 1993;
Cossey, 2011; Lawton et al., 2016). Total thickness of the Chicontepec
Formation is estimated to be as much as 2000m (Bitter, 1993), but
sections in the southern part of the Tampico-Misantla basin are ~500m
thick (Alzaga-Ruiz et al., 2009). We collected a sample from the Chi-
contepec Formation (30-CH01) from a massive to graded lenticular
sandstone bed, which is part of an upward-fining and upward-thinning
succession inferred to represent a channel deposit. We also collected
two nannofossil samples (17-EMX17SH and 17-EMX1724SH) to help
constrain the age of the Chicontepec Formation.

3. Sampling and methods

Rock samples for petrographic, geochronologic and thermo-
chronologic analyses were collected from representative outcrops of the
Mineral de Pozos sandstone, Soyatal, San Felipe and Chicontepec for-
mations. New data obtained in this work are integrated with previously
published petrographic data and DZ U-Pb ages (e.g., Ortega-Flores
et al., 2014; Juárez-Arriaga et al., 2019). We collected five samples of
fine-to medium-grained sandstone from five different stratigraphic le-
vels of the Mexican foreland basin along the Tolimán-Tamazunchale
transect in central Mexico. Two additional samples of medium-grained
sandstone were collected northwest of Tolimán-Tamazunchale. These

samples come from the Mineral de Pozos sandstone, which is not ex-
posed in this transect. The sampling strategy took into account age and
stratigraphic position of lithostratigraphic units, and location with re-
spect to paleogeographic elements of the transect A-A′, including the El
Doctor platform and the Zimapán basin. Sample locations are shown in
Fig. 2 and coordinates are given in the supplemental files (Supple-
mental DT1).

3.1. Petrography of sedimentary samples

Thin sections were stained for potassium feldspar and point counted
(n= 400 framework grains) using the Gazzi-Dickinson counting tech-
nique to minimize compositional dependence on grain size (Ingersoll
et al., 1984). Accessory minerals, and bioclastic grains are not included
on the ternary diagrams; point counting parameters are shown in
Table 1. We use the sandstone classification scheme of Folk (1974).

3.2. Detrital zircon U-Pb geochronology

Standard mineral separation techniques included crushing,
grinding, water table concentration, Frantz magnetic separation, and
heavy liquids. DZ U-Pb geochronology was performed by laser ablation
inductively-coupled plasma mass spectrometry (LA-ICPMS) at the Geo-

Fig. 2. Locations of paleogeographic elements, deposits of Mexican foreland basin, and geologic features of central Mexico along Tolimán-Tamazunchale transect.
Location of cross-section A-A′ shown in Fig. 1. (A) Geologic map and location of detrital zircon samples (black squares) along cross-section A-A' (B) Structural cross-
section A-A'; Fitz-Díaz et al. (2014). and positions of detrital zircon samples (black arrows). Biostratigraphic ages (below section) of sampled syn-tectonic turbidites
from: 1, Hernández-Jaúregui (1997), Carrillo and Suter (1982), Suter (1984); 2, Kiyokawa (1981); 3, Omaña-Pulido (2012); 4, Suter (1990); 5, Alzaga-Ruiz et al.
(2009); 6, González-Díaz et al. (2017). Explanation: HT, Higuerillas thrust; EDT, El Doctor thrust; JT, Jiliapan thrust; PPT, Puerto de Piedra thrust; TT, Tetitla thrust;
ZB, Zimapán basin; VSLP platform, Valles-San Luis Potosí platform. Illite deformation ages (red text) from Fitz-Díaz et al. (2014); illite-mica ages of movement of the
El Doctor fault zone (blue text) from Garduño-Martínez et al. (2015). (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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and Thermochronometry Laboratory at the University of Texas at
Austin following the methodology reported by Hart (2015), Hart et al.
(2016) and Pujols et al. (2018). U-Pb ages are included in supplemental
files (Supplemental DT1). To avoid spurious age populations in the
probability density plots, the following criteria were applied: (a) The
206Pb/238U ages were used for zircons younger than 850Ma and
207Pb/206Pb ages were used for grains older than 850Ma (e.g.,
Kimbrough et al., 2015; Suarez et al., 2017); (b) accepted Jurassic or
younger analyses have discordance< 10%, Neoproterozoic and Pa-
leozoic analyses have discordance<6%, and for Paleoproterozoic
grains is< 4%; (c) age errors are< 6%. For each detrital sample ~120
zircon grains were randomly selected for analysis to obtain a statisti-
cally representative provenance data set (Vermeesch, 2004). The data
were complemented with previously published DZ U-Pb zircon ages
(e.g., Mineral de Pozos sandstone; Ortega-Flores et al., 2014). All data
are reported at 2σ absolute uncertainties (see Supplemental files). Data
were plotted using the Isoplot software (Ludwig, 2008). For temporal
context we employ the Geologic Time Scale of Cohen et al. (2013).

We analized our data by multidimensional scaling (MDS), a statis-
tical tool useful for comparing large data sets, that employs the dis-
similarity matrix (D) of the Kolmogorov-Smirnov test to create a map of
“distances” (non-metric) indicative of the dissimilarity between the
analyzed age populations (Vermeesch, 2013). We used MDS to compare

the Late Cretaceous sandstones of the central part of the Mexican
foreland basin with their potential source rocks located along the
western margin of Mexico and in central Mexico. Continuous lines in-
dicate first order distances, and therefore represent high similarity be-
tween the analyzed samples. Second order distances between samples
with low similarity, are indicated by discontinuous lines. MDS maps
were plotted using IsoplotR free software for R (Vermeesch, 2018).

3.3. Detrital zircon (U-Th)/He thermochronology

Forty-three individual zircon grains previously dated by U-Pb were
selected for dating by the (U-Th)/He (ZHe) method. Grains were se-
lected on the basis of size (~65–120 μm in length along their longest
dimension), lack of inclusions and fractures and relative abundance of
DZ U-Pb age components in each sample (for details see Wolfe and
Stockli, 2010; Pujols et al., 2018). For each sample we obtained 11–17
ZHe ages, which record the time of cooling through ca. 180 °C, help
constrain the time of exhumation, and improve the provenance ana-
lysis. We use the difference between crystallization age and cooling age
(Δt) to identify first-cycle volcanic zircon grains (e.g., Saylor et al.,
2012). If Δt is less than the 2σ uncertainty of the ZHe age, the grain is
considered a first-cycle volcanic zircon and is excluded from further
consideration. All single zircon (U-Th)/(He-Pb) double dating analyses

Fig. 3. Stratigraphic correlation chart of central and eastern foreland region of Mexico. Green varieties with shaded textures of this chart indicate carbonate platforms
and basins of the Early Cretaceous. Brown color represents units of Mexican foreland basin, which migrated eastward with time. Black zircon symbols indicate
stratigraphic positions of detrital and volcanic zircon samples. (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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were performed at the Geo- and Thermochronometry Laboratory of the
University of Texas at Austin and are included in supplemental files
(Supplemental DT2).

4. Results

4.1. Sandstone petrography

Detrital modes of Upper Cretaceous-Paleogene sandstones adjacent
to cross section A-A′ were plotted on QtFL and QmFLt ternary plots that
illustrate the provenance fields of Dickinson (1985), and LmLvLs
ternary plot after Ingersoll and Suczek (1979) (Fig. 4). Point count re-
sults are indicated in Table 2. Published petrographic results from the
Mineral de Pozos sandstone (Ortega-Flores et al., 2014) complement
understanding of sandstone composition evolution in the Mexican
foreland basin.

4.1.1. Mineral de Pozos sandstone
The Mineral de Pozos sandstone ranges from feldspathic litharenite

(06-MP02: Qt53F22L25; 07-MP03: Qt42F23L35) to arkose (08-MP04:
Qt49F39L12). Framework grains include monocrystalline and poly-
crystalline quartz grains, chert, plagioclase, volcanic lithic grains,
which are dominated by felsitic volcanic lithic fragments, and include
subordinate microlitic and lathwork volcanic lithic fragments, silici-
clastic sedimentary lithic grains, extrabasinal carbonate lithic grains
(Lsc of Ingersoll et al., 1987), and metamorphic lithic grains (Table 2).
All samples are grain-supported, but grains are locally altered to
pseudomatrix (e.g., Dickinson, 1970). Feldspar and felsitic volcanic
lithic grains are commonly altered or are partially replaced by carbo-
nate minerals. Common polycrystalline quartz grains have large crystal

domains (> 60 μm), and volcanic lithic grains and fresh plagioclase
grains are abundant (e.g., MP-06, 06-MP02, 08-MP04). Micrographic
grains are rare and potassium feldspar is absent. Nearly 30% of the
framework grains are lithic, and most of the sandstones plot at or near
the boundary of the recycled orogenic and dissected arc fields on the
QtFL plot (Fig. 4); sample MP-06 (Ortega-Flores et al., 2014) plots in
the dissected arc field (Fig. 4). Some samples contain sedimentary lithic
grains that include pelitic sedimentary lithic fragments, chert and ex-
trabasinal carbonate lithic fragments (e.g., MP-06, 07-MP03), which
indicate the importance of sources in uplifted carbonate strata of the
fold-and-thrust belt or of the Guerrero terrane.

4.1.2. Soyatal Formation
Sandstone of the Soyatal Formation is lithic arkose (16-CA08:

Qt46F31L24; 18-CA10: Qt38F32L29). Framework grains include mono-
crystalline and polycrystalline quartz grains, chert, plagioclase, volcanic
lithic grains, siliciclastic sedimentary lithic grains, extra-basinal carbo-
nate, and metamorphic lithic grains. The sandstones contain more
monocrystalline quartz of apparent volcanic origin (sensu Folk, 1974)
than Mineral de Pozos sandstones, whereas polycrystalline quartz grains
with domains>60 μm are less abundant. Volcanic lithic grains, including
felsitic, microlitic and rare lathwork volcanic lithic grains, dominate the
lithic fraction (~60% of total lithic grains), and pelitic sedimentary lithic
grains, chert and lithic sedimentary carbonate grains are also common.
Like the Mineral de Pozos samples, the Soyatal sandstones contain un-
common grains of fresh plagioclase, but no potassium feldspar. Feldspar
and volcanic lithic grains are commonly partially or completely replaced
by carbonate minerals. The sandstones have grain-supported texture and
pseudo-matrix formation is rare. Both samples plot in or adjacent to the
dissected arc field of the QtFL and QmFLt plots (Fig. 4).

4.1.3. San Felipe Formation
Sandstones of the San Felipe Formation of the eastern part of the

Valles-San Luis Potosí carbonate platform contain abundant lithic
grains (Fig. 4); samples range from calclithite (05-JC02: Qt8F7L84) to
feldspathic litharenite (04-JC01: Qt19F21L60). Dominant framework
grains consist of subrounded extrabasinal carbonate lithic grains (sensu
Zuffa, 1980), including micritic and pelagic bioclastic grains. Sub-
ordinate components include volcanic lithic grains, plagioclase, silici-
clastic sedimentary lithic grains, volcanic monocrystalline quartz, fresh
biotite and carbonate intrabasinal grains. The latter include micritized
miliolid shells, fragmental mollusc shells and echinoid spines. A variety
of volcanic lithic grains, including microlitic and felsitic volcanic
grains, are present in all samples. Volcanic lithic grains and plagioclase
grains are commonly slightly altered to small, bright birefringent
crystals. Potassium feldspar, including microcline and sanidine, is
common in sample 05-JC02.

4.1.4. Chicontepec Formation
The Chicontepec Formation sample is a feldspathic litharenite (30-

CH01: Qt24F23L54; Fig. 4). Framework grains include monocrystalline
and polycrystalline quartz grains, chert, plagioclase, volcanic lithic
grains, siliciclastic sedimentary lithic grains, and extrabasinal carbo-
nate lithic grains. Zircon is the most common accessory mineral. The
plagioclase, feldspar and felsitic volcanic lithic grains are partially or
totally replaced by carbonate cement. Nearly 80% of the lithic grains
are extrabasinal carbonate grains that indicate limestone strata were an
important sediment source for this sandstone. Although this sandstone
plots in the transitional arc field because the methodology of Dickinson
(1985) omitted detrital carbonate grains, we interpret that the sand-
stone was derived primarily from carbonate strata of the fold-thrust
belt. The two calcareous nannofossil samples indicate a biostratigraphic
age of middle to late Paleocene based on the presence of Prinsius bi-
sulcus, P. martinii and Sphenolithus anarrhopus (R.W. Morin written
communication, 2017). Thus, the age of the nannofossils and the DZ U-
Pb maximum depositional ages calculated from young zircon grains

Table 1
Point counting parameters.

Symbol Definition

Qm Monocrystalline quartz
Qpq Polycrystalline quartz
Qc Chert
K Potassium feldspar
P Plagioclase feldspar
Lmf Foliated quartz-mica metamorphic grains
Lmp Polygonal quartz-mica metamorphic grains
Lmv Metavolcanic grains with epidote and/or chlorite
Lss Sedimentary lithic grains: siltstone, argillite, phosphatic grains.
Lsc Detrital carbonate grains (sensu Zuffa, 1980)
Lvf Felsitic volcanic lithic grains
Lvl Lathwork volcanic lithic grains
Lvm Microlitic volcanic lithic grains
Lvt Tuffaceous and vitric volcanic lithic grains
Qt Total quartzose grains (=Qm + Qpq + Qc)
F Total feldspar (=K + P)
Lm Total metamorphic grains (=Lmf + Lmp + Lmv)
Lv Total volcanic grains (=Lvf + Lvl + Lvm + Lvt)
Ls Total sedimentary grains (=Lss + Lsc)
L Total unstable lithic grains (=Lm + Lv + Ls)
Qp Total polycrystalline quartz (=Qpq + Qc)
Lt Total lithic grains (=L + Qp)

Recalculated parameters
QtFL%Q = 100Qt/(Qt + F + L)
QtFL%F = 100F/(Qt + F + L)
QtFL%L = 100L/(Qt + F + L)
QmFLt%Qm = 100Qm/(Qm + F + Lt)
QmFLt%F = 100F/(Qm + F + Lt)
QmFLt%Lt = 100Lt/(Qm + F + Lt)
LmLvLs%Lm = 100Lm/(Lm + Lv + Ls)
LmLvLs%Lv = 100Lv/(Lm + Lv + Ls)
LmLvLs%Ls = 100Ls/(Lm + Lv + Ls)
QmPK%Qm = 100Qm/(Qm + P + K)
QmPK%P = 100P/(Qm + P + K)
QmPK%K = 100K/(Qm + P + K)
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both are in overall agreement with a depositional age of early to middle
Paleocene for the sampled beds. Additionally, a high percentage of
reworked Cretaceous nannofossils was found in both samples of the
Chicontepec Formation.

4.2. Detrital zircon U-Pb ages in the units of the Tolimán-Tamazunchale
transect (A-A′)

U-Pb ages of 676 analyzed grains range from 2915 to 61Ma, and

49% of the analyses (n=330) yielded ages younger than 200Ma
(Fig. 5). The maximum depositional age (MDA) for each sample was
calculated from the weighted mean of the coherent group of youngest
grain ages (e.g., Dickinson and Gehrels, 2009); the MDA and the single
youngest grain age per sample are summarized in Table 3. Most ana-
lyzed detrital zircon grains are colorless, light yellow, and rarely
slightly pink. The grains are commonly broken and crystal facets are
variably rounded, possibly due to sedimentary transport. Euhedral
grains are present in all analyzed samples in a subordinate amount.
Archean grains are rare in the sample set and do not form a significant
age group. Six main DZ U-Pb age groups were identified from the
combined analyses of the transect samples (Fig. 5, Table 4): (1) Pa-
leoproterozoic (1750-1600Ma), (2) middle Mesoproterozoic-early
Neoproterozoic (1230-920Ma), (3) Cambrian-Silurian (490-420Ma),
(4) Middle Devonian (405-380Ma), (5) Permian-Triassic (285-220Ma),
and Jurassic-early Paleogene (180-60Ma).

All samples of the A-A′ transect contain DZ U-Pb Jurassic-early
Paleogene ages, the dominant age group, albeit in varying proportions
(17%–68%; Fig. 6). The three Mineral de Pozos samples show marked
differences in their age components (Fig. 6A–F). Sample MP-6, contains
abundant Middle Jurassic-early Paleogene (68%) and Permian-Triassic
(15%) grains. Paleoproterozoic (4%), middle Mesoproterozoic-early
Neoproterozoic (3%), and Cambrian-Silurian (1%) age components are
significantly less prominent (Fig. 6A and B). Sample 06-MP02 contains
a dominant Jurassic-early Paleogene age group (34%); Paleoproter-
ozoic (12%), Cambrian-Silurian (11%), middle Mesoproterozoic-early
Neoproterozoic 10%, and Permian-Triassic (10%) grains represent
minor age components (Fig. 6C and D). Sample 08-MP04 is dominated
by Permian-Triassic (18%) and Middle Jurassic-early Paleogene (17%)
ages, with subordinate but distinctive Middle Devonian (14%) and
Cambrian-Silurian (14%) ages. Middle Mesoproterozoic-early Neopro-
terozoic (10%) ages are less common. Paleoproterozoic grains represent
only about 5% of the U-Pb ages (Fig. 6E–F). Mineral de Pozos samples
uniformly have an important relative maximum of the curve near
~100–103Ma that is not present in the other samples of transect
(Fig. 6B, D, F).

Two samples from the Soyatal Formation (16-CA08 and 18-CA10;
n=209) contain slightly different age components. The dominant age
group of sample 16-CA08 is Middle Jurassic-early Paleogene (44%),
with subordinate components of Cambrian-Silurian (13%) and middle
Mesoproterozoic-early Neoproterozoic (10%) ages. Minor contributions

Fig. 4. Detrital modes of Cenomanian-Turonian sandstones in Mesa Central (Mineral de Pozos sandstone), Santonian sandstones and tuff (Soyatal and San Felipe
formation), and Paleogene sandstone (Chicontepec Formation) in central MFTB. All samples except Mineral de Pozos sandstone were collected along section A-A'. See
Fig. 1 and 2 for sample locations. Data are listed in Table 2. Provenance field of QtFL and QmFLt ternary plots are after Dickinson (1985). Provenance fields indicated
by dashed lines on LmLvLs ternary plot are after Ingersoll and Suczek (1979).

Table 2
Recalculated modal point-count data for Tolimán-Tamazunchale transect
samples, central Mexican fold-thrust belt.

Sample QtFL% QmFLt% LmLvLs% QmKP%

Qt F L Qm F Lt Lm Lv Ls Qm K P

Chicontepec Formation
30-Ch01 24 23 54 23 23 54 0 19 81 50 0 49
San Felipe Formation
04-JC01 19 21 60 17 21 62 2 29 70 46 6 48
05-JC02 8 7 84 8 7 84 0 1 99 54 24 22
X 14 14 72 13 14 73 1 15 85 50 15 35
SD 8 10 17 6 10 16 1 20 20 6 13 18
Soyatal Formation
16-CA08 46 31 24 45 31 24 17 56 27 60 0 40
18-CA10 38 32 29 37 32 31 16 57 27 54 0 46
X 42 32 27 41 32 28 17 57 27 57 0 43
SD 6 1 4 6 1 5 1 1 0 4 0 4
Mineral de Pozos sandstone
06-MP02 53 22 25 43 22 35 11 78 11 66 0 33
07-MP03 42 23 35 40 23 37 19 52 29 64 0 36
08-MP04 49 39 12 47 39 14 23 71 6 55 1 44
MP-01a 58 33 9 57 33 10 0 82 18 NDb NDb NDb

MP-06a 34 40 26 32 40 28 4 56 40 NDb NDb NDb

X 47 31 21 44 31 25 11 68 21 65 0 35
SD 9 9 11 9 9 12 10 13 14 6 0.6 6

Notes: Point counting parameters: Qt, total quartzose grains; F, total feldspar; L,
total unstable lithic grains; Qm, monocrystalline quartz; Lt, total lithic grains;
Lm, total metamorphic grains; Lv, total volcanic grains; Ls, total sedimentary
grains; K, potassium feldspar; P, plagioclase feldspar. Total framework counts:
400 per sample.

a Parameters recalculated from Ortega-Flores et al. (2014).
b ND=Data not provided in Ortega-Flores et al. (2014).
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of Permian-Triassic (5%), Middle Devonian (4%) and Paleoproterozoic
(1%) ages are also present (Fig. 6G–H). The main age component for
sample 18-CA10 is also Middle Jurassic-early Paleogene (59%); minor
age components of middle Mesoproterozoic-early Neoproterozoic
(10%), and Cambrian-Silurian (6%) U-Pb ages are present. DZ age
components of Permian-Triassic (5%) and Paleoproterozoic (1%) age
are significantly less prominent (Fig. 6I–J). Mineral de Pozos sandstone
samples and one Soyatal sample (16-CA08) contain a dominant early
Late Cretaceous relative maximum of the curve at ~97-95Ma.

The San Felipe Formation sample (04-JC01; n=70) (Fig. 6I) has a
major Middle Jurassic-early Paleogene age group (50%); Middle Me-
soproterozoic-early Neoproterozoic (7%), Cambrian-Silurian (6%),
Permian-Triassic (4%), and Paleoproterozoic (1%) ages represent minor
components (Fig. 6K–L). Younger age relative maximum of the curve at
~77, 80 and 85Ma are present in the San Felipe Formation (Fig. 6L).

The Chicontepec Formation sample (n=132) chiefly yielded
Middle Jurassic-early Paleogene grain ages (68%). A subordinate age
group is middle Mesoproterozoic-early Neoproterozoic, corresponding
to 11% of ages. Minor age groups are Permian-Triassic (2%),
Paleoproterozoic (2%), and Cambrian-Silurian (2%) (Fig. 6M–N). This
sample (30-CH01) has a dominant early Paleocene relative maximum of
the curve at ~64Ma, and two Late Cretaceous relative maximums of
the curve at ~85 and 96Ma, as well as an important Early Cretaceous
relative maximum of the curve at ~126Ma (Fig. 6N).

The MDS map that compares the A-A′ transect sandstones with some
possible source rocks in Mexico and the western U.S. (described below)
yielded first order distances with detrital samples from Guerrero terrane
and volcanic and plutonic samples from the western Mexican magmatic
arc (Fig. 7).

4.3. Detrital zircon (U-Th)/He data

A subset of the U-Pb dated zircons was dated by the (U-Th)/He
method. These double dated grains are from the following samples: 06-
MP02, Mineral de Pozos sandstone; 16-CA08, Soyatal Formation; and
04-JC01, San Felipe Formation. The resulting 43 cooling analyses
provide new insight into sediment dispersal and uplift history across the
central MFTB.

The ZHe ages for the samples range from Permian to Eocene (Fig. 8).
A small number (n= 2) of zircon grains yielded U-Pb ages that are
equivalent to their corresponding ZHe ages within 2σ uncertainty; these
grains are interpreted to represent first-cycle volcanic grains (e.g.,
Reiners et al., 2005; Saylor et al., 2012). These two grains, both Cam-
panian of the San Felipe Formation, were not considered in the analysis
of ZHe ages to interpret the thermal history along the transect A-A′
(Fig. 9a). Three principal ZHe age components (as distinguished from
U-Pb age groups) are present in the samples (Fig. 8): Early Cretaceous
(~136-120Ma); Late Cretaceous (~99-80Ma); and Paleocene (~66-
56Ma). Five main ZHe age groups were identified from the combined
analyses of the transect samples: (1) Permian (~271Ma); (2) Jurassic
(~180-159Ma); Early Cretaceous (~136-107Ma); Late Cretaceous
(~99-66Ma); and Paleogene (~63-46Ma). Mineral de Pozos sandstone
ZHe ages (n= 11) are largely Paleogene (64%), with minor Late Cre-
taceous (18%), and Early Cretaceous (18%) ages. Soyatal Formation
ZHe ages (n=15) are dominated by Late Cretaceous (73%), Early
Jurassic (13%), and subordinate Paleogene (7%) and Early Cretaceous
(7%) ages. The San Felipe Formation (n=17) yielded mostly Early
Cretaceous (35%), Late Cretaceous (29%), Paleogene (12%), Late Jur-
assic (6%), and Permian (6%) DZHe ages.

Fig. 5. DZ U-Pb age probability plot for central
Mexican fold-thrust belt samples. Horizontal bars
indicate age components described in the text. (A)
All grain ages from Mineral de Pozos sandstone,
Soyatal, San Felipe (sample 04-JC01) and
Chicontepec formations, except two grains at
2700Ma and 2915Ma. (B) Detrital zircon U-Pb ages
younger than 200Ma. N=number of samples,
n= number of analyses.

Table 3
Calculated ages for Late Cretaceous samples of Mineral de Pozos sandstone and samples of the Tolimán-Tamazuchale transect.

Sample Unit Location MDA MSWDa Youngest grain (Ma) nb Reference

06-MP02 Mineral de Pozos sandstone Mineral de Pozos area 96 ± 1 1.09 94.8 ± 2.7 9 This study
08-MP04 Mineral de Pozos sandstone Mineral de Pozos area 94 ± 1 1.17 92.8 ± 2 3 This study
MP-063 Mineral de Pozos sandstone Mineral de Pozos area 92 ± 1 1.1 91 ± 1 5 Ortega-Flores et al. (2014)
16-CA08 Soyatal Formation Vizarrón area 93 ± 1 0.92 87 ± 2.6 3 This study
18-CA10 Soyatal Formation Vizarrón area 88 ± 1 0.62 87.1 ± 1.6 4 This study
04-JC01c San Felipe Formation VSLP platform 76 ± 1 0.96 73 ± 1.4 5 Juárez-Arriaga et al. (2019)
05-JC02c San Felipe Formation VSLP platform 78 ± 1 1.5 72 ± 2.4 8 Juárez-Arriaga et al. (2019)
30-CH01 Chicontepec Formation Tampico-Misantla basin 63 ± 0.5 1.07 61.2 ± 1 4 This study

a MSWD=Mean square of weighted deviates (Ludwig, 2008).
b n=Number of grains used in age calculation for MDA (maximum depositional age).
c Parameters recalculated from data in indicated published reference.
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Three discrete clusters of DZ grains are defined on the basis of the
ranges of their ZHe cooling ages and U-Pb ages, with U-Pb crystal-
lization ages varying widely in each cluster (Fig. 8). Cluster A has ZHe
ages older than deformation ages previously reported for the MFTB and

discussed below. Cluster A ZHe ages range from ~136 to 120Ma and U-
Pb ages span ~1450-170Ma; most grains of cluster A are present in the
San Felipe Formation (Fig. 8a). A second, well-defined cluster B, with
ZHe ages ranging from ~102 to 80Ma and U-Pb ages in the range

Fig. 6. Probability density plots of DZ U-Pb ages of sandstone samples along A-A′ transect in central MFTB. N=number of samples, n=number of analyses. DZ age
density plots for all grains (left column); grains younger than 200Ma (right column). The color columns show the DZ U-Pb age components described in the text.
Grains attributable to Mesozoic arc sources (~180-60Ma) are very common in these sandstones; the Late Cretaceous grain component (~98-92Ma), which cor-
responds with ages of the Eastern Peninsular Ranges batholith in the Baja California Peninsula, is the most abundant in the detrital samples. Note that old zircon grain
ages (> 1 Ga) (top of the left plots) are not present in younger units. (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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~1150-80Ma (Fig. 8b), is mostly present in the Soyatal Formation.
Cluster C, with the youngest ZHe ages ranging from ~66 to 56Ma and
U-Pb ages spanning ~1638-73Ma (Fig. 8c), is mostly present in the
Mineral de Pozos sandstone. The ZHe ages of the clusters indicate DZ
grains derived from sources having different thermal histories.

5. Discussion

5.1. Interpretation DZ U-Pb ages

Most detrital zircon grains are inferred to have been derived from
sediment sources in the west (Fig. 10). Sources included magmatic arc
rocks for the Jurassic-early Paleogene age component, or the oldest
metasedimentary rocks of the arc terrane and uplifted sedimentary
strata of the proximal part of the foreland basin for older age compo-
nents (e.g., Juárez-Arriaga et al., 2019). DZ U-Pb age components of
sandstones in the central MFTB and inferred sources are summarized in

Table 4. The U-Pb age components of the Mineral de Pozos sandstone
samples were likely derived from Triassic sedimentary rocks deposited
on the west flank of mainland Mexico (e.g., Barboza-Gudiño et al.,
2010; Ortega-Flores et al., 2014) or from Triassic metasedimentary
rocks of the Guerrero terrane (e.g., Martini et al., 2009; Centeno-García
et al., 2011). The Triassic rocks contain grain-age distributions similar
to those of the transect samples and include late Permian, Ordovician
and Grenville grain ages (Figs. 5 and 6). Available geochronologic data
indicate that sediment sources of Mineral de Pozos sandstone samples
show significant differences in zircon components, even between sam-
ples that are litologically similar and were collected at a short distance
to each other. Note that in sample MP-06 almost all grains are younger
than Permian age, whereas samples 06-MP02 and 08-MP04 contain
Proterozoic and Paleozoic grains. Sample 08-MP04 contains abundant
Devonian grains that are absent in the other samples (Fig. 6). Due to the
above, we infer a complex sedimentary dispersal history for this unit, an
important topic that can be clarified in future research.

Fig. 7. Multidimensional scaling (MDS)
map of transect samples (green circles) and
samples interpreted as potential sources
discussed in the text. The counterclockwise
curved arrow indicates the younging direc-
tion of the transect samples (except MP06).
Two large groups, not connected in the MDS
map, are distinguished: to the left, the det-
rital samples constitute a well-defined set,
to the right, a second set is formed by
samples derived from plutonic and volcanic
rocks of the batholiths of Sonora, Baja
California, Sinaloa and Puerto Vallarta
(squares). Continuous lines represent first-
order distances (first order similarities be-
tween samples), whereas discontinuous
lines indicate second-order distances (e.g.,
Vermeesch, 2013). (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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In the San Felipe Formation, early Paleozoic and Devonian grains
are uncommon; in the Chicontepec Formation, they are rare (Fig. 6). A
potential source of these grains lies in peri-Gondwanan terranes that
constitute a large part of the suture belt between Laurentia and

Gondwana. The dominant component of ~471Ma matches the ages of
the Esperanza and Palo Liso granitoids of the Acatlán Complex (e.g.
Elías-Herrera et al., 2007; Miller et al., 2007; Ortega-Obregón et al.,
2009), as well as granite ages of the Taconic orogen, present in the peri-

Fig. 8. Plot of double dates (ZHe versus U-
Pb ages) of three samples of the central
MFTB. First-cycle volcanic grains lying
along dashed black line indicating equal U-
Pb and ZHe age are shown by dashed
polygon V. Dashed rectangles A-C indicate
corresponding ZHe and U-Pb age clusters
described in text. Colored horizontal fields
indicate age ranges of important tectonic
events in Mexico (after Fitz-Díaz et al.,
2018; Juárez-Arriaga et al., 2019).
N=number of samples, n=number of
analyses.

Fig. 9. Probability density plot of ZHe ages
from the three samples of central MFTB;
n= number of analyses. (A) Multiple age
modes in San Felipe Formation indicate
only partial resetting of He during burial.
(B) Nearly congruent Soyatal ZHe and MDA
ages indicate rapid burial and subsequent
exhumation of the unit. (C) Strong modal
age at ~60Ma indicates resetting of He in
Mineral de Pozos sandstone in interior part
of fold-thrust belt prior to exhumation in
early Paleocene. Green bars represent illite
deformation ages from Fitz-Díaz et al.
(2014). Dashed red lines indicate MDA of
each sample. Histogram bins equal 10 m.y.
(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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Gondwanan terranes that flank Laurentia (Thomas, 2011). An addi-
tional potential peri-Gondwanan source is a metapelite of the Jocote
unit exposed in southern Chiapas, which is dominated by late Meso-
proterozoic grains (~1.2 and 1.0 Ga), and a notable number of early
Mesoproterozoic (~1.7–1.5 Ga), Ordovician-Silurian (~480-420Ma)
and Devonian grains (~410-360Ma) (e.g., Weber et al., 2008;
González-Guzmán et al., 2016). Devonian grains constitute a rare
component, which is mostly present in sample 08-MP04 of the Mineral
de Pozos sandstone.

Permian-Triassic grains (285-220Ma) are a subordinate component
in most of the analyzed samples, possibly originally derived from in-
trusive units of the Permian-Triassic arc of eastern Mexico (e.g., Torres
et al., 1999; Dickinson and Lawton, 2001). Mesozoic arc sources re-
corded by Middle Jurassic-Paleogene grains (180-60Ma) constitute the
bulk of grains analyzed in sandstones of central MFTB. These grains
form a continuous range of ages that overlap at 2σ error. Jurassic grains
are a minor age component and suggest a source in volcano-sedimen-
tary rocks such as the Nazas Formation, which has been alternatively
interpreted as the record of a continental magmatic arc (Bartolini et al.,
2003; Lawton and Molina-Garza, 2014) or of intraplate magmatism and
sedimentation during attenuation of continental lithosphere in the
backarc region of a coeval continental-margin arc (Martini and Ortega-
Gutiérrez, 2018). Grains with ages between ~150Ma and ~123Ma,
with a prominent ~125Ma mode (Fig. 5) were probably derived from
igneous rocks developed within the Guerrero terrane prior to its ac-
cretion with what is now eastern Mexico. This hypothesis is supported
by the MDS map, which suggests that the Jurassic grains have a strong
similarity with Jurassic granitoids of the Guerrero terrane (e.g.,
Centeno-García et al., 2011) (Fig. 7). Alternatively, these grains could
derive from Late Jurassic felsitic volcanic rocks that were emplaced
within the Arperos basin (Martini et al., 2011) and uplifted during Early
Cretaceous time (Fitz-Díaz et al., 2018). This source could explain the
abundance of felsitic volcanic lithic grains in sandstones from the To-
limán-Tamazunchale transect as well, so these rocks are also a potential
source for Jurassic grains.

The early Late Cretaceous relative maximum of the curve
(~95–97Ma), which is dominant in all Mineral de Pozos samples and a
Soyatal sample, and Late Cretaceous-Paleogene ages (~85-62Ma) in
the San Felipe and Chicontepec samples, matches well with magmatic

ages reported for the western Mexican continental margin, where they
form a continuous batholithic belt between Sonora and Jalisco (Fig. 1).
Available U-Pb ages of volcanic and plutonic rocks of the western
Mexican magmatic arc (e.g., Kimbrough et al., 2001; McDowell et al.,
2001; Henry et al., 2003; Ortega-Rivera, 2003; Ramos-Velázquez et al.,
2008; Hildebrand and Whalen, 2014; Todd et al., 2014; Duque-Trujillo
et al., 2015; González-León et al., 2017) correspond with DZ U-Pb ages
reported here. Framework grains in sandstone samples indicate that
most of the sediment was derived from felsic volcanic rocks (Table 2).
Felsic to intermediate intrusive rocks are exposed in the Sonora bath-
olith (McDowell et al., 2001; Valencia-Moreno et al., 2001), the Sinaloa
batholith (Henry et al., 2003), and the Los Cabos batholith (Aranda-
Gómez and Pérez-Venzor, 1989; Kimbrough et al., 2002). We suggest
that the volcanic cover of these batholiths was the major source of
detritus to the foreland basin.

A quantitative comparison of the distribution of DZ U-Pb ages of the
transect samples and potential age sources has been made through the
use of a multidimensional scaling (MDS) plot, which uses Kolmogorov-
Smirnov D-values as a nonparametric similarity-dissimilarity estimator
(e.g., Vermeesch, 2018; Ibañez-Mejia et al., 2018). Results suggest that
transect sandstones constitute a closely related set of U-Pb ages (Fig. 7).
Two Mineral de Pozos sandstone samples (06-MP02 and 08-MP04) are
spatially related to the samples of the Soyatal Formation (16-CA08 and
18-CA10) and these in turn are closely related to the San Felipe For-
mation sample (04-JC01). The Chicontepec Formation is more distantly
linked to the rest of the transect samples, as is Mineral de Pozos sample
MP-06. Our petrographic data also indicate a similar grouping of Mi-
neral de Pozos-Soyatal samples, with the Chicontepec sample being
compositionally dissimilar (Fig. 4). Geochronological data and the MDS
analysis reveal low similarity of the transect samples with Jurassic se-
dimentary rocks of northwestern Mexico (e.g., Lily, González-León
et al., 2009) and the southwestern U.S. (e.g., Ali Molina rhyolite, Haxel
et al., 2005) (Fig. 7). Jurassic grains in the Chicontepec Formation were
likely derived directly from rocks present in central Mexico, possibly
from the Nazas Formation, as suggested by the presence in all samples
of zircon grains with ages distributed between ~175 and 150Ma and
the rarity of Proterozic grains (Fig. 6). Sandstone composition and pa-
leotransport directions measured in the Chicontepec Formation suggest
important detrital sources in carbonate rocks of the MFTB directly west

Fig. 10. Paleogeography and inferred sediment-transport routes of evolving foreland basin during Cenomanian-early Paleogene time (Fricke et al., 2010).
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of the Tampico-Misantla basin (Bitter, 1993; González-Díaz et al.,
2017).

Sample MP-06 (Mineral de Pozos sandstone) has an apparently
discrepant position on the MDS plot, which can be explained based on
its similarity with rocks of the Guerrero terrane (e.g., Centeno-García
et al., 2011) and western Mexican magmatic arc, particularly with the
Sinaloa batholith (e.g., Duque-Trujillo et al., 2015). Samples of the
Mineral de Pozos sandstone, including the oldest sandstone analyzed
(MP-06, MDA=~94Ma, late Cenomanian), are rich in sedimentary
and volcanic lithic grains (Fig. 4), indicating important sources in se-
dimentary and volcanic rocks.

During the late Cenomanian, prior to Neogene translation of the
Baja California Peninsula, the Sinaloa batholith and the Guerrero ter-
rane were located directly west of the foreland basin (e.g., Fletcher
et al., 2007), as were Upper Cretaceous strata of Guerrero, including red
beds of the Coalcoman, Estapilla, and Neixpa formations (Centeno-
García et al., 2011), suggesting that river catchments drained eastward
from the nearby part of the magmatic arc to the basin. This inter-
pretation rests on the abundance of volcanic and sedimentary lithic
grains in the Mineral de Pozos and Soyatal samples. Additionally,
dominant Early and Late Cretaceous zircon grain ages in sandstones of
the transect indicate derivation of sediment from the Guerrero terrane.

5.2. Sources of sediment in the Mexican foreland basin

Continuous overlapping grain ages at 2σ error from the Middle
Jurassic to Paleocene (Fig. 6) and abundant volcanic lithic grains in
litharenites (Fig. 4) indicate that western volcanic arc sources con-
stituted an important source of igneous detritus during shortening in
the fold-thrust belt from Late Cretaceous to early Paleogene time
(Fig. 10). The DZ data provide evidence for two intervals of magmatism
of the western Mexican magmatic arc, which was a topographic high
that flanked the Mexican foreland basin during Late Cretaceous time.
The first event, recorded in the Mineral de Pozos sandstone and cor-
relative Cenomanian-Turonian strata of Mexican foreland basin
(Juárez-Arriaga et al., 2019) is recognized by abundant Jurassic-early
Late Cretaceous zircon grains (Fig. 6). Metamorphic lithic grains pre-
sent only in the Mineral de Pozos sandstones were likely derived from
basement of the Guerrero terrane (e.g., Juárez-Arriaga et al., 2019). The
second magmatic event along the western Mexican margin is recorded
in younger foreland basin strata, the Soyatal, San Felipe, and Chi-
contepec samples. Proterozoic and Paleozoic grains were likely recycled
from older strata of the Mexican foreland basin, which were uplifted by
advance of the thrust wedge (Juárez-Arriaga et al., 2019).

Age components and carbonate lithic grains in the Paleogene
Chicontepec turbidites are interpreted as a combination of recycling of
age components present in strata of the older foreland successions and
erosion of carbonate strata from the thrust belt (Fig. 10). For example,
Jurassic and Cretaceous grain ages common in Mineral de Pozos are
present but subordinate in the Soyatal and Chicontepec samples. Grain
ages (~105-85Ma) common in the Soyatal Formation are also present
in Chicontepec, suggesting recycling of Soyatal strata into the younger
foreland. Exhumation and erosion of Lower Cretaceous and lower
Upper Cretaceous limestones in the thrust belt to yield sediment for
Chicontepec turbidites is supported by abundance of shallow skeletal
fossil fragments (e.g., echinoid spines and plates, miliolids) and extra-
basinal carbonate lithic grains. Accordingly, ternary diagrams indicate
a recycled orogen provenance for the Chicontepec sample (Fig. 4).

5.3. ZHe cooling ages and deformation events

Each cluster of ZHe ages is interpreted as a single exhumation event
of sedimentary source rocks in the fold-thrust belt (Fig. 8). Note that
Mineral de Pozos sandstone was most strongly affected by burial after
deposition, indicated by more complete reserring of ZHe ages to Cre-
taceous ages. Sample (06-MP02) comes from the older, innermostTa

bl
e
4

U
-P
b
D
et
ri
ta
l-z

ir
co

n
ag

e
co

m
po

ne
nt
s
of

sa
nd

st
on

es
in

ce
nt
ra
lM

ex
ic
an

fo
re
la
nd

ba
si
n
an

d
in
fe
rr
ed

so
ur

ce
s.

A
ge

G
ro

up
A
ge

Ra
ng

e
(M

a)
M
ax

im
um

s
re
la
tiv

e
of

th
e
PD

Fa
cu

rv
e
(M

a)
n

%
of

To
ta
l

In
fe
rr
ed

U
lti

m
at
e
So

ur
ce

Re
fe
re
nc

es

Pa
le
op

ro
te
ro

zo
ic

~
17

50
–1

60
0

4
Ba

se
m
en

t
an

d
se
di
m
en

ta
ry

ro
ck

s
of

SW
U
ni
te
d
St
at
es

an
d
N
W

M
ex

ic
o
or

So
ut
h
A
m
er
ic
an

G
on

dw
an

a
Ir
io
nd

o
et

al
.(

20
04

)
an

d
re
fs

th
er
ei
n;

Ba
rt
h
an

d
W

oo
de

n
(2

00
6)

M
es
op

ro
te
ro

zo
ic
-

N
eo

pr
ot
er
oz

oi
c

~
12

30
–9

20
~
10

00
10

Ba
se
m
en

tr
oc

ks
of

ea
st
er
n
M
ex

ic
o
(O

ax
aq

ui
a)

or
Tr

ia
ss
ic

se
di
m
en

ta
ry

ro
ck

s
W

M
ex

ic
o

La
w
lo
re

ta
l.
(1

99
9)

;K
ep

pi
e
et

al
.(
20

03
);
So

la
ri

et
al
.(
20

03
;2

00
4)

;
Ba

rb
oz

a-
G
ud

iñ
o
et

al
.(

20
10

)
Ea

ry
Pa

le
oz

oi
c

~
49

0–
42

0
~
47

1
8

A
ca

tlá
n
co

m
pl
ex

of
SW

M
ex

ic
o
or

pe
ri
-G

on
dw

an
an

te
rr
an

es
El
ía
s-
H
er
re
ra

et
al
.(

20
07

);
M
ill
er

et
al
.(

20
07

);
O
rt
eg

a-
O
br

eg
ón

et
al
.(

20
09

);
Th

om
as

(2
01

1)
;W

eb
er

et
al
.(

20
08

);
G
on

zá
le
z-

G
uz

m
án

et
al
.(

20
16

)
M
id
dl
e
D
ev

on
ia
n

~
40

5–
38

0
~
38

1
3

Pe
ri
-G

on
dw

an
an

te
rr
an

es
W

eb
er

et
al
.(

20
08

);
G
on

zá
le
z-
G
uz

m
án

et
al
.(

20
16

)
Pe

rm
ia
n-
Tr

ia
ss
ic

~
28

5–
22

0
~
25

7
8

Pe
rm

ia
n-
Tr

ia
ss
ic

pl
ut
on

s
of

E
M
ex

ic
o
(v
ia

Tr
ia
ss
ic

ba
se
m
en

t
of

G
ue

rr
er
o)

To
rr
es

et
al
.(

19
99

);
Ba

rb
oz

a-
G
ud

iñ
o
et

al
.(

20
10

);
Ce

nt
en

o-
G
ar
cí
a

et
al
.(

20
11

);
O
rt
eg

a-
Fl
or

es
et

al
.(

20
14

)
Ju

ra
ss
ic
-P
al
eo

ge
ne

~
18

0–
60

~
16

1,
12

5,
11

6,
96

,8
5,

81
,6

4
48

Co
rd

ill
er
an

ar
c
on

Pa
ci
fic

m
ar
gi
n
of

M
ex

ic
o;

up
lif

te
d
U
pp

er
Cr

et
ac

eo
us

st
ra
ta

of
M
ex

ic
an

fo
re
la
nd

ba
si
n;

M
id
dl
e
Ju

ra
ss
ic

vo
lc
an

os
ed

im
en

ta
ry

ro
ck

s
of

N
az

as
Fo

rm
at
io
n;

La
te

Ju
ra
ss
ic

fe
ls
iti

c
vo

lc
an

ic
ro

ck
s
em

pl
ac

ed
w
ith

in
A
rp

er
os

ba
si
n
an

d
th
ei
r
eq

ui
va

le
nt
s

Ki
m
br

ou
gh

et
al
.(

20
01

);
M
cD

ow
el
le

ta
l.
(2

00
1)

;H
en

ry
et

al
.

(2
00

3)
;R

am
os

-V
el
áz

qu
ez

et
al
.(

20
08

);
M
ar
tin

ie
t
al
.(

20
11

);
H
ild

eb
ra
nd

an
d
W

ha
le
n
(2

01
4)

;L
aw

to
n
an

d
M
ol
in
a-
G
ar
za

(2
01

4)
;

To
dd

et
al
.(

20
14

);
D
uq

ue
-T
ru

jil
lo

et
al
.(

20
15

);
G
on

zá
le
z-
Le

ón
et

al
.(

20
17

);
Ju

ár
ez

-A
rr
ia
ga

et
al
.(

20
19

)

a
PD

F:
Pr

ob
ab

ili
ty

de
ns

ity
fu
nc

tio
n.

E. Juárez-Arriaga, et al. Journal of South American Earth Sciences 95 (2019) 102264

13



portion of the MFTB. The Soyatal sample (16-CA08) has an inter-
mediate position in the MFTB and reflects near-total resetting of the
source exhumation ages by deep burial, but preserves the exhumation
time by thrusting in the hinterland that yielded sediment to the Mex-
ican foreland basin. The San Felipe sample (04-JC01) is the outermost
in the MFTB; this sample displays ZHe ages that predate its depositional
age, which suggests that these grains were least affected by burial after
deposition. Two of the three significant cooling events indicated by the
distribution of nonvolcanic ZHe ages broadly correspond to deforma-
tional pulses previously interpreted from 40Ar-39Ar illite and AFT ages
along structural transect A-A′ (e.g., Fitz-Díaz et al., 2014; Guerrero-Paz
et al., accepted); however, the oldest ZHe cooling age cluster A (~136-
120Ma), recorded on the San Felipe Formation (Fig. 9A), is difficult to
assign to a particular uplift event and may represent cooling of rocks in
the Guerrero terrane following intrusion of arc plutons there. Alter-
natively, these cooling ages may be the result of an extension process.
This age range coincides with extension in the arc/back-arc region
occurred in the western edge of Mexico during Berriasian-Barremian
time (Centeno et al., 2008; Martini et al., 2011). In a rift setting,
basement rocks could have been exhumed along major normal faults to
yield Early Cretaceous cooling ages, and a subsequent source of sedi-
ment for early Late Cretaceous rocks of the MFB.

Latest Early Cretaceous to Late Cretaceous ZHe ages cluster B
(~102-80Ma) as a whole span deformation events previously docu-
mented in the MFTB. The oldest event, related to thrust movement near
Tolimán, previously estimated at 85.5 ± 1.5Ma from an illite
40Ar/39Ar age (Fitz-Díaz et al., 2014), is approximately concordant with
eleven zircons having ZHe ages between ~91 and 85Ma. The following
event, interpreted from K-Ar illite-mica ages indicating movement of
~80-75Ma on the El Doctor fault zone near San Joaquin (Garduño-
Martínez et al., 2015, Fig. 2) is overlapped by four grains with DZHe
ages ranging ~80-75Ma. This event matches repeated uplift and ero-
sion from ~80 to 75Ma reported in the western part of the A-A′
transect (Guerrero-Paz et al., accepted). The implication is that there
were uplift events that produced partial or total resetting during ex-
humation events of Turonian-Santonian and Campanian age.

Cluster C, with ZHe ages in the range ~66-56Ma restricted to the
Mineral de Pozos sandstone, likely records exhumation-related cooling
of the western, interior part of the fold-thrust belt during the early
Paleocene. These ZHe ages could represent exhumation by out-of se-
quence hinterland thrusts; however, time-equivalent thrusting on the
east flank of the Valles-San Luis Potosí platform, near the eastern end of
the structural traverse, has been estimated at 64 ± 2Ma on the basis of
an illite 40Ar/39Ar age (Fig. 2; Fitz-Díaz et al., 2014). The combination
of a roughly equivalent interior exhumation related cooling and frontal
deformation ages thus suggests that coeval deformation took place
across the width of the orogenic wedge rather than simply by interior
exhumation by uplift of out-of-sequence interior thrust sheets. Orogen-
wide uplift is substantiated by the age of the synorogenic turbidites
near the base of the Chicontepec Formation, with a maximum deposi-
tional age of 63 ± 1Ma (Table 3) and a sediment source in carbonate
units of the thrust wedge.

5.4. Cooling age interpretation and uplift evolution of central Mexican fault-
thrust belt

Recent strigraphic and structural investigations in the central MFTB
reveal that shortening deformation was coeval with deposition of
foreland-basin strata (e.g., Suter, 1987; Fitz-Díaz et al., 2011, 2012;
Lawton et al., 2016; Vásquez-Serrano et al., 2018; Juárez-Arriaga et al.,
2019). However, there has previously been no combined set of prove-
nance data and deformation ages to better understand the history of
deformation and sediment dispersal patterns in the central Mexican
fold-thrust belt during Late Cretaceous-Eocene time. Zircon (U-Th)/He
data and MDA of A-A′ section units shed light on postdepositional
burial of foreland strata and their subsequent exhumation in central

Mexico. A plot of the ZHe age probability densities against the direct
39Ar/40Ar illite ages of individual structures in the fold-thrust belt (Fitz-
Díaz et al., 2014) reveals that deformational pulses coincide with ex-
humation of grains that were subsequently deposited units of the To-
limán-Tamazunchale transect (Fig. 9).

The bulk of the cooling ages of ~66-56Ma in the Mineral de Pozos
sandstone sample is younger than the inferred depositional age and
suggests sufficient burial after deposition to result in partial or total He
loss. This age range includes the MDA (63 ± 1Ma) estimated for the
Chicontepec Formation. Our combined petrographic and U-Pb data
indicate that exhumation of the MFTB resulted in direct transfer of
sediment from Lower Cretaceous and earliest Upper Cretaceous lime-
stones in the frontal part of the fold-thrust belt to the Tampico-Misantla
basin. This idea is further supported by two independent data sets: 1)
Biostratigraphic data indicate that the Campanian-Maastrichtian nan-
nofossils derive from the erosion of the Méndez Formation (located
directly on the western flank of the Chicontepec Formation) during the
eastward advance of the fold-thrust deformation (González-Díaz et al.,
2017); and 2) thrust deformation at the eastern flank of the Valles San
Luis Potosí platform on the basis of an early Paleocene illite 40Ar/39Ar
age (Fitz-Díaz et al., 2014) is time-equivalent to MDA from the basal
part Chicontepec Formation (Table 3).

In the Soyatal Formation sample, the dominant age mode of the ZHe
ages (~80–99Ma) overlaps the MDA of 93 ± 1Ma (Fig. 9B). The old
DZ U-Pb ages preclude derivation from an active arc and instead sug-
gest total resetting of the exhumation ages of source sedimentary rocks
by the combined processes of depositional burial and tectonic stacking
in the fault and thrust belt. Importantly, the overlap of the inferred
depositional and cooling ages in the Soyatal Formation indicates that
thrust sheets within the adjacent culmination of the Toliman sequences
above the Higuerillas thrust (Fig. 2) were quickly exhumed and yielded
sediment to the foreland.

In the San Felipe Formation sample, most He ages cluster and are
within error of the maximum depositional age derived from the U-Pb
analyses. We infer that the He system in most zircon grains was par-
tially reset, consistent with derivation from the adjacent Jiliapan thrust
sheet, which exhumed the deepest rocks in the area. Grains potentially
derived from the Jurassic or Permian-Triassic arcs in Mexico did not
preserve their original amounts of He, yielding younger ages; however,
most ZHe ages are younger than the U-Pb ages and form poorly defined
populations. The lack of clearly defined ZHe age clusters in the San
Felipe sample suggests partial He resetting; therefore, the meaning of
these data remain unclear.

Based on data presented here, we can predict times of sediment
production in central Mexico during Late Cretaceous-Eocene time. The
coincidence of deformation events defined from illite 40Ar/39Ar ages
(e.g. Fitz-Díaz et al., 2014) and AFT ages and exhumation ages (e.g.,
Guerrero-Paz et al., accepted) determined from DZHe analysis in-
dependently confirms the ages of the pulses of deformation, and sug-
gests that dated deformation events contributed to episodes of ex-
humation in the fold-thrust belt. According to DZ U-Pb ages discussed
here, the oldest strata are in the western part of the Mexican foreland
basin and successive deposits become progressively younger to east.
Overall, ZHe ages of those strata are controlled by their relative posi-
tions in the fold-thrust belt. Thus, the oldest cooling ages are abundant
in the eastern part of the fold-thrust belt and younger cooling ages are
dominant to the west.

6. Conclusions

A combination of petrographic and statistical data, and DZ U-Pb and
ZHe ages indicate sediment sources in the Guerrero terrane and a long-
lived magmatic arc that lay to the west of the Mexican foreland basin.
The age components delivered to the sediment varied in proportion
during evolution of the foreland basin. Proterozoic and Jurassic grains,
common age components in the initial deposits of the central foreland
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basin, are less abundant in Turonian and younger foreland basin strata,
whose sediment sources were mostly local. In contrast, DZ U-Pb ages
spanning the Middle Jurassic to early Paleogene indicate an important
and continued magmatic arc source along the western Mexico margin.
These younger grains consistently constituted the dominant age group
during shortening in the fold-thrust belt and foreland basin history.

On the basis of ZHe age modes and deformational pulses previously
documented during growth of the fold-thrust belt in central Mexico, we
interpret each cluster of ZHe ages along of the Tolimán-Tamazunchale
transect as a single exhumation event of sedimentary source rocks in
the fold-thrust belt. The oldest recorded event, represented by Early
Cretaceous ZHe ages (~136-120Ma), predates the history of the
Mexican fold-thrust belt and may represent cooling of rocks following
intrusion of Guerrero arc plutons or may have resulted from an exten-
sional event before Late Cretaceous-early Paleogene shortening. The
Late Cretaceous ZHe ages (~102-80Ma) represent the first cooling
event related to thrust movement of the Mexican fold-thrust belt near
Tolimán, as well as movement of the El Doctor fault thrust. Finally, the
younger ZHe ages (~66-56Ma), recorded in both interior and exterior
parts of the fold-thrust belt, likely indicate exhumation-related cooling
across the width of the orogenic wedge during the early Paleocene.

This event is equivalent to the calculated MDA of the lower part of
the Chicontepec Formation and links exhumation to time-equivalent
deposition; nevertheless, the DZ U-Pb ages of the Chicontepec
Formation do not clearly define sediment provenance sources. Instead,
sandstone petrography demonstrates that lithic carbonate grains con-
stitute the dominant component of the framework and further indicates
exhumation and erosion of Lower Cretaceous and earliest Upper
Cretaceous limestones in the frontal part of the Mexican fold-thrust
belt. The results of this study demonstrate that double dating of zircon
grains to yield both U-Pb and DZHe ages, in combination with petro-
graphic data from the Mexican fold-thrust belt, can constrain times of
sediment production in fold and thrust belts.
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Parte IV 
Conclusiones 
 
La aplicación de métodos de estratigrafía clásica y petrografía de areniscas junto el fechamiento 

isotópico de granos de circón, permitió elucidar la relevancia de la deformación del Cretácico 

Tardío-Paleógeno sobre la evolución de la cuenca de antepaís mexicana, así como un mejor 

entendimiento de la generación y dispersión de sedimentos en el cinturón de pliegues y 

cabalgaduras mexicano. Los resultados de esta investigación permiten hacer las siguientes 

inferencias. 

1. La evolución de la CAM está asociada al evento de acortamiento del orógeno mexicano 

ocurrido durante el Cretácico Tardío-Paleógeno. Esta cuenca representa la continuación hacia el 

sur de la cuenca de antepaís cordillerana del Mesozoico tardío.  

2. Las edades U-Pb y el análisis petrográfico de areniscas indican que la subsidencia de la 

CAM inició en el Cenomaniano tardío(?) después de la acreción del terreno Guerrero a la margen 

occidental de México ocurrida al final del Cretácico Temprano.  

3. La CAM se desarrolló sobre el lado continental del orógeno y en la parte posterior del arco 

cordillerano Mexicano, por lo que corresponde a una cuenca antepaís de retroarco (retro-foreland 

basin). Esta interpretación es sustentada por el abundante material volcánico contenido en el 

relleno de la CAM, el cual registra la historia del arco al contener un amplio registro del arco 

volcánico contemporáneo. 

4. Los depósitos de la CAM varían a través del tiempo y de acuerdo a su posición 

paleogeográfica en la cuenca. La variación en la composición modal de las areniscas procedentes 

de distintas partes de la CAM reflejan cambios en las fuentes y en los patrones de dispersión de 

sedimentos durante el avance progresivo de la cuña orogénica hacia el este (Fig.5). Los estratos 

más antiguos conocidos se ubican en la Mesa Central y consisten en calciturbiditas que se 

interdigitan hacia el oeste con turbiditas del Cenomaniano-Turoniano. En el centro de México, el 

depósito de turbiditas siliciclásticas predomina a través del Santoniano-Campaniano, las cuales se 

intercalan con capas de toba y areniscas ricas en detritos volcánicos en las partes más distales de  
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Figura 5. Diagramas ternarios que ilustran la composición de las areniscas de la cuenca de antepaís 
mexicana. Estos diagramas sintetizan datos documentados en 1Lawton et al. (2009), 2Ortega-Flores et al. 
(2014); 3Ocampo-Díaz et al. (2016), 4González-Díaz et al. (2017) y 5, 6Juárez-Arriaga et al. (2019a, 2019b). 
Los polígonos de dispersión fueron construidos con 2 sigma de error y los datos normalizados se encuentran 
en el Apéndice 5. 
 
 
 
la cuenca. Las sucesiones sedimentarias del Cretácico Superior-Paleógeno presentes en la cuenca 

Tampico-Misantla se depositaron en un ambiente marino profundo y corresponden a los depósitos 

más jovenes de la CAM. 

5. El arco cordillerano mexicano presente a lo largo de la margen occidental de México, es 

una de las potenciales fuentes que provieron sedimentos a la CAM. Este arco volcánico se 

mantuvo activo durante el evento de acortamiento del Cretácico Tardío-Paleógeno con al menos 

dos prominentes eventos magmáticos en la región, el primero representado por abundantes 

edades U-Pb entre ~98–92 Ma y un segundo evento definido por el intervalo ~85-74 Ma. 

Interpetamos que los granitos en Sinaloa, Baja California y Jalisco representan las raíces 

plutónicas de este arco volcánico, cuyas edades de emplazamiento se corresponden con las 
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edades de los depósitos sinorogénicos en la CAM. Se infieren dos mecanismos principales de 

transporte de sedimentos volcanogénicos a la cuenca: (1) el transporte sedimentario epiclástico por 

sistemas de drenaje transversal durante el Cenomaniano-Turoniano; y (2) nubes de ceniza 

llevadas por los vientos predominantes durante el Santoniano-Campaniano que alcanzaron la parte 

distal de la cuenca.  

Los resultados de este trabajo también permitien hacer inferencias sobre el desarrollo de la 

cuña orogénica. Las implicaciones principales se describen a continuación. 

6. Las edades de deformación documentadas en la parte central del CPCM (e.g., 40Ar/39Ar en 

ilita, Fitz-Díaz et al., 2014; K-Ar en ilita-mica, Garduño-Martínez et al., 2015; y trazas de fisión en 

apatito, Guerrero-Paz et al., aceptado) combinadas con los nuevos datos de procedencia a partir 

del análisis petrográfico, edades U-Pb en circón, así como edades de enfriamiento en granos de 

circón detrítico (DZHe) indican que los eventos de deformación, exhumación y producción de 

sedimentos se vincularon directamente en el espacio y el tiempo. 

7. El magmatismo activo durante toda la historia del acortamiento de MFTB también implica 

que la subducción de la placa de Farallón es el principal control tectónico de este orógeno. 

8. Las sucesiones sedimentarias de la CAM en la parte central del CPCM preservan claras 

evidencias de cambios en las fuentes que aportaron sedimentos a la cuenca. La integración de 

datos petrográficos (Fig. 5), edades U-Pb y ZHe indica que estos cambios fueron el resultado de la 

exhumación y erosión de diferentes hojas de cabalgadura durante el avance progresivo de la cuña 

orogénica hacia el este. Particularmente, las modas estadísticas de las edades ZHe en granos de 

circón detrítico coinciden en general con los eventos de deformación previamente documentados 

en la parte central del cinturón de pliegues y cabalgaduras. El conjunto de edades ZHe definido por 

el intervalo ~136-120 Ma es el evento más antiguo registrado en el CPCM y representa un evento 

de enfriamiento anterior a la historia térmica del cinturón de pliegues y cabalgaduras. Estas edades 

son difíciles a asignar a un evento en particular pero pueden representar el enfriamiento de rocas 

intrusionadas por plutones en el terreno Guerrero o pueden ser resultado de un evento extensional 

antes del evento de acortamiento ocurrido durante el Cretácico Tardío-Paleógeno. Las edades de 

ZHe entre ~102-80 Ma representan el primer evento de enfriamiento relacionado con el movimiento 
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de empuje del CPCM documentado en su parte occidental, así como el movimiento de la falla El 

Doctor. Finalmente, las edades ZHe más jóvenes, comprendidas entre ~66-56 Ma, son registradas 

en las partes interior y exterior del cinturón de pliegues y cabalgaduras, las cuales posiblemente 

indican un enfriamiento relacionado con la exhumación de la cuña orogénica durante el Paleoceno 

temprano. 

9. La relación temporal entre los eventos de deformación en el CPCM y la generación y 

dispersión de sedimentos es un aspecto importante para entender tanto la evolución de la CAM 

como para un mejor entendimiento de la distribución de recursos minerales en la región. 
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Apéndice 1 

Parámetros de conteo 

 
Symbol Definition 
Qm cuarzo monocristalino 
Qpq cuarzo policristalino 
Qc pedernal 
K feldespato potásico 
P  plagioclasa 
Lmf grano metamófico foliado de cuarzo-mica  
Lmp grano metamórfico poligonal de cuarzo-mica 
Lmv grano metavolcánico con epidota y/p clorita 
Lss grano lítico sedimentario: limolita, argilita, 

granos fosfáticos 
Lsc grano carbonatado detrítico (sensu Zuffa, 

1980) 
Lvf grano lítico volcánico felsítico 
Lvl grano lítico volcánico tipo lathwork  
Lvm grano lítico volcánico microlítico 
Lvt granos líticos volcánicos tufáceos y vítreos 
Qt Total de cuarzo (=Qm+Qpq+Qc) 
F Total de feldespatos (=K+P) 
Lm Total de granos metamórficos 

(=Lmf+Lmp+Lmv) 
Lv Total de granos volcánicos 

(=Lvf+Lvl+Lvm+Lvt) 
Ls Total de granos sedimentarios (=Lss+Lsc) 
L Total de granos líticos inestables 

(=Lm+Lv+Ls) 
Qp Total de quarzo policristalino (=Qpq+Qc) 
Lt Total de granos líticos (=L+Qp) 
Parámetros recalculados 
QtFL%Q = 100Qt/(Qt+F+L) 
QtFL%F = 100F/(Qt+F+L) 
QtFL%L = 100L/(Qt+F+L) 
QmFLt%Qm = 100Qm/(Qm+F+Lt) 
QmFLt%F = 100F/(Qm+F+Lt) 
QmFLt%Lt = 100Lt/(Qm+F+Lt) 
LmLvLs%Lm = 100Lm/(Lm+Lv+Ls) 
LmLvLs%Lv = 100Lv/(Lm+Lv+Ls) 
LmLvLs%Ls = 100Ls/(Lm+Lv+Ls) 
QmPK%Qm = 100Qm/(Qm+P+K) 
QmPK%P = 100P/(Qm+P+K) 
QmPK%K = 100K/(Qm+P+K) 
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Apéndice 2 

Edades isotópicas y calculadas. 
Sediment provenance, sediment-dispersal systems, and major arc-magmatic events recorded in the 

Mexican foreland basin, North-Central and Northeastern Mexico. 

 

 



CORRECTED RATIOS2 CORRECTED AGES (Ma)
U (ppm)1 Th (ppm)1 Th/U 207Pb/206Pb ±2σ abs 207Pb/235U ±2σ abs 206Pb/238U ±2σ abs 208Pb/232Th ±2σ abs Rho 206Pb/238U ±2σ 207Pb/235U ±2σ 207Pb/206Pb ±2σ Best age (Ma) ±2σ Disc %

San	Felipe	Formation	(sample:	48-Me16);	coordinates:	25º	35.635'N,	100º	26.400'W
Zircon_41_48-Me16 790 361 0.46 0.0492 0.0036 0.0827 0.0051 0.01208 0.00026 0.00411 0.00023 -0.29 77.4 1.7 80.6 4.8 150 160 77.4 1.7 4.0
Zircon_42 1176 658 0.56 0.0486 0.003 0.079 0.0039 0.01193 0.00023 0.00385 0.00019 0.02 76.4 1.5 77.2 3.7 110 130 76.4 1.5 1.0
Zircon_43 574 323 0.56 0.0511 0.0037 0.0845 0.0044 0.01218 0.00036 0.00422 0.00023 -0.11 78 2.3 82.3 4.1 200 150 78 2.3 5.2
Zircon_44 603 325 0.54 0.0467 0.0039 0.0773 0.0059 0.012 0.00032 0.00398 0.0002 -0.02 76.9 2 75.4 5.6 40 170 76.9 2 -2.0
Zircon_46 526 125 0.24 0.0469 0.0045 0.078 0.0068 0.01222 0.0003 0.00399 0.00038 0.08 78.3 1.9 76 6.4 10 190 78.3 1.9 -3.0
Zircon_47 350 94 0.27 0.0493 0.0048 0.0832 0.0077 0.01234 0.00031 0.00437 0.00046 -0.02 79.1 2 80.8 7.2 110 200 79.1 2 2.1
Zircon_48 899 194 0.22 0.05 0.0031 0.0834 0.0041 0.01209 0.00029 0.00395 0.00025 -0.11 77.5 1.8 81.2 3.8 170 130 77.5 1.8 4.6
Zircon_50 1032 1280 1.24 0.0509 0.0029 0.0847 0.0046 0.01199 0.00025 0.00374 0.00016 0.13 76.9 1.6 82.4 4.3 230 130 76.9 1.6 6.7
Zircon_51 358 107 0.30 0.0547 0.0058 0.0913 0.0091 0.01241 0.00037 0.00519 0.00051 0.12 79.5 2.4 88.3 8.4 360 210 79.5 2.4 10.0
Zircon_52 644 351 0.55 0.0533 0.0039 0.0901 0.0063 0.01196 0.00025 0.00388 0.00023 0.12 76.7 1.6 87.4 5.8 290 160 76.7 1.6 12.2
Zircon_53 678 472 0.70 0.051 0.0036 0.0849 0.0049 0.01231 0.00027 0.00388 0.00022 -0.02 78.8 1.7 82.6 4.6 210 150 78.8 1.7 4.6
Zircon_55 696 292 0.42 0.0511 0.004 0.0816 0.0052 0.01207 0.00027 0.00395 0.00022 -0.31 77.3 1.7 80.4 4.7 190 160 77.3 1.7 3.9
Zircon_56 990 342 0.35 0.0482 0.0031 0.0812 0.0039 0.01236 0.0003 0.00406 0.00021 -0.15 79.2 1.9 79.9 3.8 90 140 79.2 1.9 0.9
Zircon_57 617 287 0.46 0.0554 0.0034 0.0878 0.0049 0.01164 0.00028 0.00393 0.00026 0.11 74.6 1.8 85.4 4.6 420 140 74.6 1.8 12.6
Zircon_58 572 332 0.58 0.0526 0.0038 0.0853 0.0052 0.01186 0.00028 0.00364 0.00027 0.08 76 1.8 83 4.9 290 160 76 1.8 8.4
Zircon_60 1361 1290 0.95 0.0533 0.0028 0.0873 0.0041 0.01179 0.00023 0.00393 0.00017 0.36 75.6 1.4 84.9 3.8 330 120 75.6 1.4 11.0
Zircon_61 949 308 0.32 0.05 0.0031 0.0823 0.0041 0.01206 0.00024 0.00388 0.00027 -0.10 77.3 1.5 80.3 3.8 170 130 77.3 1.5 3.7
Zircon_62 825 268 0.32 0.044 0.0032 0.0747 0.0046 0.01223 0.00028 0.00392 0.00028 -0.08 78.4 1.8 73 4.4 -90 140 78.4 1.8 -7.4
Zircon_63 355 231 0.65 0.0556 0.0052 0.0938 0.0088 0.01209 0.00035 0.00439 0.00034 0.43 77.5 2.2 92.3 8.6 400 210 77.5 2.2 16.0
Zircon_64 651 297 0.46 0.0517 0.0036 0.0851 0.0052 0.01216 0.00031 0.00391 0.00026 -0.08 77.9 1.9 82.8 4.8 230 150 77.9 1.9 5.9
Zircon_65 871 427 0.49 0.0532 0.0037 0.0891 0.0051 0.0123 0.00028 0.00403 0.00022 -0.03 78.8 1.8 86.5 4.7 290 140 78.8 1.8 8.9
Zircon_66 1134 509 0.45 0.0477 0.0029 0.0845 0.0038 0.01277 0.0003 0.00403 0.00019 -0.04 81.8 1.9 82.3 3.6 90 130 81.8 1.9 0.6 núcleo
Zircon_67 687 221 0.32 0.0463 0.0034 0.0751 0.0043 0.01189 0.00029 0.00415 0.00032 -0.15 76.2 1.8 73.5 4.1 10 150 76.2 1.8 -3.7
Zircon_68 676 278 0.41 0.0505 0.0033 0.0865 0.0046 0.01224 0.00028 0.0039 0.00025 -0.07 78.4 1.8 84.2 4.3 220 130 78.4 1.8 6.9
Zircon_69 561 218 0.39 0.0481 0.0039 0.0819 0.0056 0.0125 0.0003 0.00438 0.00038 -0.03 80.1 1.9 79.8 5.3 110 160 80.1 1.9 -0.4
Zircon_70 515 267 0.52 0.0505 0.0048 0.0851 0.0072 0.0121 0.00029 0.00396 0.00029 -0.19 77.5 1.8 82.7 6.8 160 190 77.5 1.8 6.3
Zircon_71 452 235 0.52 0.0463 0.0033 0.0801 0.0047 0.01255 0.00034 0.00404 0.00028 -0.07 80.4 2.1 78.1 4.4 30 140 80.4 2.1 -2.9 núcleo
Zircon_72 1415 1549 1.09 0.0473 0.0027 0.0783 0.0035 0.01205 0.00024 0.0039 0.00015 0.05 77.2 1.5 76.5 3.3 100 120 77.2 1.5 -0.9 núcleo
Zircon_73 874 231 0.26 0.0501 0.0039 0.0816 0.0051 0.01165 0.00026 0.00425 0.00031 -0.05 74.7 1.6 79.6 4.8 190 160 74.7 1.6 6.2
Zircon_74 852 255 0.30 0.05 0.003 0.0836 0.0038 0.01216 0.00028 0.00397 0.00025 -0.12 78.1 1.7 81.4 3.6 190 130 78.1 1.7 4.1
Zircon_75 401 119 0.30 0.0443 0.0038 0.076 0.0057 0.01246 0.00039 0.00412 0.00037 0.10 79.8 2.5 74.2 5.4 -70 170 79.8 2.5 -7.5
Zircon_77 497 155 0.31 0.0574 0.005 0.0975 0.0079 0.01226 0.00029 0.00481 0.00044 0.11 78.6 1.9 94.1 7.3 440 190 78.6 1.9 16.5
Zircon_78 904 212 0.23 0.0493 0.003 0.0806 0.0042 0.01196 0.00024 0.00386 0.00027 -0.20 76.6 1.5 79.3 4.1 160 130 76.6 1.5 3.4
Zircon_79 425 164 0.38 0.0518 0.0043 0.0881 0.0075 0.01244 0.00031 0.00408 0.00037 0.13 79.7 1.9 85.4 7 250 180 79.7 1.9 6.7
Zircon_80_48-Me16 888 251 0.28 0.0489 0.0031 0.0825 0.0046 0.01221 0.00025 0.00397 0.00026 -0.14 78.3 1.6 80.4 4.3 120 130 78.3 1.6 2.6 núcleo

San	Felipe	Formation	(sample:	49-SF02b);	coordinates:	25º	35.157'N,	100º	25.537'W
Zircon_01_49-SF02b 897 403 0.45 0.0484 0.003 0.089 0.004 0.01317 0.00026 0.00414 0.00022 0.07 84.3 1.6 86.5 3.8 100 130 84.3 1.6 2.5 núcleo
Zircon_02 134 52 0.39 0.0758 0.004 1.09 0.062 0.1026 0.004 0.0508 0.0023 0.62 629 23 753 28 1120 110 629 23 16.5
Zircon_03 555 288 0.52 0.0487 0.0038 0.0926 0.0063 0.01366 0.00031 0.00471 0.00028 -0.09 87.4 2 89.7 5.9 120 150 87.4 2 2.6
Zircon_04 1162 601 0.52 0.0498 0.0027 0.0903 0.0039 0.01324 0.00023 0.00429 0.00023 0.00 84.8 1.4 87.7 3.6 160 120 84.8 1.4 3.3
Zircon_05 1674 3060 1.83 0.0491 0.002 0.0847 0.0022 0.01251 0.00021 0.00382 0.00015 0.09 80.2 1.4 82.5 2 145 91 80.2 1.4 2.8
Zircon_06 1068 291 0.27 0.0471 0.0031 0.0847 0.0043 0.01325 0.00029 0.00445 0.00025 -0.04 84.9 1.8 82.5 4 60 140 84.9 1.8 -2.9
Zircon_07 730 338 0.46 0.0498 0.0036 0.0865 0.0051 0.01276 0.00025 0.00437 0.00021 -0.04 81.8 1.6 84.1 4.7 200 150 81.8 1.6 2.7
Zircon_08 795 297 0.37 0.0524 0.0036 0.0928 0.0052 0.01298 0.0003 0.00431 0.00024 0.02 83.1 1.9 89.9 4.8 270 150 83.1 1.9 7.6 núcleo
Zircon_09 859 687 0.80 0.0534 0.0057 0.103 0.017 0.01306 0.00033 0.00419 0.00031 0.93 83.6 2.1 93 11 250 180 83.6 2.1 10.1
Zircon_10 726 241 0.33 0.0505 0.0028 0.0923 0.0045 0.0132 0.00028 0.0044 0.00027 0.28 84.5 1.8 89.5 4.1 210 120 84.5 1.8 5.6
Zircon_12 1221 501 0.41 0.0491 0.0026 0.0928 0.0036 0.01351 0.00025 0.00467 0.00021 0.02 86.5 1.6 90.1 3.4 150 120 86.5 1.6 4.0
Zircon_13 657 248 0.38 0.0453 0.0026 0.0842 0.0037 0.01366 0.00026 0.00411 0.00028 -0.12 87.5 1.7 82 3.5 -30 120 87.5 1.7 -6.7
Zircon_14 1082 452 0.42 0.0475 0.0028 0.0882 0.0041 0.01354 0.00025 0.00456 0.00022 0.07 86.7 1.6 85.8 3.9 80 130 86.7 1.6 -1.0
Zircon_15 628 209 0.33 0.0615 0.0024 0.681 0.049 0.0804 0.0047 0.0338 0.0014 0.94 498 28 523 29 656 84 498 28 4.8
Zircon_16 847 280 0.33 0.0472 0.003 0.0869 0.0049 0.01326 0.00027 0.00447 0.00027 0.13 84.9 1.7 84.5 4.5 50 130 84.9 1.7 -0.5
Zircon_18 1460 731 0.50 0.0473 0.0023 0.0836 0.0028 0.01279 0.00022 0.00412 0.00019 -0.32 82 1.4 81.5 2.6 80 110 82 1.4 -0.6
Zircon_19 439 172 0.39 0.0532 0.0044 0.0958 0.0067 0.01302 0.00037 0.00416 0.00036 0.06 83.4 2.4 92.7 6.2 320 170 83.4 2.4 10.0
Zircon_20 720 246 0.34 0.0535 0.004 0.0955 0.0066 0.01299 0.00028 0.00435 0.00027 0.23 83.2 1.8 92.4 6.1 370 150 83.2 1.8 10.0
Zircon_21 548 223 0.41 0.049 0.0043 0.0895 0.007 0.01335 0.00035 0.00412 0.00026 -0.05 85.5 2.2 86.8 6.5 140 180 85.5 2.2 1.5 núcleo
Zircon_22 976 368 0.38 0.0482 0.0026 0.089 0.0041 0.01325 0.00026 0.00444 0.00028 0.12 84.9 1.7 86.5 3.9 120 120 84.9 1.7 1.8
Zircon_23 2600 1772 0.68 0.0478 0.0022 0.0856 0.0028 0.01302 0.00021 0.00424 0.00016 0.00 83.4 1.3 83.3 2.6 100 100 83.4 1.3 -0.1
Zircon_25 794 388 0.49 0.0488 0.0037 0.0889 0.0055 0.01324 0.00034 0.00436 0.00021 0.11 84.8 2.2 86.3 5.1 110 150 84.8 2.2 1.7
Zircon_26 595 235 0.39 0.0538 0.0054 0.097 0.0098 0.01324 0.0003 0.00505 0.0006 0.67 84.8 1.9 93.6 9 340 200 84.8 1.9 9.4
Zircon_27 1003 419 0.42 0.0471 0.0025 0.0826 0.0037 0.01274 0.00023 0.00404 0.00025 0.16 81.6 1.5 80.6 3.4 50 110 81.6 1.5 -1.2
Zircon_28 1047 399 0.38 0.0515 0.0028 0.0927 0.0041 0.0129 0.00025 0.00394 0.00022 -0.07 82.6 1.6 89.9 3.8 250 130 82.6 1.6 8.1
Zircon_29 556 240 0.43 0.0476 0.0034 0.0864 0.0054 0.01317 0.00033 0.00437 0.00028 -0.05 84.4 2.1 84 5 70 150 84.4 2.1 -0.5
Zircon_30 737 202 0.27 0.0461 0.0031 0.0819 0.0049 0.01281 0.00031 0.00402 0.0003 -0.08 82.1 2 79.8 4.6 20 140 82.1 2 -2.9
Zircon_31 623 331 0.53 0.0501 0.0039 0.0859 0.0056 0.01233 0.00033 0.00388 0.00024 0.05 79 2.1 83.5 5.3 180 170 79 2.1 5.4
Zircon_32 787 264 0.34 0.0491 0.0028 0.0899 0.0042 0.01313 0.00026 0.00433 0.00027 -0.09 84.1 1.6 87.3 3.9 150 130 84.1 1.6 3.7
Zircon_33 713 221 0.31 0.0482 0.0036 0.088 0.0058 0.01323 0.00029 0.00406 0.00029 0.07 84.7 1.9 85.5 5.5 80 150 84.7 1.9 0.9
Zircon_34 835 619 0.74 0.0483 0.0029 0.0883 0.0048 0.01323 0.00026 0.00445 0.00024 0.15 84.7 1.6 85.8 4.4 100 130 84.7 1.6 1.3
Zircon_35 75 31 0.41 0.0652 0.0054 0.597 0.039 0.0648 0.0017 0.0252 0.0024 -0.13 406.3 9.8 472 25 800 170 406.3 9.8 13.9
Zircon_36 453 199 0.44 0.0481 0.0042 0.0872 0.007 0.01322 0.00033 0.00436 0.00028 0.04 84.6 2.1 85.7 6.3 120 180 84.6 2.1 1.3
Zircon_37 1584 793 0.50 0.0472 0.0024 0.0862 0.0033 0.01312 0.00022 0.00418 0.0002 -0.14 84 1.4 83.9 3.1 70 110 84 1.4 -0.1
Zircon_38 803 249 0.31 0.0479 0.0029 0.0882 0.0045 0.01325 0.00029 0.00431 0.00027 0.10 84.9 1.8 85.8 4.2 100 130 84.9 1.8 1.0
Zircon_39 1260 617 0.49 0.0473 0.0023 0.0825 0.0034 0.01283 0.00026 0.00411 0.00021 0.19 82.2 1.7 80.4 3.2 60 100 82.2 1.7 -2.2 núcleo
Zircon_40_49-SF02b 121 283 2.34 0.0751 0.0037 1.512 0.052 0.1497 0.0043 0.047 0.0019 0.22 899 24 936 20 1060 98 899 24 4.0

San	Felipe	Formation	(sample:	36-CL01),	coordinates:	24º	55.806'N,	99º	53.585'W
Zircon_01_36-CL01 199 251 1.26 0.0479 0.0075 0.088 0.015 0.01339 0.00038 0.00378 0.00072 0.00 85.7 2.4 85 14 50 290 85.7 2.4 -0.8
Zircon_02 453 202 0.45 0.0525 0.0061 0.091 0.012 0.01284 0.00035 0.00441 0.00086 -0.05 82.2 2.2 88 11 270 240 82.2 2.2 6.6
Zircon_03 280 148 0.53 0.0523 0.0069 0.091 0.013 0.01261 0.0004 0.00392 0.00077 -0.10 80.7 2.6 88 12 260 280 80.7 2.6 8.3
Zircon_04 158 205 1.29 0.0591 0.0088 0.105 0.017 0.01286 0.00043 0.00406 0.00079 0.24 82.3 2.8 101 16 530 290 82.3 2.8 18.5
Zircon_06 71 38 0.54 0.058 0.016 0.09 0.025 0.01247 0.00076 0.0046 0.0011 -0.17 79.8 4.9 93 23 240 490 79.8 4.9 14.2
Zircon_07 701 356 0.51 0.05 0.0056 0.087 0.011 0.01276 0.00031 0.00428 0.00084 -0.11 81.7 2 85 10 190 240 81.7 2 3.9
Zircon_08 351 254 0.72 0.0508 0.007 0.09 0.013 0.01258 0.00031 0.00423 0.00078 -0.21 80.6 2 89 12 210 260 80.6 2 9.4
Zircon_12 210 264 1.26 0.0476 0.0074 0.087 0.014 0.01319 0.00042 0.00383 0.00079 -0.15 84.5 2.6 84 13 40 300 84.5 2.6 -0.6
Zircon_13 603 733 1.22 0.0476 0.0053 0.083 0.01 0.01238 0.00033 0.00288 0.00067 0.03 79.3 2.1 80.6 9.7 60 230 79.3 2.1 1.6
Zircon_14 174 157 0.90 0.0507 0.0096 0.093 0.02 0.01314 0.00056 0.00449 0.00086 0.00 84.8 3.6 90 18 170 330 84.8 3.6 5.8
Zircon_17 351 234 0.67 0.0474 0.0059 0.082 0.011 0.01267 0.00034 0.00399 0.00079 0.08 81.2 2.2 80 11 50 260 81.2 2.2 -1.5
Zircon_18 461 579 1.26 0.0487 0.006 0.091 0.012 0.01364 0.00034 0.00425 0.00079 -0.20 87.3 2.1 88 12 90 260 87.3 2.1 0.8
Zircon_19 312 140 0.45 0.0533 0.0069 0.094 0.013 0.01204 0.00036 0.00438 0.00088 -0.01 77.1 2.3 91 12 380 260 77.1 2.3 15.3



Zircon_20 94 96 1.02 0.0492 0.0096 0.087 0.018 0.0124 0.00059 0.00405 0.00086 0.07 79.4 3.8 89 16 160 320 79.4 3.8 10.8
Zircon_21 345 463 1.34 0.0453 0.0052 0.086 0.01 0.01324 0.00037 0.00326 0.00075 0.06 84.8 2.3 83.3 9.2 -30 220 84.8 2.3 -1.8
Zircon_22 824 590 0.72 0.0497 0.0053 0.087 0.011 0.01273 0.00029 0.00404 0.00074 0.19 81.5 1.8 84 10 160 230 81.5 1.8 3.0
Zircon_23 507 738 1.46 0.0508 0.0072 0.088 0.013 0.01266 0.00029 0.00387 0.00074 -0.18 81.1 1.9 85 12 220 270 81.1 1.9 4.6
Zircon_24 784 362 0.46 0.0472 0.0051 0.085 0.01 0.01301 0.00028 0.00389 0.00073 -0.04 83.3 1.8 83.4 9.7 50 220 83.3 1.8 0.1
Zircon_25 656 860 1.31 0.0483 0.0056 0.081 0.011 0.01214 0.00028 0.00385 0.00071 -0.08 77.8 1.8 78.8 9.9 120 240 77.8 1.8 1.3
Zircon_26 342 473 1.38 0.0438 0.0057 0.079 0.011 0.01299 0.00043 0.00321 0.00075 -0.01 83.2 2.7 77 10 -130 240 83.2 2.7 -8.1
Zircon_27 631 1095 1.74 0.0462 0.0051 0.0789 0.0097 0.01211 0.00028 0.00319 0.00066 0.23 77.6 1.8 77 9.2 20 230 77.6 1.8 -0.8
Zircon_29 314 305 0.97 0.0486 0.006 0.087 0.013 0.01316 0.00044 0.00402 0.00077 0.17 84.3 2.8 86 12 170 250 84.3 2.8 2.0
Zircon_30 101 64 0.63 0.061 0.018 0.1 0.04 0.01268 0.00064 0.0042 0.0013 0.06 81.2 4.1 94 34 470 440 81.2 4.1 13.6
Zircon_31 575 362 0.63 0.0486 0.0057 0.093 0.014 0.01298 0.00075 0.0028 0.0011 0.13 83.1 4.8 90 13 130 260 83.1 4.8 7.7
Zircon_32 211 240 1.14 0.0497 0.0069 0.086 0.013 0.0127 0.00045 0.00411 0.00083 0.14 81.3 2.9 84 12 190 290 81.3 2.9 3.2
Zircon_33 284 604 2.13 0.0489 0.007 0.088 0.014 0.01309 0.0004 0.00404 0.00075 0.14 83.8 2.5 85 13 120 270 83.8 2.5 1.4
Zircon_34_36-CL01 203 242 1.19 0.0601 0.0089 0.105 0.017 0.01296 0.00047 0.00439 0.00081 -0.01 83 3 101 15 480 300 83 3 17.8

San	Felipe	Formation	(sample:	29-TE01),	coordinates:	21º	10.674'N,	98º	48.757'W
Zircon-004 1360 930 0.68 0.0522 0.0042 0.0904 0.007 0.01266 0.00027 0.00399 0.00013 0.04 81.1 1.7 87.8 6.5 360 100 81.1 1.7 7.6
Zircon-005 263 105 0.40 0.0498 0.0068 0.099 0.013 0.0145 0.00044 0.00522 0.00052 0.16 92.8 2.8 95 12 400 120 92.8 2.8 2.3
Zircon-006 459 202 0.44 0.052 0.0054 0.094 0.0098 0.01314 0.00034 0.00448 0.00027 0.04 84.1 2.2 90.7 9.1 438 91 84.1 2.2 7.3
Zircon-007 472 316 0.67 0.0525 0.0065 0.097 0.011 0.01341 0.00038 0.00458 0.00025 -0.18 85.9 2.4 93 10 500 100 85.9 2.4 7.6
Zircon-008 470 291 0.62 0.0501 0.0047 0.0925 0.0082 0.0132 0.00033 0.00416 0.00023 -0.05 84.5 2.1 89.5 7.6 355 83 84.5 2.1 5.6
Zircon-009 373 160 0.43 0.0494 0.0051 0.0931 0.0093 0.01368 0.00035 0.00475 0.00032 -0.02 87.6 2.2 90 8.7 424 92 87.6 2.2 2.7
Zircon-010 534 197 0.37 0.0477 0.0035 0.0886 0.0062 0.01352 0.00032 0.00436 0.0003 -0.09 86.5 2 86 5.8 301 82 86.5 2 -0.6
Zircon-011 446 248 0.56 0.0594 0.0055 0.1072 0.0098 0.01344 0.00035 0.00432 0.00021 0.24 86.1 2.2 103 9 628 79 86.1 2.2 16.4
Zircon-013 539 276 0.51 0.0516 0.0042 0.0907 0.0072 0.01286 0.00034 0.00462 0.00032 0.10 82.4 2.1 88 6.7 379 90 82.4 2.1 6.4
Zircon-014 766 566 0.74 0.0512 0.0036 0.0958 0.0071 0.01318 0.00034 0.00411 0.00015 0.11 84.4 2.2 92.7 6.6 355 83 84.4 2.2 9.0
Zircon-016 676 191 0.28 0.051 0.0054 0.098 0.01 0.01377 0.00036 0.00475 0.00036 0.12 88.2 2.3 94.2 9.5 440 66 88.2 2.3 6.4
Zircon-017 766 422 0.55 0.0537 0.0029 0.1018 0.0056 0.01389 0.00029 0.00455 0.00016 0.22 88.9 1.8 98.3 5.1 390 66 88.9 1.8 9.6
Zircon-020 509 292 0.57 0.0534 0.0042 0.0989 0.0069 0.01366 0.00033 0.0049 0.00026 -0.06 87.5 2.1 95.6 6.4 426 84 87.5 2.1 8.5
Zircon-021 248 181 0.73 0.0528 0.0063 0.094 0.011 0.01285 0.00039 0.00429 0.00025 -0.04 82.3 2.5 90.6 9.7 550 110 82.3 2.5 9.2
Zircon-022 975 472 0.48 0.0496 0.0033 0.0907 0.0055 0.01329 0.00026 0.00442 0.00019 -0.18 85.1 1.6 88.1 5.1 300 74 85.1 1.6 3.4
Zircon-025 1317 457 0.35 0.049 0.0025 0.0909 0.0045 0.01331 0.00024 0.00451 0.00016 0.02 85.2 1.6 88.3 4.2 238 72 85.2 1.6 3.5
Zircon-026 243 162 0.67 0.0554 0.0061 0.104 0.011 0.01356 0.00037 0.00479 0.00043 0.11 86.8 2.3 100 10 600 100 86.8 2.3 13.2
Zircon-028 291 124 0.43 0.0565 0.0074 0.101 0.012 0.01338 0.00044 0.00574 0.00045 -0.01 86.1 2.8 97 11 660 120 86.1 2.8 11.2
Zircon-029 509 358 0.70 0.0517 0.0061 0.093 0.01 0.01314 0.00039 0.00452 0.00023 -0.12 84.2 2.5 89.8 9.5 501 89 84.2 2.5 6.2
Zircon-030 187 67 0.36 0.046 0.0063 0.097 0.013 0.01495 0.00049 0.00571 0.00061 -0.10 95.7 3.1 95 11 690 200 95.7 3.1 -0.7
Zircon-031 294 136 0.46 0.0498 0.0052 0.0893 0.0083 0.01343 0.00039 0.00477 0.00029 -0.01 86 2.5 89.1 7.8 460 110 86 2.5 3.5
Zircon-032 724 413 0.57 0.0529 0.0038 0.0935 0.0067 0.01318 0.00033 0.00493 0.00028 0.01 84.4 2.1 90.6 6.2 333 74 84.4 2.1 6.8
Zircon-033 388 297 0.77 0.0502 0.0043 0.0896 0.0067 0.01325 0.00043 0.00452 0.00027 0.03 84.8 2.8 86.9 6.3 338 74 84.8 2.8 2.4
Zircon-034 933 552 0.59 0.0505 0.0043 0.0927 0.0073 0.01335 0.0003 0.0042 0.00016 -0.02 85.5 1.9 89.9 6.8 345 83 85.5 1.9 4.9
Zircon-035 548 430 0.78 0.0485 0.0038 0.0873 0.0063 0.01327 0.00039 0.00399 0.00021 0.08 85 2.5 84.9 5.8 252 60 85 2.5 -0.1
Zircon-036 298 183 0.61 0.0517 0.0058 0.092 0.01 0.01328 0.00034 0.00434 0.00027 0.17 85 2.2 88.9 9.4 484 99 85 2.2 4.4
Zircon-038 513 235 0.46 0.0494 0.0058 0.09 0.011 0.01285 0.00036 0.00427 0.00024 -0.14 82.3 2.3 87.2 9.8 480 110 82.3 2.3 5.6
Zircon-039 1300 534 0.41 0.0483 0.0027 0.089 0.0045 0.01343 0.0003 0.00424 0.00021 0.13 86 1.9 86.6 4.2 149 47 86 1.9 0.7
Zircon-040 799 258 0.32 0.0515 0.005 0.0933 0.0094 0.01285 0.00036 0.00457 0.00039 0.17 82.3 2.3 90.4 8.8 400 120 82.3 2.3 9.0

Caracol	Formation,	Sierra	de	Parras	(sample:	33-AC01V),	coordinates:	25º	14.221'N,	101º	25.908'W
Zircon-001_33-AC01V 397 270 0.68 0.0508 0.0059 0.0909 0.0078 0.01276 0.00036 0.0043 0.00026 0.09 81.7 2.3 88.1 7 387 95 81.7 2.3 7.3
Zircon-003 292 169 0.58 0.0474 0.0061 0.0888 0.0091 0.01314 0.00044 0.00448 0.00028 0.28 84.1 2.8 86.1 8.5 390 130 84.1 2.8 2.3 núcleo
Zircon-004 222 111 0.50 0.0539 0.0076 0.095 0.01 0.01275 0.00045 0.00489 0.00036 -0.02 81.6 2.8 93.4 9.5 690 170 81.6 2.8 12.6
Zircon-006 112 52 0.46 0.042 0.0065 0.083 0.011 0.01313 0.00047 0.00436 0.0005 0.24 84.1 3 80 10 510 130 84.1 3 -5.1
Zircon-007 217 132 0.61 0.0538 0.0068 0.0902 0.0097 0.01265 0.00044 0.00397 0.00031 -0.12 81.1 2.8 87.1 9 830 120 81.1 2.8 6.9
Zircon-008 342 258 0.75 0.0461 0.0049 0.0834 0.0069 0.01287 0.00038 0.00417 0.00024 0.16 82.4 2.4 81 6.5 290 110 82.4 2.4 -1.7
Zircon-009 308 184 0.60 0.0521 0.006 0.0903 0.0086 0.01288 0.0004 0.00402 0.00031 0.04 82.5 2.5 87.4 8.2 500 180 82.5 2.5 5.6
Zircon-010 143 67 0.47 0.053 0.038 0.096 0.063 0.01312 0.00062 0.0047 0.0014 -0.05 84 3.9 93 49 570 430 84 3.9 9.7
Zircon-011 690 421 0.61 0.0491 0.0047 0.0836 0.0049 0.01258 0.00032 0.00406 0.00018 0.11 80.6 2.1 81.5 4.6 311 87 80.6 2.1 1.1
Zircon-012 274 179 0.65 0.053 0.022 0.091 0.052 0.0128 0.00068 0.0038 0.0013 0.24 82 4.3 88 42 430 350 82 4.3 6.8
Zircon-013 295 222 0.75 0.0481 0.0061 0.0805 0.0081 0.01242 0.00037 0.0043 0.00026 -0.23 79.5 2.4 78.4 7.6 410 130 79.5 2.4 -1.4
Zircon-014 256 150 0.59 0.0511 0.0066 0.0878 0.0094 0.01251 0.00036 0.00409 0.00034 0.29 80.2 2.3 85 8.8 630 130 80.2 2.3 5.6
Zircon-015 539 320 0.59 0.0486 0.0051 0.0872 0.0059 0.01312 0.00042 0.00468 0.00026 -0.06 84 2.7 84.7 5.5 233 87 84 2.7 0.8
Zircon-016 541 278 0.51 0.0487 0.0052 0.0825 0.0056 0.01244 0.00034 0.00378 0.00021 -0.13 79.7 2.2 80.4 5.2 350 110 79.7 2.2 0.9
Zircon-017 528 235 0.45 0.0504 0.005 0.089 0.0049 0.01299 0.00037 0.00423 0.00026 -0.03 83.2 2.3 86.5 4.6 299 89 83.2 2.3 3.8
Zircon-018 393 143 0.36 0.05 0.005 0.087 0.0053 0.01261 0.00033 0.00402 0.00032 -0.11 80.8 2.1 84.5 4.7 390 100 80.8 2.1 4.4
Zircon-020 213 79 0.37 0.051 0.0073 0.092 0.013 0.01318 0.00064 0.00414 0.00088 0.20 84.4 4 89 12 380 160 84.4 4 5.2
Zircon-021 444 253 0.57 0.0498 0.0053 0.0854 0.006 0.01278 0.00038 0.00428 0.00021 -0.15 81.9 2.4 83 5.9 409 99 81.9 2.4 1.3
Zircon-023 438 263 0.60 0.06 0.0069 0.1036 0.0079 0.01301 0.00041 0.00502 0.00032 0.14 83.3 2.6 99.9 7.2 640 160 83.3 2.6 16.6
Zircon-024 702 378 0.54 0.0491 0.005 0.0832 0.0055 0.01261 0.00036 0.00418 0.00022 0.03 80.8 2.3 81 5.2 310 110 80.8 2.3 0.2
Zircon-025 588 359 0.61 0.0476 0.0047 0.0809 0.0052 0.01287 0.00034 0.00432 0.0002 0.25 82.4 2.2 78.8 4.9 250 100 82.4 2.2 -4.6
Zircon-026 379 199 0.53 0.0615 0.0065 0.1048 0.0074 0.01262 0.00038 0.00522 0.00032 0.07 80.8 2.4 101 6.8 670 130 80.8 2.4 20.0
Zircon-027 229 140 0.61 0.061 0.013 0.11 0.023 0.01345 0.00049 0.00626 0.00075 0.46 86.1 3.1 105 20 850 240 86.1 3.1 18.0
Zircon-028 630 574 0.91 0.0529 0.0053 0.0919 0.0053 0.01284 0.00034 0.00419 0.00018 -0.03 82.3 2.2 91.4 4.8 360 100 82.3 2.2 10.0 núcleo
Zircon-031 237 182 0.77 0.048 0.01 0.086 0.016 0.01286 0.00049 0.0041 0.0004 0.21 82.4 3.1 83 15 510 250 82.4 3.1 0.7
Zircon-033 453 253 0.56 0.0478 0.0047 0.0834 0.0055 0.01261 0.00036 0.00412 0.00023 0.07 80.8 2.3 81.2 5.1 330 120 80.8 2.3 0.5
Zircon-034 599 400 0.67 0.0491 0.0046 0.0843 0.0044 0.01268 0.00033 0.00402 0.00018 0.05 81.2 2.1 82.1 4.1 260 110 81.2 2.1 1.1
Zircon-035 505 359 0.71 0.0584 0.0058 0.1051 0.0062 0.01299 0.00035 0.00474 0.00023 -0.31 83.2 2.3 101.2 5.7 610 99 83.2 2.3 17.8
Zircon-036 277 122 0.44 0.0502 0.0061 0.0856 0.0073 0.01268 0.0004 0.00442 0.00029 0.10 81.2 2.6 83.2 6.8 320 140 81.2 2.6 2.4
Zircon-037 325 134 0.41 0.0527 0.0057 0.0882 0.0059 0.01292 0.00041 0.00495 0.00029 -0.28 82.8 2.6 86.7 5.6 470 120 82.8 2.6 4.5
Zircon-038 623 395 0.63 0.0495 0.0045 0.0859 0.0043 0.01281 0.00033 0.00418 0.00018 0.27 82.1 2.1 83.6 4 224 93 82.1 2.1 1.8
Zircon-039 172 115 0.67 0.0547 0.0071 0.0942 0.0089 0.0131 0.00047 0.00432 0.00037 0.03 83.9 3 94.6 8.2 590 140 83.9 3 11.3
Zircon-040_33-AC01V 300 227 0.76 0.0537 0.0054 0.0874 0.0062 0.0123 0.0004 0.00392 0.00024 0.02 78.8 2.5 84.8 5.8 450 110 78.8 2.5 7.1

Unnamed	turbidites	near	the	Mexquitic	population,	Mesa	Central	(sample:	CARN-28);	coordinates:	22º	22.503'N,	101º	17.158'W
Zircon_01_CAR-28 196 159 0.81 0.0556 0.0027 0.549 0.027 0.0704 0.0014 0.02106 0.00059 0.01 439.3 8.9 443 18 440 100 439.3 8.9 0.8
Zircon_02 371 204 0.55 0.0468 0.0035 0.0983 0.0075 0.015 0.00038 0.0046 0.00028 0.03 96 2.4 95 6.9 70 140 96 2.4 -1.1
Zircon_03 1009 1180 1.17 0.0483 0.0019 0.1671 0.0067 0.02522 0.00051 0.00806 0.0002 -0.07 160.5 3.2 156.8 5.8 116 81 160.5 3.2 -2.4
Zircon_04 186 94 0.51 0.0567 0.008 0.128 0.018 0.01681 0.00063 0.00546 0.00049 0.21 107.5 4 128 16 490 280 107.5 4 16.0
Zircon_05 222 83 0.37 0.0492 0.0037 0.172 0.012 0.02547 0.0007 0.00787 0.00049 0.02 162.1 4.4 161 11 170 140 162.1 4.4 -0.7
Zircon_06 213 111 0.52 0.0583 0.0025 0.728 0.034 0.089 0.002 0.02836 0.00095 0.05 550 12 554 20 524 95 550 12 0.7
Zircon_07 82 77 0.93 0.0523 0.0099 0.108 0.02 0.01553 0.00081 0.00474 0.00044 0.18 99.3 5.1 102 18 160 330 99.3 5.1 2.6
Zircon_08 215 78 0.36 0.0758 0.003 1.844 0.075 0.1773 0.0037 0.0527 0.0024 0.14 1052 20 1063 27 1080 78 1052 20 1.0
Zircon_09 119 64 0.54 0.0448 0.0068 0.094 0.013 0.01511 0.00075 0.005 0.00057 -0.06 96.7 4.7 90 12 -10 240 96.7 4.7 -7.4
Zircon_10 309 33 0.11 0.0788 0.0023 2.154 0.07 0.1968 0.0036 0.056 0.0026 0.22 1158 19 1166 23 1169 56 1158 19 0.7
Zircon_11 294 102 0.35 0.065 0.0023 1.107 0.043 0.1238 0.0037 0.0358 0.0013 0.57 752 21 756 21 765 75 752 21 0.5
Zircon_12 146 51 0.35 0.0729 0.0031 1.698 0.071 0.167 0.0035 0.0494 0.002 -0.10 995 19 1010 28 1010 84 995 19 1.5
Zircon_13 250 236 0.94 0.0581 0.006 0.127 0.013 0.01566 0.00059 0.00551 0.00045 0.23 100.1 3.8 121 12 510 230 100.1 3.8 17.3



Zircon_14 214 209 0.98 0.0555 0.0027 0.549 0.028 0.0717 0.0017 0.02168 0.00089 0.11 446 10 443 18 420 110 446 10 -0.7
Zircon_15 507 296 0.58 0.0518 0.0033 0.269 0.016 0.0376 0.0012 0.01219 0.00048 0.16 237.7 7.4 242 13 310 160 237.7 7.4 1.8
Zircon_16 334 43 0.13 0.0608 0.0021 0.891 0.041 0.1064 0.0033 0.0327 0.0015 0.68 652 19 645 22 623 75 652 19 -1.1
Zircon_17 536 324 0.60 0.1012 0.0029 3.42 0.13 0.2456 0.006 0.0795 0.0018 0.78 1416 31 1512 32 1646 54 1646 31 6.3
Zircon_18 118 41 0.34 0.0712 0.0029 1.668 0.066 0.1685 0.0036 0.0502 0.0021 -0.21 1004 20 998 27 965 79 1004 20 -0.6
Zircon_19 336 223 0.66 0.06 0.0029 0.61 0.031 0.073 0.0019 0.02406 0.00096 0.03 454 11 485 21 610 110 454 11 6.4
Zircon_20 423 214 0.51 0.0926 0.0026 2.96 0.098 0.2295 0.0047 0.0678 0.0019 0.70 1332 25 1397 25 1477 55 1477 25 4.7
Zircon_21 329 157 0.48 0.0605 0.0058 0.123 0.012 0.01474 0.00061 0.00575 0.00057 0.19 94.3 3.9 117 11 610 190 94.3 3.9 19.4
Zircon_22 397 209 0.53 0.0526 0.0026 0.323 0.016 0.0451 0.001 0.01397 0.00055 0.15 284.3 6.4 284 12 300 110 284.3 6.4 -0.1
Zircon_23 178 85 0.48 0.0463 0.0053 0.094 0.011 0.01466 0.00055 0.0047 0.00036 0.10 93.8 3.5 91 9.8 80 210 93.8 3.5 -3.1
Zircon_24 370 202 0.55 0.0488 0.0047 0.0997 0.0094 0.01477 0.00044 0.00483 0.00033 -0.09 94.5 2.8 96.2 8.7 200 200 94.5 2.8 1.8
Zircon_25 177 92 0.52 0.0567 0.0028 0.636 0.031 0.0813 0.0018 0.0259 0.001 0.18 504 11 498 19 470 110 504 11 -1.2
Zircon_26 372 247 0.66 0.0478 0.0036 0.1018 0.0075 0.01538 0.00046 0.00484 0.00026 -0.15 98.4 2.9 98.2 6.9 110 150 98.4 2.9 -0.2
Zircon_27 327 162 0.50 0.0478 0.0031 0.166 0.011 0.02476 0.00068 0.0079 0.00034 0.05 157.7 4.3 155.4 9.8 140 140 157.7 4.3 -1.5
Zircon_28 162 70 0.43 0.0921 0.0032 3.22 0.12 0.2524 0.0048 0.0709 0.0021 -0.02 1451 25 1462 28 1474 61 1474 25 0.8
Zircon_29 244 117 0.48 0.0486 0.0055 0.099 0.011 0.01496 0.00059 0.00496 0.00031 -0.28 95.7 3.7 97 10 100 210 95.7 3.7 1.3
Zircon_30 469 117 0.25 0.0581 0.0044 0.193 0.014 0.02416 0.00062 0.00898 0.00084 0.23 153.9 3.9 179 12 510 170 153.9 3.9 14.0
Zircon_31 195 134 0.69 0.0641 0.0032 1.045 0.053 0.1198 0.0032 0.0364 0.0014 0.40 729 19 725 26 720 100 729 19 -0.6
Zircon_32 186 125 0.67 0.0574 0.0035 0.592 0.034 0.0753 0.0021 0.02447 0.00096 -0.04 468 12 474 21 470 130 468 12 1.3
Zircon_33 577 369 0.64 0.207 0.0053 16.01 0.48 0.567 0.012 0.155 0.0042 0.67 2897 49 2877 29 2882 41 2882 49 -0.7
Zircon_34 94 17 0.18 0.0657 0.004 1.128 0.069 0.1241 0.0038 0.054 0.0044 0.07 754 22 764 33 830 130 754 22 1.3
Zircon_35 199 138 0.69 0.0483 0.0058 0.103 0.012 0.01553 0.00051 0.0047 0.00033 -0.06 99.3 3.2 99 11 150 220 99.3 3.2 -0.3
Zircon_36 299 107 0.36 0.0489 0.0031 0.162 0.01 0.02442 0.0006 0.00775 0.00049 0.15 155.5 3.8 153.6 8.7 160 130 155.5 3.8 -1.2
Zircon_37 125 61 0.48 0.0528 0.0062 0.159 0.018 0.02231 0.00089 0.00702 0.00054 0.07 142.2 5.6 148 15 270 220 142.2 5.6 3.9
Zircon_38 388 12 0.03 0.0629 0.003 0.846 0.037 0.1005 0.0027 0.0345 0.0033 0.22 617 16 631 25 690 100 617 16 2.2
Zircon_39 490 225 0.46 0.0506 0.0031 0.172 0.011 0.02483 0.00057 0.00796 0.00041 0.14 158.1 3.6 161.9 8.8 230 130 158.1 3.6 2.3
Zircon_40 167 74 0.44 0.0804 0.0028 2.233 0.088 0.1997 0.0043 0.0594 0.0019 0.26 1173 23 1190 27 1217 69 1173 23 1.4
Zircon_41 321 279 0.87 0.0499 0.0054 0.109 0.011 0.01574 0.00052 0.00476 0.00028 -0.05 100.7 3.3 107 11 220 210 100.7 3.3 5.9
Zircon_42 79 24 0.31 0.0759 0.0034 1.813 0.089 0.176 0.0044 0.0518 0.0025 0.21 1045 24 1051 31 1071 92 1045 24 0.6
Zircon_43 622 94 0.15 0.0787 0.0022 2.078 0.066 0.1917 0.004 0.0686 0.0022 0.32 1130 21 1141 22 1162 55 1130 21 1.0
Zircon_44 256 124 0.48 0.0523 0.0043 0.154 0.012 0.02191 0.00055 0.00727 0.0004 -0.13 139.7 3.5 147 11 280 170 139.7 3.5 5.0
Zircon_45 329 152 0.46 0.0505 0.0045 0.105 0.0085 0.01521 0.00049 0.0051 0.00035 0.06 97.3 3.1 101.1 7.8 220 170 97.3 3.1 3.8
Zircon_46 1269 348 0.27 0.0512 0.0017 0.2306 0.008 0.03258 0.00065 0.00992 0.00032 0.11 206.7 4.1 210.6 6.6 246 75 206.7 4.1 1.9
Zircon_47 261 65 0.25 0.0795 0.0024 2.089 0.07 0.1921 0.004 0.0569 0.0016 0.20 1133 22 1144 23 1180 59 1133 22 1.0
Zircon_48 380 197 0.52 0.0769 0.0026 1.924 0.09 0.1824 0.0054 0.0547 0.0014 0.70 1080 29 1093 33 1116 67 1080 29 1.2
Zircon_49 76 20 0.26 0.0767 0.0038 1.744 0.08 0.166 0.0041 0.0549 0.0029 -0.14 990 23 1023 30 1110 100 990 23 3.2
Zircon_50 164 128 0.78 0.0613 0.003 0.745 0.035 0.088 0.002 0.02761 0.00086 -0.11 544 12 566 21 650 110 544 12 3.9
Zircon_51 232 130 0.56 0.0508 0.0047 0.117 0.01 0.0161 0.00069 0.00559 0.00044 0.06 103 4.4 112 9.2 240 190 103 4.4 8.0
Zircon_52 388 264 0.68 0.0588 0.0028 0.437 0.021 0.0541 0.0011 0.01744 0.00065 -0.06 339.6 7 368 15 550 100 339.6 7 7.7
Zircon_53 258 178 0.69 0.0503 0.0045 0.1029 0.0098 0.01515 0.00048 0.00497 0.00031 0.02 96.9 3 99.1 9 210 180 96.9 3 2.2
Zircon_54 404 156 0.39 0.0787 0.0027 1.769 0.069 0.1631 0.0039 0.054 0.0017 0.72 974 22 1033 25 1159 69 974 22 5.7
Zircon_55 326 47 0.14 0.0625 0.0019 0.788 0.026 0.0917 0.0018 0.0265 0.0014 0.16 565 10 590 15 693 68 565 10 4.2
Zircon_56 221 126 0.57 0.0531 0.0054 0.108 0.01 0.01512 0.00057 0.00476 0.00036 -0.11 96.8 3.6 103.7 9.4 300 200 96.8 3.6 6.7
Zircon_57 280 95 0.34 0.0932 0.0027 3.28 0.1 0.254 0.0055 0.0751 0.0021 0.46 1459 28 1476 26 1489 55 1489 28 1.2
Zircon_58 256 62 0.24 0.0615 0.0026 0.723 0.034 0.0869 0.0027 0.0286 0.0017 0.55 537 16 552 20 644 92 537 16 2.7
Zircon_59 526 252 0.48 0.0498 0.0029 0.1693 0.0089 0.02474 0.00056 0.00783 0.00035 -0.25 157.5 3.5 158.5 7.7 170 120 157.5 3.5 0.6
Zircon_60 540 266 0.49 0.0797 0.0027 2.073 0.075 0.189 0.0036 0.0564 0.0013 -0.06 1116 20 1139 25 1185 66 1116 20 2.0
Zircon_61 177 255 1.44 0.0857 0.005 1.83 0.1 0.155 0.0037 0.043 0.0018 -0.23 929 20 1060 38 1340 120 929 20 12.4
Zircon_62 619 355 0.57 0.054 0.0044 0.1059 0.0082 0.01446 0.00037 0.00492 0.00024 -0.06 92.6 2.4 102 7.6 410 170 92.6 2.4 9.2
Zircon_63 80 46 0.57 0.0576 0.0046 0.574 0.047 0.0737 0.003 0.0246 0.0012 0.44 458 18 467 34 520 160 458 18 1.9
Zircon_64 431 367 0.85 0.0879 0.0029 2.715 0.092 0.2235 0.0044 0.0647 0.0014 -0.14 1300 23 1332 25 1377 64 1300 23 2.4
Zircon_65 477 122 0.26 0.0711 0.0027 1.488 0.063 0.1529 0.0037 0.0459 0.0021 0.05 917 21 925 26 955 77 917 21 0.9
Zircon_66 290 172 0.59 0.0508 0.0039 0.162 0.013 0.02272 0.00058 0.00729 0.00044 0.11 144.8 3.6 152 11 210 150 144.8 3.6 4.7
Zircon_67 329 85 0.26 0.0558 0.002 0.611 0.023 0.0788 0.0016 0.0237 0.00093 0.12 489.1 9.4 483 14 447 77 489.1 9.4 -1.3
Zircon_68 558 444 0.80 0.087 0.0032 2.75 0.1 0.2289 0.0051 0.0671 0.0017 -0.10 1328 27 1342 27 1370 76 1328 27 1.0
Zircon_69 147 270 1.84 0.0835 0.0038 2.67 0.12 0.2322 0.0061 0.0751 0.0026 -0.03 1346 32 1318 32 1273 88 1346 32 -2.1
Zircon_70 598 260 0.43 0.0745 0.002 1.771 0.055 0.1733 0.0033 0.0531 0.0012 0.15 1030 18 1035 20 1052 54 1030 18 0.5
Zircon_71 287 96 0.33 0.0722 0.0025 1.602 0.056 0.1607 0.0036 0.05 0.002 -0.06 960 20 973 23 984 72 960 20 1.3
Zircon_72 310 188 0.61 0.0534 0.0022 0.449 0.02 0.0608 0.0013 0.01907 0.00073 0.18 380.4 7.9 376 14 332 93 380.4 7.9 -1.2
Zircon_73 214 88 0.41 0.053 0.0032 0.305 0.019 0.0421 0.0012 0.01384 0.00073 0.23 265.9 7.4 269 15 310 130 265.9 7.4 1.2
Zircon_74 140 39 0.27 0.0777 0.0029 2.161 0.084 0.2003 0.0046 0.0576 0.0026 0.15 1177 25 1167 27 1138 77 1177 25 -0.9
Zircon_75 1049 927 0.88 0.0793 0.0021 2.14 0.065 0.1969 0.0037 0.0594 0.0011 0.36 1159 20 1161 21 1180 54 1159 20 0.2
Zircon_76 739 364 0.49 0.0523 0.0022 0.246 0.01 0.03444 0.00076 0.01181 0.00035 0.11 218.3 4.8 223.4 8.1 285 92 218.3 4.8 2.3
Zircon_77 201 35 0.17 0.0713 0.0023 1.571 0.054 0.1596 0.0034 0.0462 0.0024 0.49 955 19 958 21 973 70 955 19 0.3
Zircon_78 214 261 1.22 0.0615 0.0024 0.885 0.036 0.1062 0.0024 0.02971 0.00067 0.09 650 14 647 20 641 83 650 14 -0.5
Zircon_79 263 91 0.34 0.0698 0.0025 1.459 0.063 0.153 0.0044 0.046 0.0017 0.54 917 25 919 26 941 79 917 25 0.2
Zircon_80 1090 42 0.04 0.057 0.0016 0.669 0.021 0.0845 0.0017 0.0275 0.0027 0.51 523 10 520 13 495 59 523 10 -0.6
Zircon_81 444 161 0.36 0.0497 0.0059 0.167 0.02 0.0244 0.0009 0.00751 0.0005 0.27 155.4 5.6 157 17 240 260 155.4 5.6 1.0
Zircon_82 537 536 1.00 0.051 0.0037 0.163 0.011 0.02305 0.00065 0.00753 0.00033 0.29 146.9 4.1 153.4 9.8 260 140 146.9 4.1 4.2
Zircon_83 363 331 0.91 0.0672 0.006 0.127 0.011 0.01368 0.00039 0.00522 0.00024 -0.07 87.6 2.5 120.4 9.9 760 190 87.6 2.5 27.2
Zircon_84 343 183 0.53 0.0523 0.0029 0.1648 0.0087 0.02322 0.00061 0.00773 0.00028 -0.13 148 3.9 154.7 7.6 280 120 148 3.9 4.3
Zircon_85 217 354 1.63 0.0786 0.0025 2.108 0.071 0.1961 0.0038 0.0572 0.0012 0.14 1154 21 1151 23 1168 59 1154 21 -0.3
Zircon_86 112 67 0.60 0.0553 0.0063 0.156 0.017 0.02133 0.00093 0.0068 0.00064 0.02 136 5.9 146 15 360 230 136 5.9 6.8
Zircon_87 249 267 1.07 0.0546 0.0033 0.261 0.016 0.03499 0.0009 0.01148 0.00038 0.00 221.7 5.6 235 13 380 130 221.7 5.6 5.7
Zircon_88 195 95 0.49 0.046 0.0038 0.13 0.011 0.02066 0.00073 0.00662 0.00047 0.17 131.8 4.6 123.8 9.7 20 150 131.8 4.6 -6.5
Zircon_89 627 296 0.47 0.0587 0.0021 0.606 0.025 0.0746 0.0016 0.02393 0.00071 -0.04 463.9 9.5 480 16 543 79 463.9 9.5 3.4
Zircon_90 463 148 0.32 0.0613 0.002 0.89 0.045 0.1055 0.0047 0.0367 0.0012 0.72 646 27 644 24 649 74 646 27 -0.3
Zircon_91 168 99 0.59 0.0573 0.0027 0.586 0.029 0.0751 0.0017 0.02372 0.00085 0.00 467 10 475 20 500 100 467 10 1.7
Zircon_92 578 204 0.35 0.1081 0.003 2.848 0.096 0.193 0.0045 0.0564 0.0019 0.83 1138 24 1372 22 1766 51 1766 24 17.1
Zircon_93 480 292 0.61 0.0487 0.0033 0.0953 0.0068 0.01437 0.00045 0.00422 0.00027 0.08 92 2.8 92.3 6.3 190 130 92 2.8 0.3
Zircon_94 387 50 0.13 0.0576 0.0023 0.611 0.025 0.0776 0.0021 0.022 0.0015 0.16 482 13 484 16 520 93 482 13 0.4
Zircon_95 195 174 0.89 0.0561 0.003 0.565 0.031 0.0724 0.0017 0.02228 0.00073 -0.03 451 10 453 20 430 120 451 10 0.4
Zircon_96 303 230 0.76 0.0596 0.0058 0.119 0.01 0.01452 0.00048 0.00506 0.00027 -0.13 92.9 3.1 114.1 9.4 550 190 92.9 3.1 18.6
Zircon_97 54 61 1.12 0.0717 0.0051 1.43 0.1 0.1472 0.0051 0.0454 0.002 0.24 885 29 907 40 940 140 885 29 2.4
Zircon_98 651 598 0.92 0.0517 0.0031 0.0925 0.0057 0.01313 0.00034 0.00419 0.00015 0.26 84.1 2.2 89.7 5.3 250 130 84.1 2.2 6.2
Zircon_99 588 201 0.34 0.062 0.0022 0.759 0.029 0.0897 0.0019 0.02743 0.00089 0.22 554 11 573 17 679 69 554 11 3.3
Zircon_100 219 117 0.53 0.0503 0.0064 0.101 0.012 0.01485 0.00048 0.00496 0.00029 -0.05 95 3 97 11 140 230 95 3 2.1
Zircon_101 129 53 0.42 0.082 0.0031 2.27 0.085 0.2045 0.0044 0.0637 0.0022 0.16 1199 23 1201 27 1232 74 1199 23 0.2
Zircon_102 405 284 0.70 0.0487 0.0047 0.0908 0.0085 0.01351 0.00039 0.00426 0.00022 -0.18 86.5 2.5 87.9 7.9 170 190 86.5 2.5 1.6
Zircon_103 242 153 0.63 0.0696 0.0092 0.141 0.018 0.01519 0.00047 0.00625 0.00049 0.27 97.2 3 133 16 860 270 97.2 3 26.9
Zircon_104 104 56 0.54 0.056 0.012 0.111 0.022 0.01468 0.00057 0.00557 0.00057 -0.18 93.9 3.6 109 20 350 410 93.9 3.6 13.9
Zircon_105 145 63 0.44 0.0612 0.0099 0.191 0.031 0.0231 0.001 0.0083 0.0011 -0.08 147.4 6.4 176 26 510 340 147.4 6.4 16.3
Zircon_106 227 74 0.32 0.078 0.0026 1.991 0.068 0.1869 0.0037 0.0556 0.0017 -0.04 1104 20 1115 25 1141 65 1104 20 1.0
Zircon_107 403 327 0.81 0.0471 0.0042 0.0912 0.0082 0.01415 0.00038 0.00432 0.00017 0.16 90.6 2.4 88.4 7.6 60 170 90.6 2.4 -2.5
Zircon_108 390 220 0.57 0.047 0.0042 0.1022 0.0098 0.01573 0.00044 0.00504 0.00031 0.30 100.6 2.8 98.5 9 50 170 100.6 2.8 -2.1



Zircon_109 1269 646 0.51 0.0563 0.0024 0.398 0.016 0.0508 0.0013 0.01522 0.00055 -0.29 319.3 7.9 340 11 453 92 319.3 7.9 6.1
Zircon_110 543 202 0.37 0.05 0.0025 0.1685 0.0091 0.02416 0.00059 0.00798 0.00038 0.18 153.9 3.7 157.9 8 210 110 153.9 3.7 2.5
Zircon_111 223 113 0.51 0.0698 0.0044 0.617 0.038 0.064 0.0017 0.0242 0.0012 0.08 400 11 487 24 910 130 400 11 17.9
Zircon_112 181 117 0.65 0.0474 0.0043 0.13 0.012 0.02027 0.00062 0.00666 0.00035 -0.20 129.4 3.9 125 11 70 170 129.4 3.9 -3.5
Zircon_113 795 172 0.22 0.0467 0.0025 0.1016 0.006 0.01528 0.00035 0.0049 0.0004 -0.02 97.8 2.2 98.1 5.5 50 110 97.8 2.2 0.3
Zircon_114 242 89 0.37 0.0531 0.0035 0.183 0.012 0.02501 0.00066 0.0079 0.00048 0.01 159.2 4.1 170 10 300 140 159.2 4.1 6.4
Zircon_115 258 106 0.41 0.0517 0.0048 0.165 0.014 0.02329 0.00059 0.0074 0.0005 -0.22 148.4 3.7 154 13 230 180 148.4 3.7 3.6
Zircon_116 248 161 0.65 0.0596 0.0059 0.115 0.012 0.01434 0.00068 0.00504 0.00033 -0.06 91.8 4.3 110 11 570 220 91.8 4.3 16.5
Zircon_117 520 87 0.17 0.0464 0.0031 0.16 0.012 0.02434 0.00087 0.00758 0.00055 0.30 155 5.5 150 10 30 120 155 5.5 -3.3
Zircon_118 544 33 0.06 0.0621 0.0031 0.82 0.042 0.0939 0.0022 0.0296 0.0073 0.65 579 13 608 23 670 110 579 13 4.8
Zircon_119 247 166 0.67 0.0564 0.0026 0.626 0.029 0.0805 0.0019 0.02393 0.00086 0.19 499 11 493 18 464 98 499 11 -1.2
Zircon_120 211 274 1.30 0.0542 0.0028 0.494 0.026 0.0646 0.0016 0.01996 0.00058 -0.06 403.3 9.7 406 18 390 120 403.3 9.7 0.7
Zircon_121 589 414 0.70 0.0493 0.0032 0.1003 0.0069 0.01465 0.00041 0.00465 0.00022 0.01 93.7 2.6 96.8 6.4 190 140 93.7 2.6 3.2

Unnamed	turbidites	near	the	Mexquitic	population,	Mesa	Central	(sample:	25-MB02);	coordinates:	22º	22.109'N,	101º	17.895'W
Zircon-001 116 50 0.43 0.0806 0.0044 2.4 0.13 0.2164 0.0053 0.0672 0.0038 0.27 1263 26 1245 39 1202 60 1263 60 -1.4
Zircon-002 362 211 0.58 0.0481 0.003 0.175 0.01 0.02604 0.00048 0.00794 0.0005 0.37 165.7 3 163.2 8.8 234 95 165.7 3 -1.5
Zircon-003 249 37 0.15 0.1199 0.0059 5.97 0.23 0.3593 0.0045 0.0991 0.0058 0.47 1979 21 1974 32 1958 51 1958 51 -0.3
Zircon-004 650 341 0.52 0.0499 0.0032 0.1089 0.0061 0.01595 0.00033 0.00514 0.0003 0.25 102 2.1 104.8 5.6 232 80 102 2.1 2.7
Zircon-005 219 188 0.86 0.0687 0.0065 0.132 0.012 0.01422 0.00036 0.00513 0.00035 0.16 91 2.3 125 11 880 110 91 2.3 27.2
Zircon-006 306 180 0.59 0.1016 0.0051 4.01 0.16 0.2864 0.0036 0.0882 0.0047 0.02 1623 18 1638 33 1670 53 1670 53 0.9
Zircon-007 578 317 0.55 0.051 0.0034 0.1606 0.0098 0.02327 0.00037 0.00748 0.00044 0.31 148.3 2.3 151 8.8 284 77 148.3 2.3 1.8
Zircon-008 491 156 0.32 0.0597 0.0031 0.806 0.034 0.0974 0.0014 0.0289 0.0017 0.21 599.1 8 600 19 593 75 599.1 8 0.1
Zircon-009 676 35 0.05 0.0589 0.0029 0.78 0.031 0.0956 0.0012 0.029 0.0018 0.21 588.6 6.8 585 18 574 70 588.6 6.8 -0.6
Zircon-010 266 173 0.65 0.0529 0.0034 0.301 0.016 0.0415 0.00077 0.01308 0.00076 0.20 262.1 4.7 267 12 324 78 262.1 4.7 1.8
Zircon-012 203 83 0.41 0.0494 0.0042 0.186 0.014 0.02668 0.00066 0.00932 0.00068 -0.03 169.7 4.1 172 12 380 100 169.7 4.1 1.3
Zircon-013 520 374 0.72 0.0494 0.0033 0.1746 0.0099 0.02545 0.00044 0.00786 0.00045 0.07 162.3 2.7 163.1 8.6 278 83 162.3 2.7 0.5
Zircon-014 610 406 0.67 0.0475 0.0033 0.1084 0.0063 0.0166 0.00031 0.00557 0.00032 -0.16 106.2 2 104.4 5.7 268 75 106.2 2 -1.7
Zircon-015 211 95 0.45 0.0615 0.006 0.181 0.018 0.02135 0.00053 0.00857 0.00079 0.07 136.2 3.3 168 15 720 120 136.2 3.3 18.9
Zircon-017 715 1250 1.75 0.0521 0.004 0.1079 0.0079 0.01512 0.00035 0.00459 0.0003 0.32 96.7 2.3 103.9 7.2 379 74 96.7 2.3 6.9
Zircon-018 1427 816 0.57 0.0481 0.0028 0.1082 0.0052 0.01625 0.00026 0.00499 0.00028 0.05 103.9 1.6 104.2 4.8 185 49 103.9 1.6 0.3
Zircon-020 367 249 0.68 0.057 0.0053 0.1111 0.0093 0.01438 0.00034 0.00449 0.00031 0.10 92 2.2 108.4 8.5 612 98 92 2.2 15.1
Zircon-021 335 106 0.32 0.0529 0.0038 0.186 0.012 0.02581 0.00057 0.00945 0.00062 -0.12 164.3 3.6 173 9.7 340 71 164.3 3.6 5.0
Zircon-022 709 75 0.11 0.0498 0.0031 0.178 0.01 0.02573 0.00061 0.00902 0.00068 0.35 163.8 3.9 166.1 8.6 258 63 163.8 3.9 1.4
Zircon-023 201 110 0.55 0.053 0.004 0.166 0.011 0.02294 0.00056 0.00787 0.0005 0.02 146.2 3.5 155.4 9.6 397 87 146.2 3.5 5.9
Zircon-024 189 80 0.42 0.0818 0.0041 2.53 0.11 0.2238 0.0052 0.0643 0.0035 0.17 1302 27 1280 33 1231 54 1231 54 -1.7
Zircon-025 176 107 0.61 0.1077 0.0052 4.18 0.18 0.2803 0.0058 0.0881 0.0045 0.60 1592 29 1669 39 1742 65 1742 65 4.6
Zircon-026 195 151 0.77 0.0724 0.004 1.579 0.069 0.1586 0.0025 0.0507 0.0026 0.28 949 14 965 27 1006 63 949 14 1.7
Zircon-027 815 942 1.16 0.0584 0.0032 0.574 0.031 0.0722 0.0015 0.022 0.0025 0.33 449.6 9.1 460 20 526 66 449.6 9.1 2.3
Zircon-028 361 175 0.48 0.0517 0.0041 0.177 0.012 0.02578 0.00052 0.00823 0.00056 -0.14 164 3.3 167 11 390 94 164 3.3 1.8
Zircon-029 80 35 0.44 0.0544 0.0051 0.297 0.026 0.0405 0.0011 0.0141 0.0012 0.10 255.6 6.6 265 21 510 120 255.6 6.6 3.5
Zircon-030 506 168 0.33 0.0503 0.0033 0.1772 0.0097 0.02555 0.00045 0.00804 0.00052 -0.03 162.7 2.8 165.4 8.4 321 76 162.7 2.8 1.6
Zircon-031 246 119 0.48 0.0517 0.0048 0.1065 0.009 0.0154 0.00043 0.00518 0.00038 -0.03 98.5 2.7 102.4 8.2 388 95 98.5 2.7 3.8
Zircon-032 567 126 0.22 0.0626 0.0033 0.92 0.04 0.1072 0.0018 0.0399 0.0024 0.43 656.1 9.9 662 21 703 64 656.1 9.9 0.9
Zircon-033 930 960 1.03 0.0488 0.003 0.1027 0.0059 0.01542 0.00028 0.00485 0.00027 0.29 98.6 1.8 100 5.6 245 99 98.6 1.8 1.4
Zircon-034 412 43 0.10 0.0922 0.0052 2.8 0.21 0.219 0.011 0.0734 0.0052 0.31 1275 60 1354 71 1480 120 1480 120 5.8
Zircon-035 500 173 0.35 0.0499 0.0038 0.1111 0.0085 0.01598 0.00031 0.00527 0.00054 0.25 102.2 2 107.8 7.6 280 140 102.2 2 5.2
Zircon-036 242 314 1.30 0.0496 0.0045 0.157 0.013 0.02332 0.00052 0.00717 0.00042 -0.10 148.6 3.3 149 11 419 78 148.6 3.3 0.3
Zircon-037 713 248 0.35 0.046 0.0031 0.0972 0.0055 0.0151 0.00029 0.00471 0.00031 0.11 96.6 1.9 94 5.1 230 94 96.6 1.9 -2.8
Zircon-038 317 36 0.11 0.0578 0.0033 0.601 0.028 0.0756 0.0012 0.0227 0.0016 0.16 469.6 7.4 477 18 529 60 469.6 7.4 1.6
Zircon-039 143 75 0.53 0.076 0.0043 1.978 0.091 0.1879 0.0027 0.0574 0.0032 0.18 1110 15 1106 31 1091 61 1091 61 -0.4
Zircon-040 134 232 1.73 0.075 0.0045 1.833 0.082 0.176 0.0038 0.054 0.0031 0.27 1045 21 1060 30 1074 72 1074 72 1.4
Zircon-041 262 69 0.26 0.1018 0.0051 4.05 0.16 0.2894 0.0038 0.0867 0.0048 0.46 1638 19 1643 33 1663 42 1663 42 0.3
Zircon-042 564 94 0.17 0.0592 0.0038 0.275 0.016 0.03267 0.00086 0.0155 0.0014 -0.08 207.2 5.4 246 13 601 95 207.2 5.4 15.8
Zircon-043 216 70 0.33 0.055 0.0069 0.192 0.021 0.02433 0.00054 0.0091 0.001 0.09 155 3.4 177 17 480 170 155 3.4 12.4
Zircon-044 868 578 0.67 0.0491 0.0032 0.0942 0.0055 0.01386 0.00023 0.0045 0.00026 -0.03 88.7 1.5 91.3 5.1 280 66 88.7 1.5 2.8
Zircon-045 1592 429 0.27 0.0475 0.0028 0.1041 0.005 0.016 0.00026 0.00513 0.0003 0.04 102.4 1.7 100.5 4.6 159 68 102.4 1.7 -1.9
Zircon-046 225 137 0.61 0.0562 0.0034 0.593 0.031 0.0751 0.0012 0.023 0.0013 -0.09 466.9 7 472 20 459 80 466.9 7 1.1
Zircon-047 725 341 0.47 0.0524 0.0038 0.1108 0.0072 0.01495 0.00026 0.00518 0.00038 0.33 95.7 1.7 106.6 6.5 333 84 95.7 1.7 10.2
Zircon-048 357 142 0.40 0.0586 0.0033 0.779 0.037 0.0962 0.0015 0.0292 0.0016 0.08 591.8 9.1 584 21 568 89 591.8 9.1 -1.3
Zircon-049 273 190 0.70 0.0541 0.0032 0.437 0.022 0.05824 0.00096 0.01842 0.00098 0.29 364.9 5.8 367 16 411 74 364.9 5.8 0.6
Zircon-051 153 120 0.78 0.0662 0.0059 0.74 0.19 0.0802 0.0093 0.0277 0.0025 -0.55 497 53 558 71 834 93 497 53 10.9
Zircon-052 211 145 0.69 0.0795 0.004 2.241 0.093 0.2043 0.0032 0.0589 0.0032 0.30 1198 17 1193 29 1178 63 1178 63 -0.4
Zircon-053 218 115 0.53 0.0703 0.0036 1.588 0.068 0.1628 0.0033 0.047 0.0026 0.12 972 18 965 27 942 55 972 18 -0.7
Zircon-054 66 46 0.70 0.1867 0.0094 13.43 0.53 0.5237 0.008 0.1434 0.0079 0.14 2715 34 2709 37 2702 51 2702 51 -0.2
Zircon-055 176 107 0.61 0.0502 0.0052 0.148 0.014 0.02105 0.0005 0.00647 0.00053 0.08 134.3 3.1 141 12 380 110 134.3 3.1 4.8
Zircon-056 412 263 0.64 0.049 0.0034 0.177 0.01 0.02583 0.00049 0.00801 0.00048 -0.08 164.4 3.1 165.4 9 246 74 164.4 3.1 0.6
Zircon-057 594 200 0.34 0.0511 0.0034 0.176 0.011 0.02502 0.00044 0.00833 0.00056 0.00 159.3 2.8 164.5 9.1 351 85 159.3 2.8 3.2
Zircon-058 908 478 0.53 0.05 0.0027 0.1722 0.0076 0.02523 0.00037 0.00774 0.00044 0.11 160.6 2.3 161.2 6.6 188 56 160.6 2.3 0.4
Zircon-059 158 94 0.59 0.185 0.009 13.26 0.62 0.52 0.014 0.1467 0.0078 0.77 2697 60 2696 45 2695 50 2695 50 0.0
Zircon-060 527 368 0.70 0.0609 0.0036 0.813 0.036 0.0964 0.0021 0.03 0.0016 0.27 594 13 604 22 652 82 594 13 1.7
Zircon-061 584 166 0.28 0.0513 0.0036 0.175 0.012 0.02504 0.00048 0.00824 0.00055 -0.06 159.4 3 165 10 319 78 159.4 3 3.4
Zircon-062 442 221 0.50 0.0511 0.0038 0.169 0.011 0.02412 0.00042 0.0081 0.00047 0.00 153.6 2.7 158.3 9.1 306 89 153.6 2.7 3.0
Zircon-063 258 163 0.63 0.0879 0.0045 2.226 0.094 0.183 0.0029 0.0617 0.0034 0.32 1083 16 1188 29 1371 53 1371 53 8.8
Zircon-064 231 44 0.19 0.0736 0.0038 1.816 0.076 0.1779 0.0025 0.0515 0.003 0.25 1056 14 1051 27 1037 56 1037 56 -0.5
Zircon-065 548 197 0.36 0.0491 0.0038 0.1002 0.007 0.01468 0.00027 0.005 0.00034 -0.04 94 1.7 97.6 6.3 305 82 94 1.7 3.7
Zircon-066 205 156 0.76 0.051 0.0036 0.278 0.018 0.03926 0.00085 0.01409 0.00085 0.25 248.2 5.3 248 14 317 65 248.2 5.3 -0.1
Zircon-067 754 190 0.25 0.049 0.0035 0.097 0.0061 0.01444 0.00027 0.00484 0.00036 0.09 92.4 1.7 93.9 5.7 251 59 92.4 1.7 1.6
Zircon-068 173 41 0.24 0.0909 0.0044 3 0.2 0.24 0.013 0.0674 0.0037 0.74 1389 70 1405 63 1438 68 1438 68 1.1
Zircon-069 379 243 0.64 0.0507 0.0038 0.175 0.012 0.02449 0.00043 0.00764 0.00045 0.29 155.9 2.7 163.4 9.9 301 76 155.9 2.7 4.6
Zircon-070 226 45 0.20 0.0505 0.0043 0.178 0.014 0.02555 0.0007 0.00788 0.00071 -0.10 162.6 4.5 168 12 401 86 162.6 4.5 3.2
Zircon-071 1288 1215 0.94 0.0572 0.0069 0.163 0.021 0.02039 0.00042 0.00655 0.00069 0.55 130.1 2.6 153 17 440 170 130.1 2.6 15.0
Zircon-072 395 209 0.53 0.051 0.0038 0.166 0.011 0.02368 0.00043 0.00752 0.00047 -0.03 150.9 2.7 155.7 9.4 341 85 150.9 2.7 3.1
Zircon-073 507 120 0.24 0.1276 0.0062 6.13 0.26 0.3484 0.0075 0.1192 0.0063 0.90 1926 36 1997 37 2075 68 2075 68 3.6
Zircon-074 341 29 0.08 0.0603 0.0037 0.811 0.066 0.0966 0.0041 0.0324 0.003 0.40 594 24 601 34 597 84 594 24 1.2
Zircon-076 173 64 0.37 0.0558 0.0049 0.2 0.016 0.02574 0.00063 0.00823 0.00077 0.08 163.8 3.8 184 13 603 73 163.8 3.8 11.0
Zircon-077 258 86 0.33 0.1491 0.0073 7.12 0.37 0.347 0.011 0.1156 0.0065 0.68 1920 56 2132 53 2330 61 2330 61 9.9
Zircon-078 673 558 0.83 0.055 0.0042 0.1081 0.007 0.01397 0.00025 0.00447 0.00028 -0.16 89.4 1.6 104 6.4 490 85 89.4 1.6 14.0
Zircon-079 393 158 0.40 0.0843 0.0042 2.66 0.11 0.2294 0.003 0.0646 0.0035 0.20 1333 16 1318 29 1305 70 1305 70 -1.1
Zircon-080 115 79 0.68 0.0836 0.0045 2.62 0.12 0.2267 0.004 0.0703 0.0042 0.38 1317 21 1306 33 1260 47 1260 47 -0.8
Zircon-081 511 159 0.31 0.0494 0.005 0.1035 0.0094 0.0156 0.00035 0.0056 0.00034 -0.13 99.8 2.2 101.5 8.5 270 130 99.8 2.2 1.7
Zircon-082 176 58 0.33 0.0553 0.0052 0.188 0.017 0.02505 0.00064 0.00745 0.00082 0.25 159.5 4 177 15 610 110 159.5 4 9.9
Zircon-083 221 89 0.40 0.0503 0.0057 0.113 0.012 0.01583 0.0004 0.00512 0.00057 0.12 101.2 2.5 110 11 410 110 101.2 2.5 8.0
Zircon-084 651 224 0.34 0.0567 0.0029 0.616 0.026 0.0787 0.001 0.0247 0.0013 -0.09 488.6 6.2 487 16 459 74 488.6 6.2 -0.3
Zircon-087 128 54 0.42 0.0497 0.0055 0.161 0.017 0.02397 0.00067 0.00712 0.00066 0.32 152.7 4.2 153 14 491 73 152.7 4.2 0.2



Zircon-088 468 337 0.72 0.051 0.036 0.1 0.15 0.0152 0.0016 0.0049 0.0029 0.02 97 10 101 89 500 470 97 10 4.0
Zircon-089 75 57 0.76 0.0854 0.0044 2.84 0.14 0.2399 0.0063 0.0685 0.004 0.28 1386 33 1371 36 1334 75 1334 75 -1.1
Zircon-090 245 155 0.63 0.0533 0.0066 0.113 0.015 0.01547 0.00043 0.0052 0.00043 -0.10 98.9 2.7 110 13 500 160 98.9 2.7 10.1
Zircon-091 217 144 0.66 0.0772 0.0039 2.171 0.087 0.2044 0.0029 0.0581 0.003 0.25 1199 15 1171 29 1110 64 1110 64 -2.4
Zircon-092 623 90 0.14 0.0764 0.0038 1.976 0.08 0.1885 0.0029 0.0544 0.003 -0.10 1113 16 1107 27 1095 57 1095 57 -0.5
Zircon-093 302 233 0.77 0.0499 0.0042 0.1107 0.0086 0.01622 0.00039 0.00507 0.00033 0.12 103.7 2.5 106.3 7.8 375 82 103.7 2.5 2.4
Zircon-095 344 87 0.25 0.053 0.0038 0.192 0.012 0.02685 0.00056 0.00798 0.00066 0.10 170.8 3.5 178 10 372 79 170.8 3.5 4.0
Zircon-096 558 353 0.63 0.0541 0.0029 0.419 0.018 0.05602 0.00084 0.01632 0.00088 0.04 351.3 5.1 356 14 382 70 351.3 5.1 1.3
Zircon-097 365 118 0.32 0.075 0.0038 1.864 0.078 0.1803 0.0027 0.0678 0.004 0.52 1068 15 1067 28 1074 58 1074 58 -0.1
Zircon-098 208 157 0.75 0.0542 0.007 0.114 0.014 0.01539 0.00039 0.005 0.00042 -0.23 98.5 2.5 109 12 620 150 98.5 2.5 9.6
Zircon-099 419 58 0.14 0.0536 0.0033 0.1836 0.0096 0.02451 0.00046 0.00762 0.00067 0.09 156.1 2.9 171 8 390 58 156.1 2.9 8.7
Zircon-100 568 245 0.43 0.0482 0.0034 0.1025 0.0064 0.01573 0.00029 0.00503 0.00032 0.05 100.6 1.9 98.9 5.9 250 79 100.6 1.9 -1.7
Zircon-101 308 405 1.31 0.0496 0.0042 0.1071 0.0079 0.01552 0.00036 0.00503 0.00029 -0.02 99.3 2.3 103 7.3 336 80 99.3 2.3 3.6
Zircon-102 741 267 0.36 0.0494 0.0032 0.1027 0.0087 0.01491 0.00074 0.00484 0.0003 0.04 95.4 4.7 99.1 7.9 293 94 95.4 4.7 3.7
Zircon-103 546 412 0.75 0.049 0.0039 0.1062 0.0078 0.01562 0.00026 0.00512 0.00029 -0.08 99.9 1.7 103.1 6.9 261 80 99.9 1.7 3.1
Zircon-104 896 628 0.70 0.0559 0.0032 0.1147 0.006 0.01537 0.00027 0.00516 0.0003 0.29 98.3 1.7 110.1 5.5 461 76 98.3 1.7 10.7
Zircon-105 133 36 0.27 0.0557 0.0043 0.397 0.028 0.0515 0.00097 0.0176 0.0013 -0.23 323.7 6 338 21 470 100 323.7 6 4.2
Zircon-106 226 90 0.40 0.0598 0.0048 0.218 0.017 0.02627 0.00069 0.0096 0.00071 0.37 167.2 4.3 203 14 671 85 167.2 4.3 17.6
Zircon-107 263 222 0.84 0.0492 0.0049 0.1005 0.0084 0.01457 0.00041 0.00505 0.00032 -0.10 93.2 2.6 98.1 7.9 300 100 93.2 2.6 5.0
Zircon-108 356 182 0.51 0.0514 0.0035 0.292 0.017 0.04044 0.00071 0.013 0.00077 -0.07 255.5 4.4 261 13 333 82 255.5 4.4 2.1
Zircon-109 680 130 0.19 0.0564 0.003 0.559 0.024 0.0721 0.001 0.0239 0.0014 -0.03 448.8 6.1 450 16 472 69 448.8 6.1 0.3
Zircon-110 120 42 0.35 0.0773 0.0041 2.145 0.093 0.2001 0.003 0.0605 0.0036 0.15 1176 16 1165 29 1106 65 1106 65 -0.9
Zircon-111 109 163 1.50 0.1158 0.0058 5.83 0.23 0.3613 0.0051 0.1022 0.0053 0.03 1988 24 1950 38 1889 58 1889 58 -1.9
Zircon-112 160 86 0.54 0.0577 0.0036 0.628 0.039 0.078 0.0019 0.0234 0.0015 -0.17 484 11 492 23 537 78 484 11 1.6
Zircon-114 97 88 0.91 0.0573 0.0093 0.108 0.019 0.01509 0.00062 0.00553 0.00044 0.22 96.5 3.9 102 17 710 130 96.5 3.9 5.4
Zircon-115 695 364 0.52 0.0485 0.004 0.0995 0.0071 0.01496 0.00026 0.00474 0.0003 -0.16 95.7 1.6 96.1 6.6 301 88 95.7 1.6 0.4
Zircon-116 254 130 0.51 0.0506 0.0034 0.239 0.014 0.03364 0.00062 0.01059 0.00065 -0.07 213.3 3.8 217 11 341 79 213.3 3.8 1.7
Zircon-117 450 172 0.38 0.0493 0.0033 0.178 0.01 0.02597 0.00045 0.00829 0.00054 -0.02 165.2 2.8 166.1 8.7 248 52 165.2 2.8 0.5
Zircon-119 80 54 0.67 0.0599 0.0055 0.63 0.05 0.077 0.0019 0.0262 0.0017 -0.06 478 11 498 30 730 110 478 11 4.0
Zircon-121 110 84 0.76 0.0605 0.0055 0.675 0.061 0.0813 0.0021 0.0245 0.0022 -0.02 504 13 522 34 570 120 504 13 3.4
Zircon-122 261 126 0.48 0.0506 0.0048 0.1037 0.0089 0.01494 0.00037 0.00496 0.00037 -0.08 95.6 2.4 99.8 8.2 391 83 95.6 2.4 4.2
Zircon-123 285 170 0.60 0.0485 0.0045 0.1059 0.0089 0.01578 0.00037 0.00519 0.00036 -0.10 100.9 2.3 101.9 8.2 370 100 100.9 2.3 1.0
Zircon-124 394 72 0.18 0.0734 0.004 1.73 0.075 0.1712 0.0025 0.0484 0.0044 0.28 1019 14 1019 27 1022 90 1022 90 0.0
Zircon-125 787 396 0.50 0.0495 0.0033 0.1054 0.006 0.01545 0.00026 0.00465 0.0003 0.11 98.8 1.7 101.6 5.5 237 73 98.8 1.7 2.8
Zircon-126 176 155 0.88 0.0554 0.0035 0.549 0.03 0.0725 0.0014 0.0207 0.0012 0.11 451.2 8.4 445 19 413 83 451.2 8.4 -1.4
Zircon-127 1580 1600 1.01 0.05 0.003 0.177 0.013 0.0259 0.0013 0.00764 0.00072 0.59 164.8 8 166 11 189 63 164.8 8 0.7
Zircon-128 506 317 0.63 0.0551 0.0029 0.582 0.025 0.0759 0.0011 0.0225 0.0012 0.02 471.8 6.5 465 16 424 75 471.8 6.5 -1.5
Zircon-129 233 106 0.45 0.0836 0.0042 2.45 0.1 0.215 0.0038 0.0641 0.0035 0.54 1255 20 1257 30 1273 54 1273 54 0.2
Zircon-130 273 219 0.80 0.0495 0.0041 0.193 0.014 0.02817 0.0005 0.00899 0.00056 -0.08 179.1 3.2 179 12 385 98 179.1 3.2 -0.1
Zircon-131 158 91 0.58 0.0551 0.0076 0.118 0.015 0.01581 0.00055 0.00527 0.00049 -0.23 101.1 3.5 113 13 590 110 101.1 3.5 10.5
Zircon-132 318 106 0.33 0.0519 0.0037 0.184 0.013 0.02608 0.00058 0.00944 0.00069 0.03 166 3.6 171 11 319 98 166 3.6 2.9
Zircon-134 1413 522 0.37 0.056 0.0029 0.598 0.024 0.07736 0.00099 0.0231 0.0012 0.24 480.3 5.9 476 16 445 70 480.3 5.9 -0.9
Zircon-135 1077 492 0.46 0.0486 0.003 0.1714 0.0089 0.02558 0.00035 0.00763 0.00043 -0.24 162.8 2.2 160.5 7.7 184 55 162.8 2.2 -1.4
Zircon-136 170 176 1.04 0.0495 0.0064 0.106 0.014 0.01567 0.00054 0.00481 0.00041 0.04 100.2 3.4 102 12 390 160 100.2 3.4 1.8
Zircon-137 363 283 0.78 0.1128 0.0056 4.9 0.19 0.3143 0.0058 0.091 0.0047 -0.11 1762 29 1802 35 1841 39 1841 39 2.2
Zircon-138 154 71 0.46 0.1249 0.0061 6.68 0.29 0.3892 0.0094 0.1105 0.0075 0.12 2119 45 2070 42 2015 49 2015 49 -2.4
Zircon-139 510 296 0.58 0.0508 0.0038 0.168 0.011 0.0245 0.00044 0.0076 0.00044 0.09 156 2.8 158.8 9.8 333 82 156 2.8 1.8
Zircon-140 240 172 0.72 0.0498 0.0046 0.121 0.01 0.01721 0.00045 0.00547 0.00034 0.01 110 2.9 116.5 9.2 383 81 110 2.9 5.6
Zircon-141 280 213 0.76 0.0479 0.0046 0.1042 0.0092 0.01551 0.00035 0.00499 0.00032 0.10 99.2 2.2 100.3 8.4 260 77 99.2 2.2 1.1
Zircon-142 265 183 0.69 0.0571 0.0035 0.573 0.031 0.0723 0.0015 0.0216 0.0013 0.16 450.1 9.2 459 20 484 72 450.1 9.2 1.9
Zircon-143 1477 1530 1.04 0.0503 0.0041 0.169 0.012 0.02436 0.00038 0.00773 0.00045 -0.08 155.1 2.4 159 10 250 110 155.1 2.4 2.5
Zircon-144 509 240 0.47 0.0495 0.0033 0.174 0.011 0.02532 0.00056 0.00794 0.0005 0.35 161.2 3.5 162.8 9.5 212 45 161.2 3.5 1.0
Zircon-145 619 193 0.31 0.0542 0.004 0.198 0.012 0.02631 0.00041 0.00924 0.00073 0.01 167.4 2.6 183.1 9.7 396 94 167.4 2.6 8.6
Zircon-146 275 185 0.67 0.0505 0.0041 0.149 0.01 0.02176 0.00047 0.00713 0.00043 -0.01 138.7 2.9 141 8.9 370 96 138.7 2.9 1.6
Zircon-147 129 99 0.76 0.056 0.0038 0.599 0.035 0.0777 0.0014 0.023 0.0015 0.11 482.6 8.3 478 22 497 93 482.6 8.3 -1.0
Zircon-148 899 631 0.70 0.0471 0.003 0.101 0.0056 0.01557 0.00023 0.00462 0.00026 0.09 99.6 1.5 97.6 5.2 221 72 99.6 1.5 -2.0
Zircon-149 372 282 0.76 0.0478 0.0044 0.0995 0.0084 0.01496 0.00034 0.0046 0.00029 -0.14 95.7 2.2 97.1 7.5 340 94 95.7 2.2 1.4
Zircon-150 274 161 0.59 0.0791 0.004 2.232 0.092 0.2047 0.0026 0.0603 0.0033 0.30 1201 14 1190 29 1163 63 1163 63 -0.9

Unnamed	turbidites	near	the	Mexquitic	population,	Mesa	Central	(sample:	26-PST01);	coordinates:	22º	21.828'N,	101º	16.835'W
Zircon-001_26-PST01 441 170 0.38 0.0499 0.004 0.1112 0.0083 0.01649 0.00041 0.00518 0.00033 0.05 105.4 2.6 107.7 7.6 310 74 105.4 2.6 2.1
Zircon-002 326 149 0.46 0.052 0.0038 0.169 0.012 0.02382 0.00057 0.00794 0.00052 -0.10 151.8 3.6 158 10 414 83 151.8 3.6 3.9
Zircon-003 493 254 0.52 0.0493 0.0029 0.181 0.01 0.02676 0.00056 0.00836 0.00041 -0.22 170.2 3.5 168.5 8.6 247 53 170.2 3.5 -1.0
Zircon-004 262 150 0.57 0.0527 0.0059 0.107 0.011 0.01549 0.00043 0.00489 0.00036 -0.08 99.1 2.7 104 10 580 110 99.1 2.7 4.7
Zircon-005 38 29 0.76 0.0797 0.005 2.18 0.12 0.1983 0.0046 0.0577 0.0029 -0.01 1166 25 1168 40 1202 60 1202 60 0.2
Zircon-006 100 35 0.35 0.0785 0.0036 2.3 0.1 0.211 0.0043 0.063 0.0033 0.26 1234 23 1209 31 1169 51 1169 51 -2.1
Zircon-007 306 192 0.63 0.0551 0.0026 0.578 0.026 0.0763 0.0014 0.0227 0.0011 0.09 474 8.6 463 17 417 65 474 8.6 -2.4
Zircon-008 42 25 0.59 0.0756 0.004 1.99 0.1 0.1887 0.0045 0.0535 0.0027 0.23 1114 24 1116 35 1072 58 1072 58 0.2
Zircon-009 222 189 0.85 0.0568 0.003 0.636 0.032 0.081 0.0015 0.0254 0.0011 -0.14 502.4 9.2 498 20 519 57 502.4 9.2 -0.9
Zircon-010 1058 167 0.16 0.0485 0.0025 0.0957 0.0048 0.01424 0.0003 0.00479 0.00036 0.04 91.1 1.9 92.7 4.5 227 51 91.1 1.9 1.7
Zircon-011 204 132 0.65 0.0568 0.0028 0.649 0.03 0.0833 0.0017 0.027 0.0012 0.16 516 10 507 19 500 70 516 10 -1.8
Zircon-012 76 55 0.72 0.0532 0.0076 0.118 0.018 0.01634 0.00069 0.0053 0.00057 0.36 104.5 4.4 111 16 680 120 104.5 4.4 5.9
Zircon-013 396 194 0.49 0.0486 0.0033 0.1563 0.0099 0.02352 0.00053 0.00761 0.00039 -0.03 149.9 3.3 148.3 8.4 270 57 149.9 3.3 -1.1
Zircon-014 203 81 0.40 0.057 0.0059 0.118 0.012 0.01525 0.00046 0.00492 0.0004 -0.06 97.6 2.9 113 11 618 96 97.6 2.9 13.6
Zircon-015 175 82 0.47 0.0507 0.0046 0.145 0.013 0.02118 0.00063 0.0064 0.0005 0.06 135.1 4 138 11 432 91 135.1 4 2.1
Zircon-016 59 32 0.55 0.1721 0.0071 11.56 0.46 0.487 0.0093 0.142 0.0061 0.12 2557 40 2572 36 2586 39 2586 39 0.6
Zircon-017 109 4 0.03 0.0618 0.0033 0.783 0.044 0.092 0.0027 0.041 0.011 -0.02 567 16 585 25 664 70 567 16 3.1
Zircon-018 132 64 0.48 0.0565 0.0053 0.187 0.018 0.02303 0.00067 0.00748 0.0006 0.01 146.8 4.2 172 16 640 110 146.8 4.2 14.7
Zircon-019 335 180 0.54 0.0469 0.0038 0.0986 0.0078 0.01484 0.00038 0.00489 0.0003 -0.02 95 2.4 95.2 7.2 456 97 95 2.4 0.2
Zircon-020 165 65 0.39 0.0608 0.0052 0.123 0.01 0.01509 0.00053 0.00546 0.00053 0.23 96.6 3.3 117.4 9.5 745 87 96.6 3.3 17.7
Zircon-021 24 26 1.09 0.0732 0.0052 1.71 0.12 0.1705 0.0054 0.0515 0.0031 0.09 1014 30 1014 46 1083 85 1083 85 0.0
Zircon-022 23 13 0.56 0.079 0.0053 1.99 0.12 0.1826 0.005 0.0575 0.0044 0.11 1080 27 1106 39 1172 78 1172 78 2.4
Zircon-023 286 215 0.75 0.058 0.0045 0.1217 0.0097 0.01485 0.00045 0.00509 0.0004 -0.16 95 2.8 116.3 8.8 520 88 95 2.8 18.3
Zircon-024 393 144 0.37 0.0578 0.0026 0.6 0.027 0.0757 0.0015 0.0233 0.001 -0.04 470.7 8.7 476 17 535 54 470.7 8.7 1.1
Zircon-025 157 63 0.40 0.0789 0.0033 2.24 0.12 0.2062 0.0075 0.0589 0.0026 0.79 1213 42 1192 40 1165 53 1165 53 -1.8
Zircon-026 162 52 0.32 0.1059 0.0042 4.18 0.17 0.2865 0.0054 0.0802 0.0036 0.26 1624 27 1672 32 1730 43 1730 43 2.9
Zircon-027 192 102 0.53 0.0489 0.0045 0.1024 0.0091 0.01532 0.0005 0.00502 0.0004 0.00 98 3.1 100 8.1 328 68 98 3.1 2.0
Zircon-028 164 61 0.37 0.0792 0.0032 2.173 0.086 0.1998 0.0038 0.061 0.0028 0.04 1174 20 1171 28 1185 50 1185 50 -0.3
Zircon-029 48 42 0.87 0.0891 0.0046 3.05 0.15 0.2471 0.0051 0.0722 0.0034 -0.04 1423 26 1423 38 1430 58 1430 58 0.0
Zircon-030 67 59 0.89 0.058 0.011 0.126 0.023 0.01644 0.00089 0.00569 0.00054 -0.17 105.1 5.6 118 21 1130 150 105.1 5.6 10.9
Zircon-031 253 102 0.40 0.0789 0.0033 2.175 0.089 0.1997 0.0039 0.0606 0.0027 0.10 1174 21 1172 29 1190 55 1190 55 -0.2
Zircon-032 663 29 0.04 0.0611 0.0027 0.858 0.06 0.1009 0.0046 0.0465 0.006 0.37 620 26 628 30 637 54 620 26 1.3
Zircon-033 263 190 0.72 0.0496 0.0038 0.1064 0.008 0.01586 0.00048 0.00479 0.00036 0.27 101.4 3.1 102.4 7.3 375 92 101.4 3.1 1.0
Zircon-034 342 261 0.76 0.0556 0.003 0.466 0.024 0.0607 0.0013 0.01961 0.0009 0.36 379.6 8 387 17 484 44 379.6 8 1.9
Zircon-035 170 126 0.74 0.0513 0.0048 0.112 0.01 0.01592 0.0005 0.00565 0.00031 0.12 101.8 3.2 107 9.3 610 110 101.8 3.2 4.9



Zircon-036 132 33 0.25 0.0932 0.004 3.57 0.21 0.275 0.011 0.0802 0.004 0.83 1568 55 1545 47 1498 50 1498 50 -1.5
Zircon-037 226 291 1.29 0.0522 0.0048 0.179 0.017 0.02442 0.00065 0.0079 0.0004 0.05 155.5 4.1 166 15 467 88 155.5 4.1 6.3
Zircon-038 264 273 1.03 0.0588 0.0027 0.703 0.033 0.0875 0.0016 0.0266 0.0011 0.11 540.6 9.6 542 20 549 49 540.6 9.6 0.3
Zircon-040 92 106 1.15 0.1126 0.0048 5.5 0.23 0.3538 0.0072 0.1082 0.0046 0.03 1952 34 1898 36 1849 40 1849 40 -2.8
Zircon-042 484 338 0.70 0.0496 0.0038 0.0997 0.0082 0.01488 0.0004 0.00452 0.00028 -0.17 95.2 2.6 96.3 7.5 294 62 95.2 2.6 1.1
Zircon-043 810 623 0.77 0.0496 0.0031 0.1339 0.0082 0.01939 0.00044 0.00583 0.00036 -0.16 123.8 2.8 127.4 7.3 184 67 123.8 2.8 2.8
Zircon-044 242 96 0.40 0.0756 0.003 1.995 0.078 0.1918 0.0034 0.0585 0.0025 0.06 1131 18 1116 27 1088 58 1088 58 -1.3
Zircon-045 735 210 0.29 0.0492 0.0023 0.1758 0.0086 0.02572 0.0005 0.00789 0.00043 0.13 163.7 3.1 164.3 7.4 198 49 163.7 3.1 0.4
Zircon-046 251 327 1.30 0.0503 0.0056 0.099 0.01 0.0143 0.00041 0.00449 0.00024 0.02 91.5 2.6 95 9.5 475 85 91.5 2.6 3.7
Zircon-047 256 28 0.11 0.0561 0.0024 0.585 0.025 0.0754 0.0014 0.0257 0.0017 0.16 468.4 8.2 467 16 442 59 468.4 8.2 -0.3
Zircon-048 29 25 0.86 0.0812 0.005 2.44 0.15 0.2159 0.0051 0.0611 0.0032 0.19 1260 27 1259 44 1239 74 1239 74 -0.1
Zircon-049 381 162 0.43 0.0565 0.0025 0.588 0.025 0.0748 0.0015 0.0235 0.0011 -0.04 465 9 469 16 465 56 465 9 0.9
Zircon-050 248 191 0.77 0.066 0.061 0.14 0.46 0.0163 0.0037 0.006 0.017 0.08 104 23 130 170 850 380 104 23 20.0
Zircon-051 858 1047 1.22 0.0556 0.0023 0.558 0.022 0.0718 0.0013 0.02153 0.00086 0.10 447.1 7.6 450 15 451 55 447.1 7.6 0.6
Zircon-052 100 42 0.42 0.05 0.0081 0.112 0.017 0.01577 0.00058 0.00581 0.00065 -0.04 100.8 3.7 107 15 640 150 100.8 3.7 5.8
Zircon-053 300 338 1.13 0.0541 0.0055 0.191 0.022 0.02649 0.00071 0.0088 0.00053 0.39 168.5 4.5 177 18 420 130 168.5 4.5 4.8
Zircon-054 131 354 2.71 0.0578 0.0031 0.744 0.038 0.092 0.0022 0.0279 0.0011 0.11 567 13 563 22 527 76 567 13 -0.7
Zircon-055 128 68 0.53 0.0525 0.0054 0.111 0.011 0.01597 0.00073 0.00539 0.00045 0.29 102.1 4.7 107 10 530 120 102.1 4.7 4.6
Zircon-056 431 162 0.38 0.0489 0.0036 0.1016 0.0076 0.0149 0.00034 0.00503 0.00029 0.04 95.3 2.1 98.1 6.9 232 61 95.3 2.1 2.9
Zircon-057 167 64 0.38 0.0488 0.0057 0.113 0.012 0.01657 0.0005 0.00536 0.00048 0.03 105.9 3.2 108 11 450 140 105.9 3.2 1.9
Zircon-058 46 21 0.45 0.0595 0.0042 0.796 0.057 0.0956 0.0024 0.0282 0.0022 0.12 589 14 590 33 637 89 589 14 0.2
Zircon-059 304 331 1.09 0.0558 0.0037 0.606 0.047 0.0774 0.0018 0.0221 0.0018 0.40 481 11 480 28 485 93 481 11 -0.2
Zircon-060 124 24 0.19 0.0733 0.0031 1.852 0.078 0.1816 0.0035 0.0514 0.0027 0.08 1076 19 1065 27 1026 45 1026 45 -1.0
Zircon-061 383 99 0.26 0.0515 0.0028 0.316 0.017 0.04461 0.00099 0.0143 0.00078 0.21 281.3 6.1 278 13 341 79 281.3 6.1 -1.2
Zircon-062 161 152 0.94 0.1085 0.0041 4.92 0.18 0.3266 0.006 0.0933 0.0037 0.24 1822 29 1804 31 1769 39 1769 39 -1.0
Zircon-063 222 97 0.44 0.0693 0.0028 1.507 0.065 0.1562 0.0044 0.0507 0.0022 0.43 936 25 932 28 916 60 936 25 -0.4
Zircon-064 269 188 0.70 0.0493 0.0034 0.1046 0.0072 0.01518 0.00037 0.00498 0.00029 0.09 97.1 2.3 100.8 6.6 311 89 97.1 2.3 3.7
Zircon-065 246 162 0.66 0.0503 0.0051 0.099 0.0094 0.01455 0.00046 0.00438 0.00026 -0.08 93.1 2.9 96.9 9.1 460 110 93.1 2.9 3.9
Zircon-066 232 90 0.39 0.0906 0.0036 3.17 0.13 0.2535 0.0051 0.0794 0.0033 0.52 1459 26 1448 32 1441 44 1441 44 -0.8
Zircon-067 66 38 0.57 0.0842 0.0041 2.58 0.12 0.2212 0.0046 0.069 0.0032 -0.01 1288 24 1293 34 1301 52 1301 52 0.4
Zircon-068 249 161 0.65 0.0561 0.003 0.629 0.034 0.0791 0.0016 0.0249 0.0012 0.24 490.7 9.5 494 21 494 70 490.7 9.5 0.7
Zircon-069 261 151 0.58 0.05 0.004 0.1083 0.0086 0.01564 0.00041 0.00521 0.00029 0.00 100 2.6 105.6 7.8 415 85 100 2.6 5.3
Zircon-070 82 39 0.47 0.2132 0.0083 16.61 0.82 0.559 0.019 0.1561 0.0071 0.26 2860 81 2912 59 2940 53 2940 53 1.8
Zircon-071 239 68 0.28 0.0778 0.0031 2.182 0.093 0.2 0.0041 0.0587 0.0026 0.75 1175 22 1173 30 1148 56 1148 56 -0.2
Zircon-072 367 69 0.19 0.0546 0.0031 0.187 0.011 0.02539 0.00059 0.00875 0.00061 0.17 161.6 3.7 174.1 9.5 357 63 161.6 3.7 7.2
Zircon-073 301 33 0.11 0.0787 0.003 2.217 0.086 0.2026 0.004 0.0642 0.0032 0.18 1189 21 1186 27 1174 41 1174 41 -0.3
Zircon-074 91 52 0.57 0.0801 0.0035 2.32 0.1 0.209 0.0043 0.0605 0.0028 0.27 1223 23 1217 31 1203 39 1203 39 -0.5
Zircon-075 60 36 0.61 0.0617 0.0044 0.802 0.055 0.0954 0.0021 0.0286 0.0016 -0.01 587 12 598 32 736 75 587 12 1.8
Zircon-076 338 96 0.28 0.062 0.0025 0.989 0.04 0.1162 0.0023 0.034 0.0017 0.18 708 13 698 20 692 48 708 13 -1.4
Zircon-077 590 195 0.33 0.0796 0.0029 2.205 0.082 0.2018 0.0035 0.0589 0.0024 0.32 1186 19 1182 26 1177 44 1177 44 -0.3
Zircon-078 116 120 1.03 0.0751 0.0039 2.01 0.1 0.1946 0.0041 0.0587 0.0028 0.17 1146 22 1123 33 1064 62 1064 62 -2.0
Zircon-079 648 459 0.71 0.0507 0.0028 0.1107 0.006 0.01603 0.00035 0.00509 0.00025 0.31 102.5 2.2 106.5 5.5 267 53 102.5 2.2 3.8
Zircon-080 73 38 0.53 0.0566 0.0079 0.127 0.017 0.01621 0.00067 0.00574 0.00062 0.22 104.4 4.3 123 15 640 130 104.4 4.3 15.1
Zircon-082 244 470 1.93 0.0577 0.0028 0.573 0.029 0.072 0.0015 0.02142 0.00094 0.35 448.1 8.9 459 18 559 52 448.1 8.9 2.4
Zircon-083 580 402 0.69 0.0526 0.005 0.11 0.01 0.01515 0.00037 0.00472 0.00035 0.02 96.9 2.3 106 9.7 400 140 96.9 2.3 8.6
Zircon-084 109 73 0.66 0.0582 0.0043 0.742 0.05 0.0895 0.0019 0.0284 0.0015 0.10 553 11 560 29 574 90 553 11 1.3
Zircon-085 100 106 1.06 0.0612 0.0039 0.634 0.038 0.0757 0.0018 0.0222 0.001 -0.33 471 11 496 23 648 77 471 11 5.0
Zircon-086 125 21 0.17 0.0783 0.0035 2.22 0.15 0.2028 0.0096 0.0591 0.0034 0.43 1195 52 1185 51 1173 66 1173 66 -0.8
Zircon-087 285 141 0.49 0.0506 0.0037 0.1421 0.0099 0.02046 0.00055 0.00642 0.00044 -0.06 130.5 3.5 134.6 8.8 356 89 130.5 3.5 3.0
Zircon-088 247 137 0.55 0.0461 0.0033 0.137 0.0096 0.02087 0.00059 0.00647 0.00038 0.29 133.2 3.7 130 8.6 269 64 133.2 3.7 -2.5
Zircon-089 46 26 0.55 0.0624 0.0055 0.647 0.051 0.0748 0.0023 0.0248 0.0016 -0.06 465 14 506 33 730 93 465 14 8.1
Zircon-090 229 173 0.76 0.0522 0.0047 0.1091 0.0094 0.01529 0.00046 0.00479 0.00027 -0.19 97.8 2.9 104.8 8.6 452 74 97.8 2.9 6.7
Zircon-091 192 62 0.32 0.0623 0.0032 0.87 0.046 0.1008 0.002 0.0331 0.0015 0.30 619 12 634 25 687 66 619 12 2.4
Zircon-092 144 73 0.51 0.0526 0.0053 0.125 0.011 0.01688 0.00057 0.00563 0.00044 -0.10 107.9 3.6 119 10 470 110 107.9 3.6 9.3
Zircon-093 454 314 0.69 0.05 0.0033 0.1025 0.0065 0.01499 0.00035 0.00451 0.00027 0.03 95.9 2.2 99 5.9 247 75 95.9 2.2 3.1
Zircon-094 104 69 0.67 0.0531 0.0076 0.113 0.015 0.01569 0.00066 0.00501 0.0004 -0.04 100.4 4.2 110 14 590 120 100.4 4.2 8.7
Zircon-095 411 371 0.90 0.0503 0.0041 0.104 0.0083 0.01501 0.00035 0.00456 0.00025 0.01 96 2.2 100.1 7.6 381 75 96 2.2 4.1
Zircon-096 63 32 0.51 0.0599 0.0039 0.603 0.039 0.0739 0.002 0.024 0.0016 0.33 460 12 483 27 619 64 460 12 4.8
Zircon-097 190 107 0.56 0.055 0.0028 0.607 0.029 0.0796 0.0023 0.0266 0.0013 0.05 494 14 481 19 404 67 494 14 -2.7
Zircon-098 256 146 0.57 0.0482 0.0044 0.1019 0.0089 0.01547 0.00047 0.00526 0.00035 -0.04 98.9 3 98.2 8.2 330 89 98.9 3 -0.7
Zircon-099 201 64 0.32 0.048 0.0045 0.133 0.012 0.02045 0.00058 0.00681 0.00055 0.21 130.5 3.6 126 11 363 81 130.5 3.6 -3.6
Zircon-100 203 28 0.14 0.0657 0.0034 1.15 0.1 0.1261 0.0062 0.0598 0.0026 0.25 766 35 775 42 822 58 766 35 1.2
Zircon-101 84 56 0.67 0.058 0.004 0.596 0.039 0.0755 0.002 0.0241 0.0014 0.19 469 12 475 26 505 72 469 12 1.3
Zircon-102 129 65 0.51 0.0555 0.0069 0.126 0.013 0.01564 0.00062 0.00495 0.0006 0.00 100 3.9 120 12 770 100 100 3.9 16.7
Zircon-103 308 88 0.29 0.0518 0.0035 0.2 0.011 0.02721 0.00068 0.00849 0.00057 -0.20 173 4.3 184.8 9.8 417 76 173 4.3 6.4
Zircon-104 336 77 0.23 0.0506 0.0038 0.1106 0.008 0.01583 0.00045 0.0049 0.00039 0.15 101.3 2.9 106.2 7.3 345 83 101.3 2.9 4.6
Zircon-105 210 143 0.68 0.0478 0.0046 0.103 0.011 0.01464 0.00052 0.00457 0.00031 0.10 93.7 3.3 99.2 9.8 430 110 93.7 3.3 5.5
Zircon-106 319 161 0.50 0.046 0.0038 0.1009 0.0074 0.01548 0.00045 0.00451 0.00029 -0.23 99 2.9 98.9 6.8 378 62 99 2.9 -0.1
Zircon-107 90 34 0.38 0.0562 0.0065 0.196 0.022 0.02561 0.00078 0.0103 0.00084 0.04 163 4.9 180 19 690 110 163 4.9 9.4
Zircon-108 1388 292 0.21 0.0591 0.0022 0.778 0.028 0.0951 0.0017 0.0282 0.0012 0.13 585.9 9.7 584 16 570 42 585.9 9.7 -0.3
Zircon-109 345 173 0.50 0.0492 0.0039 0.1075 0.009 0.01579 0.00039 0.00532 0.0003 0.16 101 2.5 104.6 8.2 358 85 101 2.5 3.4
Zircon-110 140 63 0.45 0.1434 0.0053 8.41 0.31 0.4241 0.0081 0.1365 0.0064 0.52 2279 37 2276 34 2282 33 2282 33 -0.1
Zircon-111 120 123 1.03 0.124 0.0048 5.63 0.23 0.327 0.0066 0.0933 0.0038 0.54 1829 32 1923 35 2015 43 2015 43 4.9
Zircon-113 258 66 0.25 0.0515 0.0037 0.179 0.013 0.02473 0.00068 0.00845 0.00067 0.04 157.4 4.3 166 11 487 73 157.4 4.3 5.2
Zircon-114 42 24 0.58 0.0855 0.0054 2.82 0.17 0.2391 0.0058 0.0718 0.0039 0.16 1385 30 1352 47 1341 70 1341 70 -2.4
Zircon-115 441 488 1.11 0.0539 0.004 0.1126 0.008 0.01486 0.00036 0.00457 0.00024 0.10 95.1 2.3 108 7.1 517 70 95.1 2.3 11.9
Zircon-116 354 219 0.62 0.0554 0.0048 0.1087 0.0093 0.01452 0.00041 0.00493 0.00028 0.18 93 2.6 104.5 8.5 525 82 93 2.6 11.0
Zircon-117 353 156 0.44 0.0473 0.004 0.0995 0.008 0.01504 0.0004 0.00518 0.00034 -0.12 96.2 2.5 96.1 7.3 385 95 96.2 2.5 -0.1
Zircon-118 168 93 0.55 0.0632 0.0032 1.198 0.057 0.1332 0.0031 0.0476 0.0021 0.10 806 18 801 29 769 53 806 18 -0.6
Zircon-119 308 80 0.26 0.1594 0.0058 10.22 0.38 0.4637 0.0094 0.1361 0.0057 0.70 2459 41 2455 36 2450 43 2450 43 -0.2
Zircon-120 274 195 0.71 0.0552 0.0036 0.229 0.014 0.0298 0.00066 0.00875 0.00046 -0.02 189.3 4.1 209 11 386 76 189.3 4.1 9.4
Zircon-121 107 63 0.58 0.0691 0.0034 1.504 0.074 0.1574 0.0032 0.0487 0.0024 0.21 942 18 933 31 894 57 942 18 -1.0
Zircon-122 342 111 0.32 0.0725 0.0029 1.521 0.06 0.1539 0.0031 0.0453 0.002 0.58 922 17 938 24 1007 58 922 17 1.7
Zircon-123 107 66 0.62 0.0761 0.0035 1.862 0.08 0.1794 0.0035 0.0525 0.0024 -0.01 1063 19 1066 28 1071 67 1071 67 0.3
Zircon-124 216 101 0.47 0.0989 0.0037 3.85 0.14 0.2826 0.0052 0.0811 0.0034 0.42 1604 27 1602 29 1605 34 1605 34 -0.1
Zircon-126 54 9 0.17 0.0649 0.0049 0.883 0.068 0.1029 0.0027 0.0301 0.0031 0.24 631 16 650 35 767 89 631 16 2.9
Zircon-127 157 92 0.59 0.0594 0.0067 0.116 0.012 0.01473 0.00048 0.00508 0.00039 -0.13 94.2 3 113 11 680 120 94.2 3 16.6
Zircon-128 121 2 0.02 0.1783 0.0066 12.35 0.44 0.5034 0.0094 0.159 0.014 0.76 2627 41 2629 35 2632 29 2632 29 0.1
Zircon-130 515 245 0.48 0.0491 0.0036 0.1061 0.0078 0.01589 0.00037 0.00545 0.00034 0.12 101.6 2.3 102.1 7.2 360 86 101.6 2.3 0.5
Zircon-131 176 43 0.24 0.0572 0.0029 0.607 0.03 0.0775 0.0017 0.025 0.0015 0.15 481 10 480 19 523 65 481 10 -0.2
Zircon-132 133 48 0.36 0.1032 0.0042 4.55 0.19 0.3197 0.0064 0.0944 0.0041 0.21 1788 31 1741 35 1691 35 1691 35 -2.7
Zircon-134 276 119 0.43 0.0547 0.0034 0.119 0.01 0.01593 0.00098 0.00536 0.00036 0.22 101.9 6.2 114.3 8.8 513 72 101.9 6.2 10.8
Zircon-135 628 248 0.39 0.0774 0.0028 2.029 0.076 0.1919 0.0034 0.0575 0.0025 0.31 1132 18 1125 25 1141 46 1141 46 -0.6
Zircon-136 320 205 0.64 0.0563 0.0025 0.579 0.025 0.0757 0.0014 0.02216 0.00092 -0.08 470.5 8.7 463 16 463 43 470.5 8.7 -1.6
Zircon-137 276 113 0.41 0.0901 0.0035 3.13 0.12 0.2519 0.0049 0.0748 0.003 0.43 1448 25 1442 31 1436 47 1436 47 -0.4



Zircon-138 155 54 0.35 0.0523 0.0049 0.188 0.017 0.02607 0.00071 0.00838 0.00068 0.23 165.9 4.5 174 15 428 88 165.9 4.5 4.7
Zircon-139 1750 859 0.49 0.0494 0.0022 0.1374 0.0059 0.02009 0.00036 0.00637 0.00027 0.08 128.2 2.2 130.7 5.3 160 54 128.2 2.2 1.9
Zircon-140 277 181 0.65 0.0501 0.0041 0.1046 0.0081 0.01515 0.00039 0.00516 0.00032 0.04 97 2.5 101.7 7.2 373 71 97 2.5 4.6
Zircon-141 53 35 0.67 0.0717 0.0041 1.509 0.08 0.1562 0.0038 0.0496 0.0026 0.25 936 21 935 34 965 57 936 21 -0.1
Zircon-142 279 101 0.36 0.0737 0.003 1.716 0.067 0.1696 0.0031 0.0507 0.0022 0.19 1010 17 1014 25 1026 45 1026 45 0.4
Zircon-143 194 111 0.57 0.0583 0.003 0.624 0.032 0.0785 0.0018 0.025 0.0012 0.40 487 11 493 20 536 67 487 11 1.2
Zircon-144 612 373 0.61 0.0509 0.0032 0.1532 0.0088 0.02194 0.00046 0.00729 0.00034 -0.21 139.9 2.9 144.5 7.7 298 60 139.9 2.9 3.2
Zircon-145 275 193 0.70 0.0591 0.0027 0.702 0.032 0.0869 0.0017 0.0255 0.0012 0.14 537 9.8 541 18 570 50 537 9.8 0.7
Zircon-146 265 173 0.65 0.0525 0.0037 0.305 0.023 0.0418 0.001 0.01331 0.00068 0.14 263.7 6.2 269 18 487 98 263.7 6.2 2.0
Zircon-147 237 216 0.91 0.0623 0.0027 0.999 0.044 0.1184 0.0021 0.0371 0.0015 0.32 721 12 706 21 681 52 721 12 -2.1
Zircon-148 262 109 0.41 0.0725 0.003 1.698 0.069 0.1721 0.0031 0.0533 0.0023 0.20 1024 17 1006 26 989 43 989 43 -1.8
Zircon-149 88 108 1.23 0.1146 0.0046 5.4 0.23 0.343 0.0072 0.0947 0.0039 0.44 1900 35 1883 36 1886 43 1886 43 -0.9
Zircon-150 207 110 0.53 0.0537 0.005 0.155 0.014 0.02092 0.00058 0.00729 0.00052 -0.09 133.4 3.7 145 13 488 89 133.4 3.7 8.0
Zircon-151 167 115 0.69 0.0552 0.0037 0.411 0.027 0.0549 0.0013 0.01749 0.00085 0.23 344.4 7.9 353 20 476 76 344.4 7.9 2.4
Zircon-152 876 270 0.31 0.0534 0.0022 0.447 0.018 0.0608 0.0012 0.01963 0.00083 0.31 380.4 7.1 375 13 357 46 380.4 7.1 -1.4
Zircon-153 471 289 0.61 0.0491 0.0045 0.1104 0.0095 0.01632 0.00042 0.00506 0.00028 -0.27 104.3 2.7 105.9 8.6 354 78 104.3 2.7 1.5
Zircon-154 126 95 0.75 0.0524 0.0076 0.114 0.016 0.01564 0.00053 0.00513 0.00038 -0.12 100.1 3.3 108 14 810 120 100.1 3.3 7.3
Zircon-155 310 126 0.41 0.0732 0.0029 1.764 0.071 0.1748 0.0037 0.0529 0.0024 0.15 1038 20 1032 26 1035 59 1035 59 -0.6
Zircon-156 114 61 0.54 0.0781 0.0032 2.18 0.09 0.2011 0.0039 0.0619 0.0027 0.13 1181 21 1176 28 1146 41 1146 41 -0.4
Zircon-157 203 88 0.43 0.0701 0.0028 1.626 0.064 0.1669 0.0033 0.0504 0.0024 -0.01 995 18 980 25 952 48 995 18 -1.5
Zircon-158 179 105 0.59 0.0588 0.0034 0.647 0.04 0.0802 0.0018 0.0264 0.0014 0.12 497 11 505 24 569 69 497 11 1.6
Zircon-159 76 36 0.48 0.058 0.011 0.113 0.021 0.01482 0.00069 0.00587 0.00074 -0.10 94.9 4.4 107 18 1020 120 94.9 4.4 11.3

Notes:
1: U and Th concentrations are calculated employing an external standard zircon as in Paton et al., 2010, Geochemistry, Geophysics, Geosystems.
2: 2 sigma uncertainties propagated according to Paton et al., 2010,Geochemistry, Geophysics, Geosystems
207Pb/206Pb ratios, ages and errors are calculated according to Petrus and Kamber, 2012, Geostandards Geoanalytical Research
Analyzed spots were 23 micrometers, using an analytical protocol modified from Solari et al., 2010, Geostandards Geoanalytical Research.
Data measured employing a Thermo iCapQc ICPMS coupled to a Resonetics, Resolution M050 excimer laser workstation.

Mineral	separation	was	carried	out	using	the	standard	methodology	(crushing,	sieving,	density	and	magnetic	separation,
handpicking)	at	the	mineral	separation	facility	of	the	Centro	de	Geociencias,	UNAM-Juriquilla.	Zircons	were	observed	and	imaged	under
cathodoluminescence,	using	an	ELM3R	luminoscope	connected	to	a	digital	camera.	Individual	zircon	ages	were	obtained	by	laser
ablation	inductively	coupled	plasma	mass	spectrometry	(LA-ICPMS)	at	LEI,	Centro	de	Geociencias,	UNAM.	Zircon	ablation	was
performed	with	a	Resolution	M-50/Lambda	Physik	LPX220	Excimer	laser,	operating	at	a	193	nm	wavelength	and	coupled	to	a	Thermo
XseriesII	quadrupole	ICPMS.	Details	of	the	analytic	methodology	can	be	found	in	Solari	et	al.	(2010)	and
http://www.geociencias.unam.mx/~solari/index_files/LEI/LA-ICPMS.html



Table	_____.	U-Pb	geochronologic	analyses.
Isotope	ratios Apparent	ages	(Ma)

Analysis U 206Pb U/Th 206Pb* ± 207Pb* ± 206Pb* ± error 206Pb* ± 207Pb* ± 206Pb* ± Best	age ± Conc Disc
(ppm) 204Pb 207Pb* (%) 235U* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (Ma) (Ma) (%) (%)

Caracol	Formation,	Sierra	de	Parras	(sample:	07COA-CA3),	coordinates:	25º	14.115'N,	101º	26.031'W
07COACA3-10 261 2361 2.30 19.7804 8.6098 0.0879 8.8964 0.0126 2.2400 0.25 80.7864 1.7983 85.5491 7.2992 220.5849 199.5077 80.7864 1.7983 36.6 5.6
07COACA3-4 754 2532 1.59 17.3498 9.3016 0.1015 9.5491 0.0128 2.1600 0.23 81.7862 1.7554 98.1297 8.9322 515.9846 204.6675 81.7862 1.7554 15.9 16.7
07COACA3-34 284 2358 1.15 19.1286 10.6819 0.0945 10.9843 0.0131 2.5600 0.23 83.9348 2.1348 91.6543 9.6269 297.5771 244.3309 83.9348 2.1348 28.2 8.4
07COACA3-21 497 2574 2.12 20.0230 7.4877 0.0905 7.5194 0.0131 0.6900 0.09 84.1490 0.5769 87.9481 6.3349 192.3439 174.3205 84.1490 0.5769 43.7 4.3
07COACA3-40 934 8598 2.05 19.5355 6.6504 0.0930 7.2917 0.0132 2.9900 0.41 84.4281 2.5079 90.3358 6.3026 249.3184 153.1941 84.4281 2.5079 33.9 6.5
07COACA3-30 681 2805 2.18 18.4421 3.7084 0.0998 4.3118 0.0133 2.2000 0.51 85.4509 1.8675 96.5579 3.9716 380.3320 83.3992 85.4509 1.8675 22.5 11.5
07COACA3-24 303 2394 2.45 19.6769 5.4397 0.0936 5.6349 0.0134 1.4700 0.26 85.5241 1.2489 90.8360 4.8962 232.6980 125.6474 85.5241 1.2489 36.8 5.8
07COACA3-7 590 4749 2.77 21.7584 7.5010 0.0848 7.5283 0.0134 0.6400 0.09 85.7343 0.5451 82.6853 5.9781 -4.5010 181.1527 85.7343 0.5451 -1904.8 -3.7
07COACA3-11 396 4986 1.96 19.0754 5.3105 0.0969 5.4444 0.0134 1.2000 0.22 85.8837 1.0238 93.9503 4.8856 303.9455 121.1037 85.8837 1.0238 28.3 8.6
07COACA3-1 529 5367 1.96 21.0866 3.9297 0.0878 4.0624 0.0134 1.0300 0.25 86.0137 0.8801 85.4802 3.3304 70.6057 93.4764 86.0137 0.8801 121.8 -0.6
07COACA3-1 529 5367 1.96 21.0866 3.9297 0.0878 4.0624 0.0134 1.0300 0.25 86.0137 0.8801 85.4802 3.3304 70.6057 93.4764 86.0137 0.8801 121.8 -0.6
07COACA3-9 488 3315 2.60 19.3750 6.2017 0.0956 6.2787 0.0134 0.9800 0.16 86.0397 0.8376 92.7240 5.5640 268.2810 142.3422 86.0397 0.8376 32.1 7.2
07COACA3-23 1015 8982 1.72 21.1845 3.3713 0.0875 3.4768 0.0134 0.8500 0.24 86.0890 0.7269 85.1734 2.8405 59.6017 80.3482 86.0890 0.7269 144.4 -1.1
07COACA3-22 645 6504 1.57 21.4216 4.5917 0.0871 4.6609 0.0135 0.8000 0.17 86.6381 0.6885 84.7878 3.7914 32.9849 110.0170 86.6381 0.6885 262.7 -2.2
07COACA3-25 427 1944 1.51 20.3117 6.4418 0.0920 6.4819 0.0136 0.7200 0.11 86.7760 0.6206 89.3596 5.5447 158.9452 150.8598 86.7760 0.6206 54.6 2.9
07COACA3-3 1509 3828 1.96 18.3400 2.7920 0.1020 3.1460 0.0136 1.4500 0.46 86.8661 1.2511 98.6130 2.9565 392.8046 62.6346 86.8661 1.2511 22.1 11.9
07COACA3-29 379 2544 1.96 20.0413 6.1376 0.0937 6.4220 0.0136 1.8900 0.29 87.1598 1.6362 90.8990 5.5840 190.2218 142.8979 87.1598 1.6362 45.8 4.1
07COACA3-33 573 6345 2.44 21.2867 5.5786 0.0882 5.7397 0.0136 1.3500 0.24 87.1873 1.1691 85.8249 4.7236 48.0882 133.3164 87.1873 1.1691 181.3 -1.6
07COACA3-37 366 4077 2.40 21.0366 5.3888 0.0897 5.6157 0.0137 1.5800 0.28 87.6705 1.3758 87.2673 4.6960 76.2304 128.0970 87.6705 1.3758 115.0 -0.5
07COACA3-15 820 6837 2.08 20.9091 2.8413 0.0911 2.8849 0.0138 0.5000 0.17 88.4573 0.4393 88.5367 2.4460 90.6559 67.3321 88.4573 0.4393 97.6 0.1
07COACA3-28 461 5337 1.98 21.2198 5.1136 0.0901 5.1380 0.0139 0.5000 0.10 88.7431 0.4407 87.5666 4.3106 55.5955 122.0149 88.7431 0.4407 159.6 -1.3
07COACA3-18 377 2871 2.10 19.4861 6.0334 0.0981 6.3225 0.0139 1.8900 0.30 88.7902 1.6666 95.0521 5.7371 255.1914 138.8023 88.7902 1.6666 34.8 6.6
07COACA3-16 377 4074 2.07 20.1246 4.5702 0.0951 5.4724 0.0139 3.0100 0.55 88.8223 2.6552 92.2013 4.8233 180.5197 106.5795 88.8223 2.6552 49.2 3.7
07COACA3-20 395 2814 1.80 19.8212 8.2180 0.0966 8.4237 0.0139 1.8500 0.22 88.8665 1.6328 93.5942 7.5318 215.8447 190.5579 88.8665 1.6328 41.2 5.1
07COACA3-32 706 3498 1.86 20.7623 3.5355 0.0924 3.6205 0.0139 0.7800 0.22 89.1041 0.6902 89.7641 3.1104 107.3702 83.5518 89.1041 0.6902 83.0 0.7
07COACA3-13 752 6660 2.13 20.4319 3.9229 0.0940 3.9685 0.0139 0.6000 0.15 89.1392 0.5312 91.1866 3.4610 145.0783 92.0414 89.1392 0.5312 61.4 2.2
07COACA3-19 354 3774 2.08 21.1678 10.9006 0.0910 11.0808 0.0140 1.9900 0.18 89.4567 1.7679 88.4533 9.3868 61.4370 260.3592 89.4567 1.7679 145.6 -1.1
07COACA3-35 346 2169 2.34 20.6882 9.3562 0.0939 9.4460 0.0141 1.3000 0.14 90.2302 1.1648 91.1678 8.2366 115.8030 221.0825 90.2302 1.1648 77.9 1.0
07COACA3-39 442 4107 1.99 19.4566 6.4098 0.1000 6.4754 0.0141 0.9200 0.14 90.3558 0.8255 96.8016 5.9789 258.6420 147.3947 90.3558 0.8255 34.9 6.7
07COACA3-38 391 3993 1.91 20.4601 10.1997 0.0954 10.3139 0.0142 1.5300 0.15 90.5845 1.3763 92.4877 9.1178 141.8428 239.9188 90.5845 1.3763 63.9 2.1
07COACA3-26 362 3261 2.42 20.8748 7.3457 0.0936 7.3719 0.0142 0.6200 0.08 90.7281 0.5586 90.8685 6.4078 94.5511 174.1167 90.7281 0.5586 96.0 0.2
07COACA3-31 210 2862 2.35 21.6556 10.9142 0.0919 11.1707 0.0144 2.3800 0.21 92.3569 2.1824 89.2482 9.5444 6.8795 263.3950 92.3569 2.1824 1342.5 -3.5



Sample Name: 207/235 206/238 207/206 Best age
Grain # [U] ppm U/Th 207/235 2σ error 206/238 2σ error RHO  Age Ma 2σ error  Age (Ma) 2σ error Age (Ma) 2σ error (Ma) 2σ error% Discordance*Rim/Core

San	Felipe	Formation	(sample:	04-JC01);	coordinates:	21º	20.887'N,	99º	33.011'W
04JC-01-2.FIN2 820 2.83 1.5130 0.0280 0.1545 0.0027 0.83 935.0 11.0 926.0 15.0 944.0 24.0 944.0 24.0 1.9
04JC-01-3.FIN2 339 1.38 0.0893 0.0022 0.0123 0.0002 0.07 86.8 2.1 78.6 1.1 293.0 60.0 78.6 1.1 9.4
04JC-01-4.FIN2 308 2.29 2.6800 0.0380 0.2243 0.0032 0.81 1323.0 10.0 1306.0 16.0 1359.0 17.0 1359.0 17.0 3.9
04JC-01-5.FIN2 351 1.29 3.6120 0.0460 0.2685 0.0041 0.69 1552.0 10.0 1533.0 21.0 1567.0 21.0 1567.0 21.0 2.2
04JC-01-6.FIN2 48 2.46 1.5540 0.0340 0.1638 0.0037 0.53 951.0 13.0 977.0 20.0 909.0 42.0 909.0 42.0 7.5
04JC-01-7.FIN2 222 3.00 0.1310 0.0052 0.0191 0.0006 0.37 124.9 4.6 121.9 3.9 191.0 91.0 121.9 3.9 2.4
04JC-01-9.FIN2 102 1.04 0.1944 0.0051 0.0276 0.0005 0.21 180.2 4.4 175.4 3.0 217.0 57.0 175.4 3.0 2.7
04JC-01-10.FIN2 830 1.28 0.0902 0.0019 0.0134 0.0002 0.72 87.7 1.8 85.8 1.5 102.0 34.0 85.8 1.5 2.2
04JC-01-11.FIN2 222 3.81 2.2700 0.0300 0.1994 0.0028 0.81 1202.6 9.2 1172.0 15.0 1251.0 17.0 1251.0 17.0 6.3
04JC-01-12.FIN2 211 0.71 4.0590 0.0690 0.2839 0.0057 0.78 1645.0 14.0 1615.0 29.0 1662.0 22.0 1662.0 22.0 2.8
04JC-01-13.FIN2 524 11.01 2.2800 0.0300 0.2113 0.0033 0.81 1207.0 9.0 1235.0 17.0 1143.0 19.0 1143.0 19.0 8.0
04JC-01-16.FIN2 111 1.33 0.0792 0.0027 0.0108 0.0003 0.00 77.4 2.6 69.3 1.6 317.0 94.0 69.3 1.6 10.5
04JC-01-17.FIN2 226 1.93 2.9860 0.0480 0.2290 0.0039 0.84 1407.0 12.0 1329.0 21.0 1504.0 20.0 1504.0 20.0 11.6
04JC-01-18.FIN2 314 2.64 0.7180 0.0120 0.0863 0.0010 0.71 549.3 7.3 533.4 6.0 658.0 28.0 533.4 6.0 2.9
04JC-01-19.FIN2 479 3.69 0.6510 0.0480 0.0731 0.0037 0.27 505.0 28.0 454.0 22.0 710.0 110.0 454.0 22.0 10.1
04JC-01-20.FIN2 920 1.78 0.1541 0.0032 0.0227 0.0005 0.80 145.5 2.8 144.3 3.2 156.0 33.0 144.3 3.2 0.8
04JC-01-21.FIN2 179 0.79 0.7650 0.0190 0.0917 0.0023 0.26 576.0 11.0 566.0 14.0 618.0 41.0 566.0 14.0 1.7
04JC-01-23.FIN2 298 2.45 0.1348 0.0027 0.0196 0.0003 0.35 128.3 2.4 125.1 2.2 193.0 55.0 125.1 2.2 2.5
04JC-01-24.FIN2 280 2.46 0.0873 0.0025 0.0126 0.0002 0.36 85.0 2.3 80.4 1.3 221.0 59.0 80.4 1.3 5.4
04JC-01-25.FIN2 253 1.69 0.0849 0.0025 0.0127 0.0002 0.14 82.7 2.3 81.3 1.3 142.0 62.0 81.3 1.3 1.7
04JC-01-26.FIN2 277 2.03 0.0788 0.0027 0.0119 0.0004 0.46 77.0 2.5 76.5 2.4 66.0 65.0 76.5 2.4 0.6
04JC-01-27.FIN2 101 2.94 1.6360 0.0360 0.1583 0.0035 0.78 983.0 14.0 947.0 20.0 1031.0 27.0 1031.0 27.0 8.1
04JC-01-30.FIN2 268 1.54 2.4490 0.0630 0.2109 0.0061 0.79 1256.0 18.0 1233.0 32.0 1279.0 34.0 1279.0 34.0 3.6
04JC-01-32.FIN2 114 1.47 0.1042 0.0042 0.0151 0.0005 0.44 100.5 3.9 96.3 3.2 181.0 79.0 96.3 3.2 4.2
04JC-01-33.FIN2 211 21.20 0.6280 0.0220 0.0793 0.0015 0.79 495.0 13.0 491.6 9.2 571.0 59.0 491.6 9.2 0.7 Rim
04JC-01-33.FIN2 218 4.06 9.4200 0.2600 0.3919 0.0099 0.92 2376.0 26.0 2130.0 46.0 2587.0 19.0 2587.0 19.0 17.7 Core
04JC-01-34.FIN2 43 1.54 0.5840 0.0210 0.0744 0.0016 0.31 466.0 14.0 462.4 9.7 471.0 75.0 462.4 9.7 0.8
04JC-01-35.FIN2 278 2.26 0.1894 0.0039 0.0272 0.0006 0.53 176.0 3.3 173.1 3.6 207.0 43.0 173.1 3.6 1.6
04JC-01-36.FIN2 554 2.96 0.2087 0.0042 0.0304 0.0006 0.69 192.4 3.6 193.1 4.0 179.0 36.0 193.1 4.0 0.4
04JC-01-38.FIN2 142 2.35 0.0924 0.0039 0.0130 0.0003 0.08 89.6 3.6 83.3 2.0 251.0 94.0 83.3 2.0 7.0
04JC-01-39.FIN2 156 2.67 1.6320 0.0510 0.1596 0.0053 0.82 981.0 20.0 960.0 31.0 1013.0 40.0 1013.0 40.0 5.2 Core
04JC-01-40.FIN2 296 1.86 0.1937 0.0064 0.0262 0.0005 0.31 179.6 5.4 166.7 3.3 384.0 79.0 166.7 3.3 7.2
04JC-01-43.FIN2 428 11.50 1.1590 0.0310 0.1292 0.0037 0.79 783.0 15.0 783.0 21.0 771.0 36.0 783.0 21.0 0.0
04JC-01-44.FIN2 81 1.86 0.0866 0.0038 0.0124 0.0003 0.24 84.3 3.6 79.4 2.1 293.0 92.0 79.4 2.1 5.8
04JC-01-45.FIN2 662 2.45 0.1836 0.0035 0.0276 0.0007 0.66 171.1 3.0 175.6 4.7 197.0 46.0 175.6 4.7 2.6
04JC-01-46.FIN2 286 3.63 0.1154 0.0025 0.0171 0.0003 0.55 111.1 2.2 109.4 2.0 137.0 41.0 109.4 2.0 1.5
04JC-01-47.FIN2 834 1.68 0.2706 0.0075 0.0369 0.0009 0.75 243.0 6.0 233.7 5.4 333.0 43.0 233.7 5.4 3.8
04JC-01-48.FIN2 800 6.21 0.2152 0.0071 0.0265 0.0007 0.24 197.7 6.0 168.5 4.2 578.0 84.0 168.5 4.2 14.8
04JC-01-49.FIN2 145 2.08 0.1255 0.0030 0.0172 0.0004 0.25 120.0 2.7 109.7 2.6 332.0 68.0 109.7 2.6 8.6
04JC-01-50.FIN2 320 1.52 0.0808 0.0017 0.0121 0.0002 0.32 78.9 1.6 77.8 1.2 80.0 45.0 77.8 1.2 1.4
04JC-01-51.FIN2 537 1.78 1.7030 0.0350 0.1708 0.0034 0.85 1008.0 13.0 1019.0 19.0 971.0 24.0 971.0 24.0 4.9
04JC-01-52.FIN2 281 2.03 0.1278 0.0033 0.0183 0.0004 0.45 122.1 2.9 117.0 2.6 238.0 56.0 117.0 2.6 4.2
04JC-01-53.FIN2 271 2.70 0.0894 0.0044 0.0112 0.0003 0.10 86.8 4.0 71.5 2.1 460.0 110.0 71.5 2.1 17.6
04JC-01-54.FIN2 261 2.12 0.1339 0.0049 0.0177 0.0004 0.27 128.1 4.5 113.1 2.2 342.0 75.0 113.1 2.2 11.7
04JC-01-55.FIN2 222 2.19 0.0844 0.0043 0.0119 0.0003 0.18 82.2 3.9 75.9 1.7 201.0 97.0 75.9 1.7 7.7
04JC-01-56.FIN2 328 2.26 0.0750 0.0029 0.0114 0.0002 0.05 73.4 2.7 73.2 1.4 78.0 82.0 73.2 1.4 0.3
04JC-01-59.FIN2 498 3.44 0.1841 0.0043 0.0267 0.0005 0.55 171.5 3.7 169.6 3.4 192.0 46.0 169.6 3.4 1.1
04JC-01-60.FIN2 199 2.04 0.0795 0.0022 0.0117 0.0002 0.06 77.6 2.1 75.0 1.3 147.0 68.0 75.0 1.3 3.4
04JC-01-61.FIN2 499 1.14 0.0916 0.0024 0.0133 0.0003 0.57 88.9 2.2 85.1 2.0 181.0 57.0 85.1 2.0 4.3
04JC-01-63.FIN2 261 2.48 0.0818 0.0027 0.0122 0.0003 0.49 79.8 2.5 77.9 2.1 110.0 58.0 77.9 2.1 2.4
04JC-01-64.FIN2 333 4.92 0.1955 0.0037 0.0275 0.0005 0.60 181.2 3.2 174.5 3.4 233.0 36.0 174.5 3.4 3.7
04JC-01-65.FIN2 64 2.36 2.2610 0.0580 0.1989 0.0051 0.73 1199.0 18.0 1169.0 27.0 1241.0 37.0 1241.0 37.0 5.8
04JC-01-66.FIN2 169 2.08 0.1074 0.0031 0.0162 0.0003 0.19 103.5 2.9 103.6 2.2 121.0 71.0 103.6 2.2 0.1
04JC-01-67.FIN2 323 1.76 0.1087 0.0046 0.0132 0.0003 0.40 104.6 4.2 84.8 1.6 555.0 89.0 84.8 1.6 18.9
04JC-01-70.FIN2 116 1.74 0.3155 0.0077 0.0434 0.0008 0.11 278.2 5.9 273.6 4.8 316.0 60.0 273.6 4.8 1.7
04JC-01-71.FIN2 512 1.78 1.7340 0.0200 0.1797 0.0021 0.78 1020.9 7.5 1065.0 12.0 929.0 18.0 929.0 18.0 14.6
04JC-01-75.FIN2 277 2.41 0.6108 0.0097 0.0780 0.0013 0.61 483.8 6.1 484.1 7.6 509.0 29.0 484.1 7.6 0.1
04JC-01-76.FIN2 133 3.83 0.0814 0.0025 0.0125 0.0004 0.29 79.4 2.3 80.3 2.2 128.0 74.0 80.3 2.2 1.1
04JC-01-77.FIN2 320 19.90 0.2558 0.0075 0.0371 0.0010 0.62 231.1 6.1 235.0 6.5 237.0 49.0 235.0 6.5 1.7



04JC-01-78.FIN2 386 1.42 0.0844 0.0023 0.0125 0.0003 0.57 82.3 2.1 80.1 1.8 195.0 54.0 80.1 1.8 2.7
04JC-01-79.FIN2 185 2.96 2.5990 0.0530 0.2222 0.0052 0.82 1299.0 15.0 1293.0 27.0 1318.0 26.0 1318.0 26.0 1.9
04JC-01-80.FIN2 221 1.28 0.5460 0.0190 0.0696 0.0026 0.61 441.0 13.0 433.0 16.0 478.0 82.0 433.0 16.0 1.8
04JC-01-81.FIN2 315 1.77 0.9980 0.0180 0.1164 0.0025 0.61 702.4 8.9 710.0 14.0 689.0 35.0 710.0 14.0 1.1
04JC-01-82.FIN2 343 1.27 0.0844 0.0017 0.0127 0.0003 0.47 82.3 1.6 81.5 1.6 115.0 44.0 81.5 1.6 1.0
04JC-01-84.FIN2 57 1.15 1.2310 0.0300 0.1347 0.0035 0.60 814.0 13.0 814.0 20.0 794.0 47.0 814.0 20.0 0.0
04JC-01-85.FIN2 147 2.21 0.1120 0.0038 0.0168 0.0005 0.46 107.7 3.5 107.6 3.2 115.0 71.0 107.6 3.2 0.1
04JC-01-89.FIN2 322 3.53 2.5910 0.0310 0.2201 0.0029 0.67 1300.1 8.7 1282.0 16.0 1320.0 21.0 1320.0 21.0 2.9
04JC-01-88.FIN2 271 2.20 10.3080 0.0900 0.4215 0.0042 0.79 2462.4 8.1 2267.0 19.0 2622.0 11.0 2622.0 11.0 13.5
04JC-01-91.FIN2 188 1.03 1.3570 0.0260 0.1396 0.0024 0.64 870.0 11.0 842.0 14.0 927.0 31.0 842.0 14.0 3.2
04JC-01-93.FIN2 318 2.00 3.5030 0.0990 0.2637 0.0065 0.86 1525.0 22.0 1508.0 33.0 1537.0 28.0 1537.0 28.0 1.9
04JC-01-96.FIN2 118 2.12 0.7730 0.0140 0.0929 0.0015 0.42 581.2 8.1 572.7 8.8 613.0 42.0 572.7 8.8 1.5
04JC-01-97.FIN2 157 2.35 0.1912 0.0064 0.0262 0.0007 0.41 177.4 5.4 167.3 4.1 303.0 60.0 167.3 4.1 5.7
04JC-01-99.FIN2 204 1.76 0.5610 0.0140 0.0717 0.0019 0.72 451.2 8.9 446.0 11.0 460.0 47.0 446.0 11.0 1.2
04JC-01-100.FIN2 814 1.31 0.8980 0.0170 0.1071 0.0021 0.88 651.5 9.2 656.0 12.0 593.0 23.0 656.0 12.0 0.7
04JC-01-102.FIN2 93 1.19 0.1885 0.0062 0.0270 0.0005 0.50 175.8 5.2 171.7 2.9 211.0 66.0 171.7 2.9 2.3
04JC-01-103.FIN2 68 2.04 1.6300 0.0320 0.1615 0.0029 0.60 981.0 12.0 965.0 16.0 1017.0 33.0 1017.0 33.0 5.1
04JC-01-105.FIN2 449 2.32 0.8560 0.0170 0.1022 0.0023 0.67 627.5 9.1 627.0 13.0 621.0 35.0 627.0 13.0 0.1
04JC-01-107.FIN2 188 0.81 8.4300 0.1200 0.3702 0.0062 0.80 2280.0 13.0 2029.0 29.0 2510.0 15.0 2510.0 15.0 19.2
04JC-01-109.FIN2 393 4.41 0.8220 0.0140 0.0956 0.0014 0.71 608.7 7.5 588.3 8.1 651.0 24.0 588.3 8.1 3.4
04JC-01-111.FIN2 214 5.58 0.2315 0.0085 0.0299 0.0011 0.80 212.1 7.1 189.8 6.6 470.0 46.0 189.8 6.6 10.5
04JC-01-112.FIN2 143 1.84 0.0818 0.0029 0.0123 0.0003 0.33 79.8 2.7 78.9 2.1 134.0 75.0 78.9 2.1 1.1
04JC-01-116.FIN2 117 1.74 0.0849 0.0035 0.0120 0.0003 0.14 82.6 3.3 77.1 1.9 243.0 92.0 77.1 1.9 6.7
04JC-01-118.FIN2 120 2.09 0.1195 0.0036 0.0176 0.0004 0.39 114.5 3.2 112.6 2.5 135.0 57.0 112.6 2.5 1.7
04JC-01-119.FIN2 272 2.63 0.0789 0.0027 0.0119 0.0004 0.42 77.0 2.6 76.2 2.2 80.0 78.0 76.2 2.2 1.0

San	Felipe	Formation	(sample:	05-JC02);	coordinates:	21º	20.887'N,	99º	33.011'W
05JC02_1.FIN2 780 2.62 0.0921 0.0030 0.0137 0.0004 0.30 89.4 2.8 87.9 2.6 134.0 78.0 87.9 2.6 1.7
05JC02_2.FIN2 616 4.57 0.0891 0.0017 0.0134 0.0002 0.44 86.7 1.6 85.7 1.2 103.0 38.0 85.7 1.2 1.2
05JC02_3.FIN2 660 3.63 0.0951 0.0018 0.0140 0.0002 0.40 92.2 1.7 89.6 1.2 148.0 36.0 89.6 1.2 2.8
05JC02_4.FIN2 1112 2.81 0.0932 0.0016 0.0140 0.0002 0.45 90.5 1.4 89.5 1.1 121.0 35.0 89.5 1.1 1.1
05JC02_6.FIN2 689 2.99 0.0916 0.0018 0.0140 0.0002 0.37 89.0 1.6 89.7 1.0 81.0 34.0 89.7 1 0.8
05JC02_7.FIN2 715 3.65 0.0918 0.0015 0.0139 0.0002 0.44 89.2 1.4 88.7 1.2 114.0 35.0 88.7 1.2 0.6
05JC02_8.FIN2 770 3.26 0.0937 0.0024 0.0139 0.0002 0.30 90.9 2.2 89.1 1.2 127.0 49.0 89.1 1.2 2.0
05JC02_9.FIN2 807 2.19 0.0965 0.0017 0.0145 0.0002 0.46 93.5 1.6 92.8 1.1 111.0 34.0 92.8 1.1 0.7
05JC02_10.FIN2 923 2.86 0.0942 0.0016 0.0143 0.0002 0.28 91.3 1.5 91.5 1.1 85.0 33.0 91.5 1.1 0.2
05JC02_11.FIN2 592 2.43 0.0909 0.0019 0.0138 0.0003 0.06 88.3 1.8 88.3 1.6 89.0 51.0 88.3 1.6 0.0
05JC02_12.FIN2 484 1.36 0.5870 0.0100 0.0758 0.0015 0.90 468.6 6.4 470.9 8.9 464.0 19.0 470.9 8.9 0.5
05JC02_13.FIN2 518 2.46 0.1018 0.0030 0.0138 0.0004 0.52 98.4 2.7 88.5 2.7 352.0 79.0 88.5 2.7 10.1
05JC02_15.FIN2 642 3.24 0.0982 0.0017 0.0145 0.0002 0.55 95.1 1.6 93.1 1.4 112.0 36.0 93.1 1.4 2.1
05JC02_16.FIN2 589 2.89 0.0945 0.0022 0.0145 0.0003 0.68 91.6 2.1 92.9 2.0 52.0 37.0 92.9 2 1.4
05JC02_17.FIN2 231 1.80 0.0847 0.0022 0.0124 0.0003 0.38 82.5 2.1 79.4 1.6 161.0 58.0 79.4 1.6 3.8
05JC02_18.FIN2 571 4.66 0.0997 0.0021 0.0146 0.0002 0.48 96.5 1.9 93.5 1.4 144.0 42.0 93.5 1.4 3.1
05JC02_19.FIN2 770 3.00 0.0962 0.0026 0.0145 0.0002 0.47 93.2 2.4 92.8 1.5 102.0 51.0 92.8 1.5 0.4
05JC02_20.FIN2 805 2.98 0.0991 0.0014 0.0151 0.0002 0.44 95.9 1.3 96.7 1.1 94.0 31.0 96.7 1.1 0.8
05JC02_21.FIN2 698 3.52 0.0981 0.0017 0.0146 0.0002 0.05 95.0 1.6 93.3 0.9 137.0 38.0 93.3 0.93 1.8
05JC02_22.FIN2 182 2.08 0.0838 0.0022 0.0125 0.0002 0.10 81.7 2.0 80.3 1.5 146.0 69.0 80.3 1.5 1.7
05JC02_23.FIN2 690 4.11 0.0967 0.0018 0.0145 0.0002 0.35 93.7 1.7 92.8 1.3 115.0 39.0 92.8 1.3 1.0
05JC02_24.FIN2 272 1.84 0.0833 0.0026 0.0126 0.0002 0.28 81.2 2.5 80.4 1.2 96.0 64.0 80.4 1.2 1.0
05JC02_25.FIN2 216 2.57 0.0884 0.0032 0.0130 0.0003 0.46 85.9 3.0 83.1 2.0 135.0 75.0 83.1 2 3.3
05JC02_26.FIN2 669 3.69 0.1002 0.0018 0.0149 0.0002 0.42 96.9 1.7 95.2 1.5 136.0 40.0 95.2 1.5 1.8
05JC02_27.FIN2 1025 2.12 0.0982 0.0021 0.0147 0.0003 0.54 95.1 1.9 94.2 2.2 110.0 51.0 94.2 2.2 0.9
05JC02_28.FIN2 175 1.76 0.0867 0.0035 0.0124 0.0003 0.05 84.4 3.3 79.4 1.7 196.0 89.0 79.4 1.7 5.9
05JC02_29.FIN2 552 3.40 0.0944 0.0019 0.0140 0.0002 0.46 91.5 1.8 89.8 1.2 145.0 40.0 89.8 1.2 1.9
05JC02_30.FIN2 1030 2.42 0.1015 0.0016 0.0153 0.0002 0.40 98.1 1.5 98.1 1.2 95.0 34.0 98.1 1.2 0.0
05JC02_31.FIN2 673 3.03 0.0952 0.0016 0.0145 0.0002 0.34 92.3 1.4 92.6 1.1 89.0 36.0 92.6 1.1 0.3
05JC02_32.FIN2 756 2.53 0.1048 0.0020 0.0156 0.0002 0.35 101.2 1.8 99.6 1.3 136.0 41.0 99.6 1.3 1.6
05JC02_33.FIN2 774 2.57 0.1005 0.0016 0.0150 0.0002 0.13 97.2 1.5 96.2 1.0 119.0 35.0 96.2 1 1.0
05JC02_34.FIN2 774 2.47 0.0997 0.0021 0.0147 0.0002 0.11 96.5 1.9 94.2 1.3 145.0 44.0 94.2 1.3 2.4
05JC02_35.FIN2 997 2.75 0.1048 0.0018 0.0153 0.0003 0.26 101.2 1.6 97.6 1.7 185.0 38.0 97.6 1.7 3.6
05JC02_36.FIN2 142 2.30 0.0875 0.0041 0.0122 0.0004 0.09 85.1 3.8 77.9 2.7 250.0 100.0 77.9 2.7 8.5
05JC02_37.FIN2 1162 1.97 0.0942 0.0013 0.0145 0.0001 0.41 91.4 1.2 92.5 0.9 73.0 29.0 92.5 0.88 1.2
05JC02_38.FIN2 107 3.25 0.1012 0.0062 0.0126 0.0004 0.04 97.7 5.7 80.9 2.8 540.0 140.0 80.9 2.8 17.2



05JC02_39.FIN2 655 1.83 0.1036 0.0019 0.0153 0.0002 0.02 100.1 1.7 98.2 1.0 128.0 40.0 98.2 0.98 1.9
05JC02_40.FIN2 697 3.16 0.0970 0.0031 0.0147 0.0002 0.21 94.0 2.9 94.3 1.4 71.0 61.0 94.3 1.4 0.3
05JC02_41.FIN2 241 1.96 0.0827 0.0032 0.0124 0.0002 0.10 80.6 3.0 79.5 1.5 95.0 73.0 79.5 1.5 1.4
05JC02_42.FIN2 770 2.64 0.0977 0.0014 0.0145 0.0002 0.30 94.8 1.3 92.7 1.1 142.0 33.0 92.7 1.1 2.2
05JC02_43.FIN2 577 5.06 0.0967 0.0019 0.0141 0.0003 0.40 93.7 1.8 90.5 2.0 157.0 54.0 90.5 2 3.4
05JC02_44.FIN2 741 3.57 0.0983 0.0019 0.0148 0.0002 0.30 95.2 1.7 94.5 1.4 106.0 45.0 94.5 1.4 0.7
05JC02_45.FIN2 1092 3.22 0.1001 0.0014 0.0150 0.0002 0.55 96.9 1.2 96.1 1.0 108.0 27.0 96.1 0.96 0.9
05JC02_46.FIN2 270 1.86 0.0924 0.0029 0.0128 0.0002 0.33 90.0 2.7 82.2 1.4 282.0 67.0 82.2 1.4 8.7
05JC02_47.FIN2 730 2.71 0.0989 0.0018 0.0151 0.0002 0.45 95.7 1.7 96.3 1.2 83.0 34.0 96.3 1.2 0.6
05JC02_48.FIN2 672 3.10 0.0984 0.0015 0.0149 0.0002 0.16 95.3 1.4 95.5 1.0 92.0 36.0 95.5 0.97 0.3
05JC02_49.FIN2 759 2.60 0.0997 0.0014 0.0151 0.0001 0.09 96.5 1.3 96.6 0.8 88.0 35.0 96.6 0.82 0.1
05JC02_50.FIN2 837 2.52 0.0992 0.0016 0.0149 0.0002 0.50 96.0 1.5 95.4 1.4 99.0 35.0 95.4 1.4 0.6
05JC02_51.FIN2 556 2.39 0.0946 0.0018 0.0137 0.0002 0.41 91.8 1.7 87.5 1.4 184.0 44.0 87.5 1.4 4.7
05JC02_52.FIN2 732 3.18 0.0974 0.0016 0.0144 0.0002 0.30 94.4 1.4 92.1 1.2 144.0 39.0 92.1 1.2 2.4
05JC02_53.FIN2 696 4.33 0.1022 0.0020 0.0157 0.0003 0.48 98.8 1.9 100.2 1.7 70.0 36.0 100.2 1.7 1.4
05JC02_54.FIN2 734 3.21 0.0986 0.0014 0.0149 0.0002 0.37 95.4 1.3 95.1 0.9 119.0 32.0 95.1 0.92 0.3
05JC02_55.FIN2 768 1.93 0.1005 0.0017 0.0147 0.0002 0.55 97.2 1.6 93.9 1.2 173.0 38.0 93.9 1.2 3.4
05JC02_56.FIN2 765 3.03 0.0999 0.0019 0.0148 0.0002 0.53 96.6 1.8 94.9 1.5 142.0 40.0 94.9 1.5 1.8
05JC02_57.FIN2 437 2.73 0.0957 0.0017 0.0133 0.0002 0.35 92.7 1.6 85.4 1.4 299.0 44.0 85.4 1.4 7.9
05JC02_58.FIN2 942 3.04 0.1014 0.0020 0.0152 0.0002 0.40 98.3 1.8 97.0 1.1 133.0 39.0 97.0 1.1 1.3
05JC02_59.FIN2 1536 2.58 0.1040 0.0013 0.0156 0.0002 0.40 100.4 1.2 99.9 1.2 105.0 29.0 99.9 1.2 0.5
05JC02_60.FIN2 1255 2.75 0.1070 0.0020 0.0161 0.0003 0.52 103.2 1.9 102.7 1.7 108.0 46.0 102.7 1.7 0.5
05JC02_61.FIN2 270 1.68 0.0919 0.0029 0.0129 0.0002 0.45 89.2 2.7 82.5 1.4 260.0 68.0 82.5 1.4 7.5
05JC02_62.FIN2 310 1.74 0.0876 0.0035 0.0129 0.0004 0.20 85.2 3.3 82.6 2.3 156.0 93.0 82.6 2.3 3.1
05JC02_63.FIN2 914 3.17 0.0989 0.0013 0.0149 0.0001 0.23 95.7 1.2 95.5 0.9 97.0 31.0 95.5 0.87 0.2
05JC02_64.FIN2 662 3.15 0.0968 0.0016 0.0142 0.0002 0.34 93.8 1.5 90.9 1.1 151.0 38.0 90.9 1.1 3.1
05JC02_68.FIN2 700 3.70 0.0975 0.0015 0.0148 0.0002 0.38 94.5 1.4 94.6 1.2 80.0 35.0 94.6 1.2 0.1
05JC02_70.FIN2 75 2.41 1.8900 0.0240 0.1850 0.0018 0.42 1076.9 8.5 1094.0 10.0 1053.0 26.0 1053.0 26 3.9
05JC02_72.FIN2 1248 1.41 0.0957 0.0018 0.0145 0.0003 0.47 92.7 1.7 92.9 1.6 90.0 34.0 92.9 1.6 0.2
05JC02a_1.FIN2 764 3.59 0.0838 0.0025 0.0124 0.0002 0.08 81.6 2.3 79.7 1.3 134.0 71.0 79.7 1.3 2.3
05JC02a_2.FIN2 558 3.76 0.0731 0.0037 0.0112 0.0004 0.40 71.5 3.5 71.7 2.4 109.0 94.0 71.7 2.4 0.3
05JC02a_3.FIN2 1065 3.72 0.0852 0.0021 0.0124 0.0002 0.16 83.0 2.0 79.6 1.2 161.0 62.0 79.6 1.2 4.1
05JC02a_4.FIN2 664 3.49 0.0885 0.0029 0.0127 0.0002 0.20 86.0 2.7 81.3 1.3 211.0 70.0 81.3 1.3 5.5
05JC02a_5.FIN2 188 2.24 0.0807 0.0050 0.0123 0.0003 0.14 79.2 4.8 78.6 2.1 90.0 120.0 78.6 2.1 0.8
05JC02a_7.FIN2 1473 3.70 0.0871 0.0017 0.0129 0.0002 0.04 84.8 1.6 82.6 1.1 156.0 53.0 82.6 1.1 2.6
05JC02a_8.FIN2 229 2.68 0.0917 0.0058 0.0121 0.0004 0.08 88.8 5.4 77.2 2.4 390.0 150.0 77.2 2.4 13.1
05JC02a_10.FIN2 978 3.44 0.0867 0.0025 0.0130 0.0002 0.20 84.4 2.4 83.2 1.3 96.0 61.0 83.2 1.3 1.4
05JC02a_11.FIN2 683 2.83 0.0885 0.0033 0.0125 0.0003 0.20 86.1 3.0 80.1 1.7 234.0 76.0 80.1 1.7 7.0
05JC02a_12.FIN2 289 1.80 0.0829 0.0042 0.0125 0.0004 0.05 80.8 3.9 79.9 2.3 110.0 100.0 79.9 2.3 1.1
05JC02a_13.FIN2 283 2.04 0.0793 0.0038 0.0121 0.0003 0.09 77.4 3.6 77.3 2.1 100.0 100.0 77.3 2.1 0.1
05JC02a_14.FIN2 923 4.63 0.0980 0.0029 0.0127 0.0003 0.20 94.8 2.7 81.5 1.7 425.0 67.0 81.5 1.7 14.0
05JC02a_16.FIN2 658 4.06 0.0845 0.0028 0.0127 0.0003 0.16 82.3 2.6 81.2 2.0 104.0 72.0 81.2 2 1.3
05JC02a_17.FIN2 765 3.89 0.0846 0.0026 0.0124 0.0002 0.16 82.4 2.4 79.6 1.5 166.0 70.0 79.6 1.5 3.4
05JC02a_19.FIN2 1184 3.56 0.0840 0.0022 0.0125 0.0002 0.45 81.9 2.0 80.3 1.5 112.0 51.0 80.3 1.5 2.0
05JC02a_20.FIN2 867 3.85 0.0838 0.0036 0.0123 0.0003 0.39 81.6 3.4 78.5 1.7 139.0 84.0 78.5 1.7 3.8
05JC02a_21.FIN2 493 3.04 0.0862 0.0034 0.0128 0.0003 0.02 83.8 3.2 82.1 2.0 104.0 94.0 82.1 2 2.0
05JC02a_22.FIN2 929 3.92 0.0815 0.0025 0.0122 0.0002 0.33 79.5 2.4 78.3 1.5 126.0 63.0 78.3 1.5 1.5
05JC02a_23.FIN2 959 3.95 0.0847 0.0027 0.0121 0.0002 0.04 82.5 2.6 77.7 1.3 209.0 76.0 77.7 1.3 5.8
05JC02a_24.FIN2 774 4.55 0.0816 0.0033 0.0126 0.0003 0.15 79.5 3.1 81.0 1.6 41.0 76.0 81.0 1.6 1.9
05JC02a_25.FIN2 1561 4.80 0.0849 0.0031 0.0127 0.0003 0.44 82.7 2.9 81.3 2.0 64.0 64.0 81.3 2 1.7
05JC02a_26.FIN2 735 3.26 0.0863 0.0031 0.0132 0.0003 0.05 84.0 2.9 84.6 1.6 56.0 69.0 84.6 1.6 0.7
05JC02a_27.FIN2 1122 3.32 0.0881 0.0026 0.0131 0.0003 0.18 85.7 2.5 84.0 1.7 121.0 64.0 84.0 1.7 2.0
05JC02a_28.FIN2 272 1.60 0.0918 0.0045 0.0128 0.0004 0.00 89.0 4.2 82.1 2.4 270.0 110.0 82.1 2.4 7.8
05JC02a_29.FIN2 343 2.09 0.0809 0.0041 0.0117 0.0003 0.32 78.9 3.8 74.7 2.1 200.0 110.0 74.7 2.1 5.3
05JC02a_30.FIN2 1343 3.58 0.0879 0.0024 0.0132 0.0002 0.45 85.5 2.2 84.3 1.5 127.0 48.0 84.3 1.5 1.4
05JC02a_31.FIN2 751 3.40 0.0812 0.0030 0.0124 0.0003 0.33 79.2 2.9 79.3 1.8 88.0 72.0 79.3 1.8 0.1
05JC02a_32.FIN2 963 3.00 0.0866 0.0026 0.0126 0.0003 0.22 84.2 2.4 80.6 1.7 186.0 66.0 80.6 1.7 4.3
05JC02a_33.FIN2 824 3.05 0.0882 0.0031 0.0135 0.0002 0.09 85.7 2.9 86.6 1.5 23.0 75.0 86.6 1.5 1.1
05JC02a_34.FIN2 1280 3.40 0.0870 0.0024 0.0131 0.0002 0.28 84.6 2.2 83.7 1.1 98.0 58.0 83.7 1.1 1.1
05JC02a_35.FIN2 1068 3.69 0.0868 0.0024 0.0132 0.0002 0.06 84.5 2.3 84.3 1.4 110.0 67.0 84.3 1.4 0.2
05JC02a_36.FIN2 710 5.21 0.0834 0.0025 0.0128 0.0003 0.11 81.2 2.3 82.1 1.6 66.0 68.0 82.1 1.6 1.1
05JC02a_37.FIN2 831 3.94 0.0800 0.0026 0.0122 0.0002 0.06 78.5 2.5 77.9 1.3 111.0 75.0 77.9 1.3 0.8
05JC02a_38.FIN2 702 3.85 0.0901 0.0033 0.0131 0.0002 0.21 88.0 3.0 84.0 1.5 220.0 79.0 84.0 1.5 4.5



05JC02a_39.FIN2 250 1.38 0.0901 0.0053 0.0123 0.0004 0.14 87.4 4.9 78.8 2.3 300.0 120.0 78.8 2.3 9.8

San	Felipe	Formation	(sample:	48-AZ02);	coordinates:	21º	14.238'N,	99º	06.931'W
Lawton3-1.FIN2 347 1.78 0.0899 0.0028 0.0124 0.0002 0.34 87.3 2.6 79.2 1.1 302.0 63.0 79.2 1.1 9.3
Lawton3-2.FIN2 372 2.86 0.0843 0.0027 0.0122 0.0002 0.21 82.1 2.6 77.9 1.5 196.0 71.0 77.9 1.5 5.1
Lawton3-3.FIN2 152 1.35 0.0850 0.0036 0.0125 0.0003 0.34 82.7 3.3 79.8 1.7 166.0 81.0 79.8 1.7 3.5
Lawton3-4.FIN2 233 2.57 0.0826 0.0029 0.0122 0.0002 0.22 80.5 2.7 78.2 1.3 143.0 69.0 78.2 1.3 2.9
Lawton3-5.FIN2 153 1.50 0.0852 0.0034 0.0128 0.0002 0.05 82.8 3.1 82.2 1.4 117.0 81.0 82.2 1.4 0.7
Lawton3-6.FIN2 216 2.66 0.0861 0.0040 0.0127 0.0003 0.30 83.7 3.7 81.3 1.6 142.0 87.0 81.3 1.6 2.9
Lawton3-7.FIN2 75 0.95 0.0839 0.0056 0.0126 0.0003 0.29 81.4 5.2 80.4 1.9 110.0 120.0 80.4 1.9 1.2
Lawton3-8.FIN2 85 0.91 0.0874 0.0063 0.0128 0.0003 0.21 84.7 5.8 82.3 2.2 140.0 130.0 82.3 2.2 2.8
Lawton3-9.FIN2 81 0.64 0.0890 0.0062 0.0124 0.0002 0.02 86.0 5.8 79.7 1.4 210.0 130.0 79.7 1.4 7.3
Lawton3-10.FIN2 135 1.09 0.0907 0.0056 0.0131 0.0003 0.01 87.9 5.3 84.1 1.8 190.0 130.0 84.1 1.8 4.3
Lawton3-12.FIN2 292 4.47 0.0837 0.0035 0.0129 0.0002 0.18 81.5 3.3 82.6 1.5 65.0 82.0 82.6 1.5 1.3
Lawton3-13.FIN2 526 6.71 0.0839 0.0019 0.0126 0.0002 0.06 81.7 1.7 80.5 1.4 121.0 50.0 80.5 1.4 1.5
Lawton3-14.FIN2 460 5.12 0.0881 0.0048 0.0129 0.0005 0.14 85.7 4.4 82.8 2.8 160.0 120.0 82.8 2.8 3.4
Lawton3-15.FIN2 120 1.14 0.0868 0.0041 0.0128 0.0002 0.12 84.3 3.8 81.8 1.3 140.0 93.0 81.8 1.3 3.0
Lawton3-16.FIN2 187 1.81 0.0867 0.0040 0.0125 0.0003 0.30 84.2 3.7 80.0 1.9 158.0 84.0 80.0 1.9 5.0
Lawton3-17.FIN2 116 1.14 0.0838 0.0058 0.0128 0.0005 0.29 81.5 5.4 81.9 3.2 100.0 130.0 81.9 3.2 0.5
Lawton3-19.FIN2 246 3.14 0.0806 0.0028 0.0120 0.0002 0.33 78.6 2.7 76.7 1.5 140.0 74.0 76.7 1.5 2.4
Lawton3-20.FIN2 244 2.48 0.0866 0.0038 0.0131 0.0003 0.22 84.2 3.5 83.7 1.6 107.0 84.0 83.7 1.6 0.6
Lawton3-21.FIN2 268 4.51 0.0854 0.0034 0.0130 0.0003 0.36 83.1 3.1 83.1 1.7 108.0 73.0 83.1 1.7 0.0
Lawton3-22.FIN2 316 2.75 0.0874 0.0041 0.0126 0.0003 0.14 85.6 4.1 80.8 1.8 210.0 100.0 80.8 1.8 5.6
Lawton3-23.FIN2 238 5.61 0.0893 0.0039 0.0126 0.0003 0.40 86.8 3.6 80.5 1.9 236.0 88.0 80.5 1.9 7.3
Lawton3-24.FIN2 202 2.19 0.0842 0.0031 0.0127 0.0002 0.02 81.9 2.9 81.1 1.4 102.0 76.0 81.1 1.4 1.0
Lawton3-25.FIN2 128 1.59 0.0885 0.0044 0.0126 0.0002 0.05 86.9 4.3 80.8 1.6 230.0 100.0 80.8 1.6 7.0
Lawton3-26.FIN2 119 1.72 0.0831 0.0044 0.0124 0.0003 0.05 80.8 4.1 79.3 1.7 130.0 100.0 79.3 1.7 1.9
Lawton3-27.FIN2 226 1.31 0.0851 0.0035 0.0125 0.0003 0.32 82.8 3.3 80.3 1.8 143.0 82.0 80.3 1.8 3.0
Lawton3-28.FIN2 185 1.46 0.0849 0.0036 0.0121 0.0002 0.15 82.6 3.4 77.5 1.3 220.0 88.0 77.5 1.3 6.2
Lawton3-29.FIN2 146 0.73 0.3170 0.0180 0.0424 0.0009 0.28 279.0 13.0 267.9 5.5 360.0 110.0 267.9 5.5 4.0
Lawton3-30.FIN2 102 2.73 0.0900 0.0052 0.0128 0.0003 0.02 87.1 4.9 82.0 2.2 230.0 120.0 82.0 2.2 5.9
Lawton3-31.FIN2 180 2.41 0.0900 0.0037 0.0128 0.0002 0.22 87.3 3.4 81.7 1.4 224.0 78.0 81.7 1.4 6.4
Lawton3-32.FIN2 237 1.69 0.0867 0.0032 0.0129 0.0002 0.12 84.3 3.0 82.5 1.2 130.0 72.0 82.5 1.2 2.1
Lawton3-33.FIN2 235 1.16 0.0917 0.0030 0.0135 0.0003 0.15 89.0 2.8 86.2 1.6 162.0 70.0 86.2 1.6 3.1
Lawton3-35.FIN2 162 1.02 0.0866 0.0032 0.0128 0.0002 0.08 84.1 3.0 82.3 1.2 146.0 75.0 82.3 1.2 2.1
Lawton3-36.FIN2 154 0.71 0.0840 0.0040 0.0128 0.0003 0.25 81.7 3.7 82.0 1.7 94.0 90.0 82.0 1.7 0.4
Lawton3-37.FIN2 183 1.74 1.6920 0.0630 0.1692 0.0058 0.90 1002.0 24.0 1007.0 32.0 995.0 33.0 995.0 33 1.2
Lawton3-38.FIN2 430 2.02 0.0909 0.0033 0.0130 0.0002 0.03 88.2 3.1 83.5 1.3 207.0 76.0 83.5 1.3 5.3
Lawton3-39.FIN2 191 2.07 0.0824 0.0033 0.0131 0.0002 0.31 80.3 3.1 84.2 1.4 3.0 70.0 84.2 1.4 4.9
Lawton3-40.FIN2 134 0.80 0.0835 0.0040 0.0128 0.0002 0.19 81.2 3.7 82.2 1.2 67.0 86.0 82.2 1.2 1.2
Lawton3-41.FIN2 216 1.34 0.0867 0.0034 0.0124 0.0002 0.29 84.7 3.3 79.2 1.5 221.0 74.0 79.2 1.5 6.5
Lawton3-42.FIN2 560 5.44 0.0841 0.0048 0.0125 0.0004 0.39 81.9 4.5 80.3 2.4 160.0 110.0 80.3 2.4 2.0
Lawton3-43.FIN2 429 5.03 0.0854 0.0039 0.0129 0.0003 0.44 83.1 3.7 82.4 2.0 122.0 78.0 82.4 2 0.8
Lawton3-45.FIN2 55 1.72 0.0838 0.0049 0.0127 0.0003 0.04 82.0 4.7 81.1 1.9 120.0 120.0 81.1 1.9 1.1
Lawton3-47.FIN2 117 2.08 0.0886 0.0063 0.0127 0.0003 0.16 86.0 5.9 81.1 2.1 200.0 140.0 81.1 2.1 5.7
Lawton3-48.FIN2 192 1.13 0.0840 0.0046 0.0124 0.0003 0.09 81.8 4.3 79.1 1.8 170.0 110.0 79.1 1.8 3.3
Lawton3-49.FIN2 93 1.06 0.0787 0.0038 0.0122 0.0002 0.04 77.2 3.7 78.4 1.5 90.0 100.0 78.4 1.5 1.6
Lawton3-50.FIN2 169 1.24 0.0850 0.0037 0.0124 0.0002 0.14 82.6 3.4 79.4 1.3 182.0 86.0 79.4 1.3 3.9
Lawton3-51.FIN2 160 1.11 0.0849 0.0039 0.0124 0.0002 0.16 82.5 3.7 79.3 1.3 167.0 89.0 79.3 1.3 3.9
Lawton3-52.FIN2 294 1.67 0.0854 0.0034 0.0121 0.0003 0.17 83.0 3.2 77.6 1.8 240.0 86.0 77.6 1.8 6.5
Lawton3-53.FIN2 126 0.88 0.0826 0.0038 0.0122 0.0002 0.01 80.4 3.6 78.0 1.5 163.0 97.0 78.0 1.5 3.0
Lawton3-54.FIN2 156 1.56 0.0823 0.0041 0.0123 0.0002 0.26 80.1 3.9 78.8 1.6 161.0 95.0 78.8 1.6 1.6
Lawton3-55.FIN2 147 0.88 0.0776 0.0041 0.0120 0.0002 0.22 75.7 3.8 76.6 1.3 71.0 97.0 76.6 1.3 1.2
Lawton3-57.FIN2 120 1.05 0.0834 0.0054 0.0123 0.0003 0.13 81.0 5.0 79.0 1.6 130.0 120.0 79.0 1.6 2.5
Lawton3-59.FIN2 170 1.47 0.0853 0.0033 0.0126 0.0002 0.18 82.9 3.0 80.9 1.3 160.0 77.0 80.9 1.3 2.4

Unnamed	turbidites	near	the	city	Río	Grande;	Mesa	Central	(sample:	13-26IV14);	coordinates:	23º	48.061'N,	103º	01.009'W
13_26IV14_1 294 2.58 1.9630 0.0580 0.1852 0.0042 0.94 1100.0 20.0 1095.0 23.0 1102.0 19.0 1102.0 19 0.6
13_26IV14_2 299 2.11 3.3520 0.0290 0.2585 0.0021 0.69 1492.9 6.8 1482.0 11.0 1498.0 14.0 1498.0 14 1.1
13_26IV14_3 247 2.54 1.6480 0.0160 0.1615 0.0020 0.40 988.4 6.0 965.0 11.0 1037.0 27.0 1037.0 27 6.9
13_26IV14_4 139 1.37 0.1095 0.0038 0.0154 0.0003 0.16 105.4 3.5 98.4 1.6 253.0 76.0 98.4 1.6 6.6
13_26IV14_5 421 1.83 0.6199 0.0075 0.0762 0.0008 0.67 489.6 4.7 473.6 4.9 550.0 21.0 473.6 4.9 3.3
13_26IV14_6 811 0.94 0.2219 0.0027 0.0320 0.0003 0.56 203.4 2.3 202.8 1.9 210.0 27.0 202.8 1.9 0.3



13_26IV14_7 138 1.71 1.9530 0.0260 0.1853 0.0018 0.41 1099.0 8.9 1095.6 9.6 1090.0 26.0 1090.0 26 0.5
13_26IV14_8 331 2.05 3.1150 0.0380 0.2473 0.0037 0.77 1436.7 9.5 1424.0 19.0 1437.0 20.0 1437.0 20 0.9
13_26IV14_9 90 1.09 0.5583 0.0097 0.0713 0.0009 0.41 450.1 6.3 443.6 5.6 478.0 36.0 443.6 5.6 1.4
13_26IV14_10 616 19.31 0.8340 0.0170 0.0995 0.0015 0.91 615.0 9.2 612.6 8.8 629.0 19.0 612.6 8.8 0.4
13_26IV14_11 293 1.57 0.1762 0.0037 0.0257 0.0004 0.41 164.7 3.2 163.4 2.2 197.0 45.0 163.4 2.2 0.8
13_26IV14_13 281 1.24 0.1012 0.0026 0.0143 0.0001 0.08 97.9 2.4 91.3 0.9 280.0 67.0 91.3 0.88 6.7
13_26IV14_14 239 2.12 3.8740 0.0600 0.2767 0.0042 0.75 1607.0 12.0 1574.0 21.0 1663.0 23.0 1663.0 23 5.4
13_26IV14_15 101 1.03 3.1710 0.0350 0.2526 0.0031 0.59 1449.3 8.6 1454.0 16.0 1443.0 18.0 1443.0 18 0.8
13_26IV14_16 253 1.21 0.5994 0.0093 0.0758 0.0011 0.17 476.6 5.9 471.2 6.4 496.0 43.0 471.2 6.4 1.1
13_26IV14_17 125 1.15 2.6580 0.0390 0.2241 0.0037 0.58 1316.0 11.0 1303.0 19.0 1312.0 26.0 1312.0 26 0.7
13_26IV14_18 235 1.21 0.1753 0.0049 0.0252 0.0005 0.37 163.9 4.3 160.3 3.2 222.0 64.0 160.3 3.2 2.2
13_26IV14_20 255 2.08 0.1765 0.0039 0.0262 0.0004 0.42 165.0 3.3 167.3 2.7 152.0 44.0 167.3 2.7 1.4
13_26IV14_21 157 1.68 0.1430 0.0040 0.0206 0.0003 0.13 135.6 3.5 131.7 1.9 172.0 63.0 131.7 1.9 2.9
13_26IV14_22 152 0.50 0.7223 0.0098 0.0892 0.0008 0.41 551.7 5.7 551.0 4.9 545.0 28.0 551.0 4.9 0.1
13_26IV14_23 342 1.99 0.1015 0.0027 0.0150 0.0002 0.27 98.1 2.5 96.2 1.2 143.0 59.0 96.2 1.2 1.9
13_26IV14_24 116 0.95 4.4350 0.0560 0.2999 0.0054 0.68 1719.0 10.0 1691.0 27.0 1760.0 24.0 1760.0 24 3.9
13_26IV14_25 210 1.25 2.2670 0.0190 0.2019 0.0018 0.67 1201.9 5.8 1185.3 9.5 1243.0 14.0 1243.0 14 4.6
13_26IV14_26 333 1.48 1.6620 0.0150 0.1618 0.0017 0.56 994.7 5.7 966.5 9.5 1052.0 19.0 1052.0 19 8.1
13_26IV14_27 314 1.93 0.1019 0.0026 0.0152 0.0002 0.12 98.4 2.4 97.0 1.1 127.0 53.0 97.0 1.1 1.4
13_26IV14_28 205 1.05 3.3050 0.0350 0.2568 0.0032 0.68 1481.9 8.2 1473.0 16.0 1512.0 20.0 1512.0 20 2.6
13_26IV14_29 69 0.88 0.1126 0.0043 0.0163 0.0005 0.01 108.3 4.0 104.0 3.0 210.0 100.0 104.0 3 4.0
13_26IV14_30 466 1.02 0.4272 0.0062 0.0565 0.0007 0.57 361.0 4.4 354.3 4.3 406.0 27.0 354.3 4.3 1.9
13_26IV14_31 144 1.14 0.2889 0.0056 0.0401 0.0005 0.30 257.5 4.4 253.3 3.3 271.0 46.0 253.3 3.3 1.6
13_26IV14_32 87 1.64 1.3410 0.0340 0.1452 0.0020 0.56 862.0 15.0 874.0 12.0 849.0 39.0 849.0 12 1.4
13_26IV14_33 107 1.23 0.0987 0.0029 0.0154 0.0003 0.01 96.0 2.8 98.4 2.2 95.0 81.0 98.4 2.2 2.5
13_26IV14_34 315 0.97 0.1010 0.0021 0.0154 0.0002 0.26 97.7 2.0 98.4 1.5 85.0 46.0 98.4 1.5 0.7
13_26IV14_35 199 1.06 0.3168 0.0086 0.0432 0.0007 0.24 279.3 6.6 272.6 4.1 368.0 63.0 272.6 4.1 2.4
13_26IV14_37 202 0.54 0.8930 0.0120 0.1050 0.0012 0.59 647.9 6.6 644.6 7.3 667.0 24.0 644.6 7.3 0.5
13_26IV14_38 80 1.62 1.7040 0.0250 0.1688 0.0020 0.71 1009.1 9.3 1005.0 11.0 1034.0 22.0 1034.0 22 2.8
13_26IV14_39 98 0.80 0.0983 0.0038 0.0148 0.0003 0.13 95.1 3.5 95.0 2.1 162.0 99.0 95.0 2.1 0.1
13_26IV14_40 133 1.05 0.0988 0.0050 0.0143 0.0003 0.04 95.6 4.6 91.6 2.1 190.0 110.0 91.6 2.1 4.2
13_26IV14_41 458 27.50 0.7490 0.0180 0.0905 0.0022 0.53 567.0 10.0 559.0 13.0 615.0 45.0 559.0 13 1.4
13_26IV14_42 105 1.59 0.1147 0.0056 0.0170 0.0006 0.48 110.6 5.0 108.8 3.8 132.0 87.0 108.8 3.8 1.6
13_26IV14_43 236 1.05 0.5757 0.0070 0.0736 0.0009 0.43 461.5 4.5 458.0 5.4 467.0 30.0 458.0 5.4 0.8
13_26IV14_44 22 0.80 4.3710 0.0630 0.2908 0.0043 0.57 1706.0 12.0 1645.0 21.0 1787.0 23.0 1787.0 23 7.9
13_26IV14_45 54 1.40 3.0810 0.0360 0.2450 0.0025 0.29 1429.2 8.6 1412.0 13.0 1464.0 28.0 1464.0 28 3.6
13_26IV14_47 321 2.32 1.0690 0.0270 0.1207 0.0024 0.87 738.0 13.0 734.0 14.0 756.0 25.0 734.0 14 0.5
13_26IV14_48 183 3.02 0.2138 0.0073 0.0309 0.0006 0.34 196.5 6.1 196.2 4.0 183.0 69.0 196.2 4 0.2
13_26IV14_49 309 1.76 0.0970 0.0024 0.0144 0.0003 0.24 94.0 2.2 92.3 1.6 147.0 60.0 92.3 1.6 1.8
13_26IV14_50 238 2.17 2.1730 0.0170 0.1992 0.0017 0.63 1172.3 5.4 1170.7 8.9 1171.0 15.0 1171.0 15 0.0
13_26IV14_51 198 1.33 0.1141 0.0029 0.0171 0.0003 0.27 109.6 2.6 109.1 1.6 142.0 52.0 109.1 1.6 0.5
13_26IV14_52 272 1.17 0.6120 0.0190 0.0780 0.0022 0.71 485.0 12.0 484.0 13.0 500.0 61.0 484.0 13 0.2 Rim
13_26IV14_52 54 0.84 5.6700 0.1000 0.3459 0.0071 0.73 1926.0 16.0 1915.0 34.0 1975.0 23.0 1975.0 23 3.0 Core
13_26IV14_53 500 11.79 6.5940 0.0800 0.3730 0.0055 0.54 2058.0 11.0 2043.0 26.0 2059.0 24.0 2059.0 24 0.8
13_26IV14_54 236 1.60 0.1140 0.0046 0.0156 0.0003 0.44 109.6 4.2 99.5 2.2 323.0 84.0 99.5 2.2 9.2
13_26IV14_55 89 2.01 1.6660 0.0380 0.1668 0.0031 0.68 995.0 14.0 994.0 17.0 987.0 40.0 987.0 40 0.7
13_26IV14_56 630 15.60 0.5780 0.0160 0.0747 0.0012 0.57 463.0 10.0 464.5 7.2 465.0 50.0 464.5 7.2 0.3 Rim
13_26IV14_56 89 1.67 2.0800 0.0270 0.1864 0.0022 0.36 1142.1 8.9 1102.0 12.0 1216.0 25.0 1216.0 25 9.4 Core
13_26IV14_57 532 1.87 0.5743 0.0055 0.0737 0.0007 0.57 460.6 3.5 458.1 3.9 469.0 20.0 458.1 3.9 0.5
13_26IV14_58 135 0.93 0.1030 0.0033 0.0148 0.0003 0.16 99.5 3.0 94.9 2.0 223.0 72.0 94.9 2 4.6
13_26IV14_59 222 1.62 4.2050 0.0350 0.2913 0.0023 0.65 1674.8 6.8 1648.0 12.0 1706.0 12.0 1706.0 12 3.4
13_26IV14_60 140 6.71 0.9950 0.0240 0.1064 0.0021 0.71 701.0 12.0 652.0 12.0 855.0 33.0 652.0 12 7.0
13_26IV14_62 211 0.77 0.2917 0.0081 0.0402 0.0008 0.44 260.8 6.1 253.8 4.7 315.0 60.0 253.8 4.7 2.7
13_26IV14_63 245 24.40 0.6610 0.0460 0.0836 0.0074 0.92 515.0 28.0 517.0 44.0 592.0 87.0 517.0 44 0.4 Rim
13_26IV14_63 102 0.77 5.5140 0.0620 0.3304 0.0042 0.64 1902.2 9.7 1840.0 20.0 1969.0 19.0 1969.0 19 6.6 Core
13_26IV14_64 32 0.95 0.6530 0.0210 0.0791 0.0015 0.21 509.0 13.0 490.5 8.9 623.0 71.0 490.5 8.9 3.6
13_26IV14_65 135 0.85 0.0991 0.0030 0.0148 0.0003 0.08 95.9 2.8 94.6 2.2 147.0 79.0 94.6 2.2 1.4
13_26IV14_67 141 0.54 3.0140 0.0370 0.2437 0.0044 0.79 1410.6 9.3 1406.0 23.0 1418.0 22.0 1418.0 22 0.8
13_26IV14_68 622 1.26 0.1036 0.0044 0.0147 0.0003 0.14 100.0 4.1 94.2 1.9 240.0 100.0 94.2 1.9 5.8
13_26IV14_70 289 0.85 0.1106 0.0037 0.0150 0.0002 0.18 106.4 3.3 96.1 1.6 305.0 75.0 96.1 1.6 9.7
13_26IV14_71 31 1.14 0.5840 0.0140 0.0729 0.0012 0.07 466.0 9.2 453.5 7.3 539.0 64.0 453.5 7.3 2.7
13_26IV14_72 335 1.60 0.1786 0.0030 0.0260 0.0004 0.50 167.1 2.5 165.5 2.4 159.0 34.0 165.5 2.4 1.0
13_26IV14_73 277 27.60 0.5900 0.0120 0.0746 0.0010 0.49 470.9 7.5 463.7 6.1 469.0 39.0 463.7 6.1 1.5 Rim



13_26IV14_74 337 0.88 0.1005 0.0028 0.0151 0.0002 0.34 97.2 2.6 96.3 1.2 129.0 57.0 96.3 1.2 0.9
13_26IV14_78 117 0.34 0.1576 0.0048 0.0228 0.0004 0.05 148.4 4.2 145.5 2.2 188.0 73.0 145.5 2.2 2.0
13_26IV14_79 181 1.79 0.1137 0.0028 0.0167 0.0003 0.21 109.2 2.5 106.7 1.6 157.0 53.0 106.7 1.6 2.3
13_26IV14_80 199 2.11 0.1098 0.0031 0.0162 0.0003 0.09 105.7 2.8 103.7 1.7 133.0 62.0 103.7 1.7 1.9
13_26IV14_83 118 1.03 0.6020 0.0110 0.0763 0.0012 0.35 478.4 7.1 474.2 7.4 522.0 44.0 474.2 7.4 0.9
13_26IV14_84 299 0.76 0.1058 0.0027 0.0158 0.0003 0.20 102.1 2.5 101.0 2.2 180.0 86.0 101.0 2.2 1.1
13_26IV14_85 257 3.00 1.5980 0.0190 0.1596 0.0018 0.66 970.0 7.3 954.3 9.9 1008.0 18.0 1008.0 18 5.3
13_26IV14_86 274 2.50 1.7980 0.0160 0.1710 0.0017 0.59 1044.4 5.7 1017.4 9.2 1095.0 19.0 1095.0 19 7.1
13_26IV14_87 113 1.75 2.3080 0.0250 0.2063 0.0024 0.47 1214.3 7.7 1209.0 13.0 1216.0 27.0 1216.0 27 0.6
13_26IV14_88 208 1.21 0.0992 0.0024 0.0145 0.0002 0.37 95.9 2.2 92.8 1.3 169.0 52.0 92.8 1.3 3.2
13_26IV14_89 276 0.42 0.1843 0.0044 0.0258 0.0004 0.29 171.7 3.7 164.1 2.5 256.0 56.0 164.1 2.5 4.4
13_26IV14_90 138 1.69 2.7070 0.0460 0.2187 0.0033 0.64 1330.0 13.0 1275.0 18.0 1407.0 25.0 1407.0 25 9.4
13_26IV14_91 471 4.87 0.6120 0.0110 0.0786 0.0022 0.82 484.8 6.7 488.0 13.0 501.0 44.0 488.0 13 0.7 Rim
13_26IV14_91 83 1.78 2.2700 0.0340 0.2034 0.0019 0.58 1202.0 10.0 1194.0 10.0 1228.0 24.0 1228.0 24 2.8 Core
13_26IV14_95 149 1.52 0.0977 0.0032 0.0143 0.0003 0.20 94.6 2.9 91.8 1.8 148.0 66.0 91.8 1.8 3.0
13_26IV14_96 230 2.57 0.0944 0.0029 0.0134 0.0002 0.21 91.9 2.6 85.7 1.3 245.0 68.0 85.7 1.3 6.7
13_26IV14_98 452 2.63 0.0908 0.0020 0.0137 0.0002 0.33 88.2 1.8 87.7 1.0 141.0 48.0 87.7 0.97 0.6
13_26IV14_99 100 1.47 0.1034 0.0042 0.0147 0.0003 0.24 99.8 3.9 94.0 2.0 238.0 88.0 94.0 2 5.8
13_26IV14_100 226 1.71 1.3790 0.0190 0.1424 0.0016 0.61 879.6 7.9 858.1 8.9 936.0 20.0 936.0 20 8.3
13_26IV14_101 70 1.46 2.9950 0.0240 0.2420 0.0020 0.39 1406.1 6.1 1397.0 10.0 1417.0 19.0 1417.0 19 1.4
13_26IV14_102 367 1.31 0.0979 0.0019 0.0149 0.0002 0.23 95.0 1.8 95.0 1.4 101.0 43.0 95.0 1.4 0.0
13_26IV14_106 114 0.99 0.7460 0.0130 0.0910 0.0016 0.57 565.0 7.6 561.3 9.6 584.0 37.0 561.3 9.6 0.7
13_26IV14_107 720 1.38 0.1630 0.0046 0.0239 0.0004 0.55 153.3 4.0 152.4 2.2 184.0 58.0 152.4 2.2 0.6
13_26IV14_108 32 0.82 2.8460 0.0530 0.2247 0.0042 0.29 1370.0 13.0 1306.0 22.0 1479.0 39.0 1479.0 39 11.7
13_26IV14_109 78 0.75 0.1608 0.0055 0.0230 0.0004 0.24 151.1 4.8 146.8 2.6 244.0 76.0 146.8 2.6 2.8
13_26IV14_110 170 1.07 0.4952 0.0075 0.0651 0.0006 0.56 408.2 5.1 406.4 3.7 430.0 27.0 406.4 3.7 0.4
13_26IV14_111 160 0.82 0.1099 0.0028 0.0150 0.0002 0.21 105.8 2.6 95.7 1.5 342.0 61.0 95.7 1.5 9.5
13_26IV14_112 131 3.45 4.6240 0.0800 0.3189 0.0049 0.85 1753.0 14.0 1784.0 24.0 1719.0 16.0 1719.0 16 3.8
13_26IV14_113 111 1.24 0.1742 0.0051 0.0251 0.0004 0.27 162.9 4.4 159.7 2.6 210.0 64.0 159.7 2.6 2.0
13_26IV14_114 407 1.00 0.1787 0.0034 0.0258 0.0003 0.40 166.9 2.9 164.0 1.7 212.0 43.0 164.0 1.7 1.7
13_26IV14_117 211 1.31 0.1012 0.0026 0.0149 0.0003 0.12 97.8 2.4 95.7 1.5 147.0 61.0 95.7 1.5 2.1
13_26IV14_118 262 9.80 2.0460 0.0350 0.1872 0.0037 0.78 1131.0 12.0 1106.0 20.0 1178.0 28.0 1178.0 28 6.1 Rim
13_26IV14_118 52 0.96 2.7920 0.0600 0.2356 0.0033 0.50 1353.0 16.0 1367.0 18.0 1358.0 39.0 1358.0 39 0.7 Core
13_26IV14_119 845 3.79 2.9640 0.0350 0.2284 0.0023 0.84 1397.9 9.1 1326.0 12.0 1521.0 13.0 1521.0 13 12.8

Notes:
Instructions

Best Age Tab
Purpose: Filter out discordant grains, pick a "best age" and will identify rims

Steps
1 Copy and paste the following columns from Iolite " __integrations.xls" sheet into the orange filled cells:

Source file, DateTime, Duration(s), FinalAge206_238,* FinalAge206_238_Int2SE, FinalAge207_235, *FinalAge207_235_Int2SE, FinalAge207_206, *FinalAge207_206_Int2SE
*Be sure to note in the text of your publication if you are using internal or propogated error (if propogated than use Final AgeXXX_XXX_Prop2SE)

Description of Columns
J % Discordance between 206/238 and 207/206 age
K % Error for 206/238 age
L % Discordance between 206/238 and 207/235
M Picks the 7/6 age if older than *850 Ma, picks the 6/38 age if younger (*modify this number to use a natural gap in your data between 800-1200 Ma)
N Filters >10% discordant 7/6 ages
O Filters 6/38 ages with >10% error
P Filters >10% discordant 6/38 ages
Q Repopulates grain name
R Reports the Best Age in Ma
S Reports the 2 sigma error ( if the age is 6/38 than the error is for 6/38, if 7/6 than error for 7/6)
T % Discordance (*be sure to note in your publication that the discordance reported is 6/38 vs 7/6 if older than 850 Ma and 6/38 vs 7/35 if younger than 850 Ma)
U Rim or Core or Single Age from grain
V Notes if the duration of the integration is less than 4 seconds and then calls it "short"



Publication Tab

Steps

1 Copy and paste the following columns from Iolite " __integrations.xls" sheet into columns A through N:
Source file (Grain #), Approx U ppm, FInal_U_Th_Ratio (U/Th), Final207_235 (207/235), Final207_235_Int2SE, Final206_238 (206/238), Final206_238_Int2SE, ErrorCorrelation_6_38vs7_35 (RHO),
FinalAge206_238, FinalAge206_238_Int2SE, FinalAge207_235, FinalAge207_235_Int2SE, FinalAge207_206, FinalAge207_206_Int2SE

2 Copy and Paste Values of "Best Age", "2 sig error" and "% Discordance" from  Best Age tab into columns O, P, and Q

3 Decide whether DISC grains should be deleted

4 In Column A (Grain #).Select all names (not top 2 rows) go to >edit >replace. Find what- .FIN2, Replace with- leave blank. Press Replace All 

5 Plot your data onto a Concordia Diagram
1 Select all data in rows D through H (Make sure all RHO values are positve or you will get error message. If there are negative values, replace the value with 0)
2 Open Isoplot (Crtl-I on PC)
3 Boxes to select: Isochron or plot type- U-Pb Concordia, normal; Input errors- 2 sigma, absolute; Symbols- error elipse, red, not filled

Action- plot, (only calculate if single age or standard); Other-Color, Autoscaled 
Hit OK

5 Plot as a line
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Apéndice 3 

Edades U-Pb isotópicas y calculadas. 
Late Cretaceous-Paleocene stratigraphic and structural evolution of the central Mexican fold and 

thrust belt, from detrital zircon (U-Th)/(He-Pb) ages 

 
 



Sample Name: 207/235 206/238 207/206 Best age
Grain # [U] ppm U/Th 207/235 2σ error 206/238 2σ error RHO  Age Ma 2σ error  Age (Ma) 2σ error Age (Ma) 2σ error (Ma) 2σ error % Discordance* Rim/Core

Soyatal Formation (sample: 18-CA10), coordinates: 20º 56.306'N, 99º 44.090'W
18CA10_1.FIN2 344 1.91 0.1806 0.0034 0.0267 0.0005 0.43 168.5 2.9 169.6 3.1 138 42 169.6 3.1 0.7
18CA10_2.FIN2 227 2.16 0.3032 0.0054 0.0430 0.0005 0.38 269.4 4.1 271.1 2.9 266 42 271.1 2.9 0.6
18CA10_3.FIN2 29 1.28 1.6690 0.0350 0.1685 0.0026 0.31 996.0 13.0 1003.0 14.0 1007 43 1007.0 43.0 0.4
18CA10_4.FIN2 95 2.62 0.1318 0.0043 0.0203 0.0004 0.11 125.6 3.9 129.8 2.5 100 66 129.8 2.5 3.3
18CA10_5.FIN2 88 1.81 0.1140 0.0042 0.0170 0.0004 0.05 110.0 3.7 108.8 2.2 119 77 108.8 2.2 1.1
18CA10_6.FIN2 95 0.86 1.5990 0.0360 0.1529 0.0030 0.53 972.0 14.0 917.0 17.0 1086 39 1086.0 39.0 15.6
18CA10_7.FIN2 282 1.59 0.1008 0.0026 0.0148 0.0003 0.00 97.5 2.4 94.9 1.9 157 65 94.9 1.9 2.7
18CA10_8.FIN2 171 1.64 0.1606 0.0066 0.0231 0.0006 0.11 151.1 5.7 147.1 3.7 207 99 147.1 3.7 2.6
18CA10_9.FIN2 558 3.40 0.5965 0.0051 0.0763 0.0007 0.57 474.9 3.2 473.7 4.3 478 20 473.7 4.3 0.3
18CA10_10.FIN2 74 68.40 0.6760 0.0240 0.0821 0.0024 0.66 527.0 15.0 509.0 14.0 599 64 509.0 14.0 3.4 Rim
18CA10_10.FIN2 328 6.02 1.1260 0.0280 0.1230 0.0021 0.36 765.0 14.0 748.0 12.0 801 50 748.0 12.0 2.2 Core
18CA10_11.FIN2 122 1.54 0.1270 0.0046 0.0182 0.0004 0.06 121.3 4.2 116.1 2.6 224 85 116.1 2.6 4.3
18CA10_12.FIN2 78 2.39 0.2800 0.0076 0.0375 0.0008 0.24 250.4 6.1 237.3 5.1 372 68 237.3 5.1 5.2
18CA10_13.FIN2 172 2.50 0.1303 0.0048 0.0181 0.0003 0.18 124.3 4.3 115.7 2.2 311 92 115.7 2.2 6.9
18CA10_14.FIN2 645 1.42 0.1837 0.0025 0.0268 0.0003 0.62 171.2 2.1 170.5 1.8 191 24 170.5 1.8 0.4
18CA10_15.FIN2 117 2.19 0.1258 0.0039 0.0186 0.0003 0.27 120.8 3.6 119.0 2.0 193 67 119.0 2.0 1.5
18CA10_16.FIN2 145 2.06 0.1219 0.0030 0.0181 0.0003 0.37 116.7 2.8 115.5 1.7 152 50 115.5 1.7 1.0
18CA10_17.FIN2 131 1.19 0.0931 0.0030 0.0144 0.0003 0.05 90.8 2.9 92.0 1.7 108 79 92.0 1.7 1.3
18CA10_18.FIN2 211 2.49 1.7140 0.0360 0.1644 0.0033 0.74 1013.0 13.0 981.0 18.0 1103 27 1103.0 27.0 11.1
18CA10_19.FIN2 632 38.10 0.6340 0.0180 0.0803 0.0020 0.71 500.0 11.0 498.0 12.0 518 58 498.0 12.0 0.4 #¡REF!
18CA10_21.FIN2 151 1.05 0.1280 0.0032 0.0192 0.0002 0.15 122.5 2.8 122.9 1.4 149 52 122.9 1.4 0.3 #¡REF!
18CA10_22.FIN2 47 2.30 0.1490 0.0110 0.0177 0.0009 0.04 140.3 9.8 113.1 5.8 610 180 113.1 5.8 19.4
18CA10_23.FIN2 111 1.53 0.1243 0.0038 0.0183 0.0003 0.25 119.3 3.4 116.7 2.1 176 67 116.7 2.1 2.2
18CA10_24.FIN2 279 0.90 0.6560 0.0150 0.0818 0.0017 0.64 511.9 9.3 507.0 10.0 578 47 507.0 10.0 1.0 Rim
18CA10_24.FIN2 315 0.36 0.7676 0.0087 0.0949 0.0012 0.39 579.5 5.4 584.6 7.0 579 31 584.6 7.0 0.9 Core
18CA10_25.FIN2 323 2.45 0.0944 0.0024 0.0141 0.0003 0.36 91.5 2.2 90.1 1.8 97 53 90.1 1.8 1.5
18CA10_27.FIN2 609 2.19 0.1247 0.0028 0.0184 0.0004 0.62 119.3 2.6 117.5 2.2 173 40 117.5 2.2 1.5
18CA10_28.FIN2 91 1.98 0.4960 0.0170 0.0600 0.0014 0.61 409.0 12.0 375.3 8.8 596 58 375.3 8.8 8.2
18CA10_29.FIN2 198 2.50 0.1380 0.0035 0.0204 0.0003 0.38 131.1 3.1 130.4 1.8 138 53 130.4 1.8 0.5
18CA10_30.FIN2 142 2.30 0.1256 0.0043 0.0179 0.0005 0.28 120.1 3.9 114.2 2.9 240 80 114.2 2.9 4.9
18CA10_31.FIN2 64 2.70 1.1640 0.0380 0.1166 0.0040 0.66 782.0 18.0 711.0 23.0 972 48 711.0 23.0 9.1 #¡REF!
18CA10_33.FIN2 221 3.59 0.6860 0.0150 0.0737 0.0020 0.59 529.8 9.4 458.0 12.0 833 49 458.0 12.0 13.6 #¡REF!
18CA10_33.FIN2 136 4.00 1.0110 0.0290 0.1061 0.0027 0.57 709.0 15.0 650.0 16.0 818 49 650.0 16.0 8.3 Core
18CA10_34.FIN2 168 1.20 0.4197 0.0063 0.0551 0.0007 0.21 355.6 4.5 345.7 4.4 412 37 345.7 4.4 2.8 #¡REF!
18CA10_36.FIN2 64 1.81 0.1445 0.0081 0.0172 0.0007 0.11 136.8 7.1 110.0 4.2 640 160 110.0 4.2 19.6 #¡REF!
18CA10_38.FIN2 166 2.90 0.8880 0.0430 0.0928 0.0048 0.83 644.0 23.0 572.0 28.0 895 63 572.0 28.0 11.2 #¡REF!
18CA10_39.FIN2 365 2.72 0.1537 0.0056 0.0216 0.0006 0.73 145.1 4.9 137.8 3.9 240 71 137.8 3.9 5.0
18CA10_40.FIN2 189 2.24 0.1506 0.0045 0.0212 0.0005 0.17 142.4 4.0 135.1 3.3 224 87 135.1 3.3 5.1
18CA10_41.FIN2 700 2.38 0.1637 0.0042 0.0233 0.0005 0.75 153.9 3.6 148.3 2.9 238 37 148.3 2.9 3.6
18CA10_42.FIN2 261 1.79 0.1272 0.0046 0.0176 0.0005 0.61 121.5 4.2 112.1 3.3 289 69 112.1 3.3 7.7
18CA10_43.FIN2 119 1.47 0.1699 0.0052 0.0235 0.0005 0.09 159.2 4.5 149.9 3.3 287 83 149.9 3.3 5.8 #¡REF!
18CA10_45.FIN2 192 2.65 0.6120 0.0170 0.0697 0.0020 0.64 485.0 11.0 435.0 12.0 719 52 435.0 12.0 10.3 #¡REF!
18CA10_46.FIN2 62 3.22 1.3290 0.0400 0.1264 0.0047 0.64 857.0 17.0 767.0 27.0 1108 59 767.0 27.0 10.5
18CA10_47.FIN2 44 6.64 0.7190 0.0370 0.0719 0.0030 0.52 549.0 22.0 447.0 18.0 1034 97 447.0 18.0 18.6 Rim
18CA10_47.FIN2 21 5.14 0.9960 0.0480 0.0973 0.0032 0.49 699.0 24.0 599.0 19.0 1072 79 599.0 19.0 14.3 Core
18CA10_48.FIN2 918 4.17 0.5620 0.0110 0.0734 0.0016 0.53 454.2 6.5 456.5 9.6 456 49 456.5 9.6 0.5
18CA10_49.FIN2 253 40.10 0.7900 0.0110 0.0944 0.0010 0.19 591.2 6.3 581.3 6.2 651 33 581.3 6.2 1.7
18CA10_50.FIN2 167 1.61 0.1356 0.0058 0.0180 0.0006 0.44 129.1 5.2 115.3 3.6 462 79 115.3 3.6 10.7
18CA10_51.FIN2 405 1.97 0.1921 0.0037 0.0277 0.0004 0.61 178.3 3.1 176.2 2.8 209 40 176.2 2.8 1.2
18CA10_52.FIN2 170 1.74 0.1510 0.0037 0.0225 0.0004 0.14 142.7 3.2 143.5 2.4 178 61 143.5 2.4 0.6
18CA10_53.FIN2 199 2.50 0.1725 0.0032 0.0252 0.0004 0.22 161.6 2.8 160.5 2.3 185 50 160.5 2.3 0.7
18CA10_54.FIN2 178 1.10 0.1092 0.0036 0.0165 0.0004 0.07 105.2 3.3 105.2 2.6 123 83 105.2 2.6 0.0
18CA10_55.FIN2 470 48.00 0.6070 0.0180 0.0806 0.0026 0.64 482.0 12.0 500.0 15.0 480 43 500.0 15.0 3.7 Rim
18CA10_55.FIN2 1320 47.40 1.8650 0.0450 0.1804 0.0037 0.77 1068.0 16.0 1069.0 20.0 1058 22 1058.0 22.0 1.0 Core
18CA10_55.FIN2 310 6.27 2.7100 0.0320 0.2276 0.0032 0.43 1331.0 8.8 1322.0 17.0 1376 25 1376.0 25.0 3.9 Core
18CA10_56.FIN2 368 1.17 0.1050 0.0023 0.0157 0.0002 0.44 101.6 2.0 100.5 1.4 138 43 100.5 1.4 1.1
18CA10_57.FIN2 136 2.03 0.5967 0.0098 0.0758 0.0008 0.31 475.7 6.4 470.8 4.8 506 37 470.8 4.8 1.0
18CA10_58.FIN2 237 0.85 0.5378 0.0068 0.0654 0.0008 0.35 436.9 4.5 408.5 4.6 593 32 408.5 4.6 6.5
18CA10_59.FIN2 275 0.98 0.2728 0.0035 0.0384 0.0005 0.37 244.9 2.8 243.0 3.1 272 38 243.0 3.1 0.8
18CA10_60.FIN2 184 1.44 0.5464 0.0076 0.0702 0.0008 0.39 442.4 4.9 437.3 4.8 483 30 437.3 4.8 1.2
18CA10_61.FIN2 217 1.95 0.2576 0.0042 0.0358 0.0004 0.36 232.7 3.4 226.6 2.5 280 41 226.6 2.5 2.6
18CA10_62.FIN2 271 1.84 0.1341 0.0026 0.0197 0.0003 0.21 127.7 2.3 125.6 1.7 126 41 125.6 1.7 1.6
18CA10_63.FIN2 157 1.21 0.1152 0.0027 0.0174 0.0002 0.00 110.7 2.5 110.9 1.5 116 60 110.9 1.5 0.2
18CA10_64.FIN2 95 2.58 1.5170 0.0330 0.1506 0.0027 0.65 936.0 13.0 904.0 15.0 1021 33 1021.0 33.0 11.5
18CA10_65.FIN2 170 2.24 0.1205 0.0037 0.0174 0.0003 0.01 115.5 3.4 111.4 2.1 202 75 111.4 2.1 3.5 #¡REF!
18CA10_67.FIN2 111 5.11 3.3500 0.1800 0.2564 0.0070 0.81 1491.0 42.0 1471.0 36.0 1589 32 1589.0 32.0 7.4 #¡REF!
18CA10_68.FIN2 150 5.37 0.1062 0.0052 0.0147 0.0006 0.22 103.2 4.9 94.2 3.8 300 130 94.2 3.8 8.7
18CA10_69.FIN2 116 2.17 0.1320 0.0036 0.0195 0.0004 0.19 125.8 3.2 124.2 2.2 180 65 124.2 2.2 1.3



18CA10_70.FIN2 139 1.93 0.1273 0.0035 0.0189 0.0003 0.09 121.6 3.1 120.8 1.8 153 66 120.8 1.8 0.7
18CA10_71.FIN2 100 1.65 0.1041 0.0044 0.0155 0.0003 0.12 100.4 4.1 99.1 1.9 161 89 99.1 1.9 1.3
18CA10_72.FIN2 115 1.61 4.6750 0.0580 0.3138 0.0038 0.74 1764.6 9.9 1759.0 19.0 1779 17 1779.0 17.0 1.1
18CA10_73.FIN2 96 1.58 0.1290 0.0037 0.0189 0.0004 0.07 123.1 3.3 120.5 2.2 196 75 120.5 2.2 2.1
18CA10_74.FIN2 92 2.33 0.1303 0.0040 0.0199 0.0004 0.22 124.9 3.8 127.0 2.5 134 71 127.0 2.5 1.7
18CA10_75.FIN2 105 1.42 0.1194 0.0038 0.0179 0.0004 0.20 114.4 3.5 114.8 2.4 118 63 114.8 2.4 0.3
18CA10_76.FIN2 177 1.95 3.9460 0.0510 0.2873 0.0042 0.86 1624.0 10.0 1628.0 21.0 1648 14 1648.0 14.0 1.2
18CA10_77.FIN2 125 1.34 1.6640 0.0260 0.1681 0.0020 0.70 995.5 9.7 1002.0 11.0 1008 21 1008.0 21.0 0.6
18CA10_78.FIN2 235 2.42 0.4330 0.0170 0.0574 0.0024 0.49 365.0 12.0 360.0 15.0 405 77 360.0 15.0 1.4
18CA10_79.FIN2 58 2.10 1.6300 0.0300 0.1646 0.0027 0.50 981.0 12.0 982.0 15.0 1016 37 1016.0 37.0 3.3
18CA10_80.FIN2 434 1.66 0.1088 0.0019 0.0161 0.0002 0.35 104.9 1.7 102.9 1.4 184 40 102.9 1.4 1.9
18CA10_81.FIN2 243 1.50 0.0911 0.0021 0.0137 0.0002 0.18 88.4 1.9 87.9 1.3 120 53 87.9 1.3 0.6
18CA10_82.FIN2 413 1.84 0.1389 0.0026 0.0203 0.0003 0.49 132.1 2.3 129.2 2.0 179 40 129.2 2.0 2.2
18CA10_83.FIN2 199 7.29 0.5096 0.0090 0.0651 0.0008 0.52 418.8 6.2 406.3 5.0 505 26 406.3 5.0 3.0
18CA10_84.FIN2 212 3.21 0.1366 0.0049 0.0174 0.0004 0.21 130.6 4.5 111.0 2.2 499 77 111.0 2.2 15.0
18CA10_85.FIN2 87 2.75 2.3010 0.0390 0.1896 0.0021 0.51 1212.0 12.0 1119.0 11.0 1399 27 1399.0 27.0 20.0
18CA10_86.FIN2 110 1.93 0.0902 0.0023 0.0136 0.0003 0.07 87.6 2.2 87.1 1.6 127 64 87.1 1.6 0.6
18CA10_87.FIN2 126 2.08 0.1105 0.0032 0.0167 0.0003 0.08 106.3 2.9 106.7 2.0 130 66 106.7 2.0 0.4
18CA10_88.FIN2 227 2.82 0.0989 0.0027 0.0148 0.0004 0.51 95.7 2.5 94.4 2.7 160 66 94.4 2.7 1.4
18CA10_89.FIN2 149 2.09 0.1229 0.0029 0.0184 0.0003 0.23 117.6 2.6 117.4 1.7 170 54 117.4 1.7 0.2
18CA10_90.FIN2 287 1.53 0.0959 0.0024 0.0147 0.0002 0.15 92.9 2.2 93.9 1.4 78 57 93.9 1.4 1.1
18CA10_91.FIN2 487 1.98 0.1088 0.0015 0.0165 0.0002 0.34 104.9 1.4 105.5 1.1 123 31 105.5 1.1 0.6
18CA10_92.FIN2 105 2.13 0.1228 0.0033 0.0182 0.0003 0.09 117.5 3.0 115.9 2.0 155 64 115.9 2.0 1.4
18CA10_93.FIN2 134 2.08 0.0925 0.0030 0.0138 0.0002 0.02 89.8 2.8 88.6 1.5 156 73 88.6 1.5 1.3
18CA10_94.FIN2 333 1.74 0.1026 0.0024 0.0156 0.0003 0.24 99.1 2.2 99.6 1.7 107 55 99.6 1.7 0.5
18CA10_95.FIN2 286 1.70 0.1703 0.0032 0.0241 0.0004 0.31 159.6 2.7 153.7 2.4 249 46 153.7 2.4 3.7
18CA10_96.FIN2 65 2.27 0.1343 0.0097 0.0201 0.0009 0.14 127.8 8.7 128.1 5.9 130 160 128.1 5.9 0.2
18CA10_97.FIN2 191 2.15 0.6690 0.0110 0.0829 0.0012 0.33 520.0 6.5 513.5 7.4 554 39 513.5 7.4 1.3
18CA10_98.FIN2 296 4.45 1.3170 0.0250 0.1327 0.0027 0.71 853.0 11.0 803.0 15.0 979 33 803.0 15.0 5.9 Rim
18CA10_98.FIN2 124 3.08 1.8770 0.0250 0.1743 0.0033 0.45 1072.6 8.7 1035.0 18.0 1155 30 1155.0 30.0 10.4 Core
18CA10_99.FIN2 25 2.96 0.1025 0.0092 0.0146 0.0006 0.21 98.4 8.4 93.5 3.5 230 160 93.5 3.5 5.0
18CA10_100.FIN2 425 11.80 2.1240 0.0560 0.1912 0.0043 0.82 1156.0 18.0 1128.0 23.0 1240 34 1240.0 34.0 9.0 Rim
18CA10_100.FIN2 132 1.73 2.3770 0.0310 0.2033 0.0018 0.45 1237.6 9.7 1192.9 9.5 1319 27 1319.0 27.0 9.6 Core
18CA10_101.FIN2 460 2.58 0.1361 0.0027 0.0197 0.0004 0.55 129.8 2.4 125.8 2.2 204 39 125.8 2.2 3.1
18CA10_102.FIN2 212 2.00 0.0931 0.0022 0.0141 0.0002 0.20 90.4 2.0 90.4 1.5 131 54 90.4 1.5 0.0
18CA10_103.FIN2 200 2.20 0.1326 0.0029 0.0193 0.0004 0.36 126.4 2.6 123.2 2.4 224 52 123.2 2.4 2.5
18CA10_104.FIN2 163 3.47 0.5321 0.0080 0.0688 0.0010 0.63 433.0 5.3 428.6 6.2 460 30 428.6 6.2 1.0
18CA10_105.FIN2 73 0.72 0.9700 0.0190 0.1120 0.0019 0.47 687.8 9.9 684.0 11.0 698 40 684.0 11.0 0.6
18CA10_106.FIN2 376 2.43 0.3184 0.0049 0.0444 0.0006 0.63 281.1 3.9 280.0 3.6 297 29 280.0 3.6 0.4
18CA10_107.FIN2 74 0.99 0.6050 0.0130 0.0759 0.0012 0.34 479.8 8.0 471.8 7.0 538 46 471.8 7.0 1.7
18CA10_108.FIN2 443 2.27 0.1460 0.0028 0.0219 0.0003 0.51 138.3 2.5 139.8 2.1 110 38 139.8 2.1 1.1
18CA10_109.FIN2 323 3.01 2.0850 0.0220 0.1931 0.0019 0.64 1143.4 7.4 1138.0 10.0 1157 17 1157.0 17.0 1.6
18CA10_110.FIN2 119 2.94 0.0927 0.0031 0.0137 0.0003 0.29 90.7 3.0 87.9 1.6 134 70 87.9 1.6 3.1
18CA10_111.FIN2 141 2.95 0.1214 0.0040 0.0184 0.0005 0.15 116.2 3.6 117.6 2.9 104 73 117.6 2.9 1.2
18CA10_112.FIN2 141 1.36 0.7290 0.0090 0.0887 0.0010 0.34 555.7 5.3 547.5 5.7 618 29 547.5 5.7 1.5
18CA10_113.FIN2 251 3.17 2.0200 0.0650 0.1911 0.0046 0.85 1125.0 23.0 1127.0 25.0 1162 30 1162.0 30.0 3.0
18CA10_114.FIN2 276 0.98 0.4163 0.0069 0.0564 0.0006 0.50 353.2 4.9 353.5 3.9 385 31 353.5 3.9 0.1
18CA10_115.FIN2 279 1.72 0.1367 0.0027 0.0201 0.0003 0.29 130.1 2.4 128.5 1.7 193 44 128.5 1.7 1.2
18CA10_116.FIN2 177 1.31 2.3990 0.0220 0.2062 0.0021 0.53 1242.0 6.7 1208.0 11.0 1325 21 1325.0 21.0 8.8
18CA10_118.FIN2 223 2.37 0.1225 0.0033 0.0182 0.0003 0.17 117.3 3.0 116.5 1.7 134 56 116.5 1.7 0.7
18CA10_119.FIN2 99 2.93 2.1730 0.0390 0.1991 0.0037 0.79 1171.0 12.0 1170.0 20.0 1181 32 1181.0 32.0 0.9
18CA10_120.FIN2 681 1.60 0.1208 0.0024 0.0176 0.0003 0.40 115.8 2.1 112.3 2.0 173 49 112.3 2.0 3.0 #¡REF!

Mineral de Pozos sandstone (sample: 06-MP02); coordinates: 21º 13.746'N, 100º 31.108'W
06MP02_1.FIN2 352 6.00 0.5970 0.0140 0.0759 0.0008 0.16 474.9 8.7 471.8 4.9 484 56 471.8 4.9 0.7
06MP02_2.FIN2 309 0.86 0.5740 0.0140 0.0733 0.0011 0.41 459.7 9.1 456.2 6.6 500 48 456.2 6.6 0.8
06MP02_3.FIN2 589 4.50 0.8970 0.0130 0.1079 0.0011 0.39 649.7 6.9 660.3 6.6 645 31 660.3 6.6 1.6
06MP02_4.FIN2 461 3.11 1.0120 0.0200 0.1116 0.0029 0.56 709.0 10.0 682.0 17.0 824 42 682.0 17.0 3.8
06MP02_5.FIN2 434 1.55 3.0510 0.0480 0.2522 0.0032 0.63 1422.0 12.0 1450.0 17.0 1385 24 1385.0 24.0 4.7
06MP02_6.FIN2 181 1.47 1.1210 0.0220 0.1272 0.0024 0.24 762.0 11.0 772.0 14.0 735 48 772.0 14.0 1.3
06MP02_7.FIN2 653 41.00 0.5310 0.0180 0.0660 0.0022 0.19 432.0 12.0 412.0 13.0 530 100 412.0 13.0 4.6 Rim
06MP02_7.FIN2 72 1.58 1.7580 0.0870 0.1762 0.0039 0.14 1027.0 32.0 1046.0 21.0 1000 110 1000.0 110.0 4.6 Core
06MP02_8.FIN2 603 1.08 0.7770 0.0180 0.0969 0.0021 0.57 583.0 10.0 596.0 12.0 577 41 596.0 12.0 2.2
06MP02_9.FIN2 141 4.17 4.2490 0.0820 0.2974 0.0063 0.59 1682.0 16.0 1677.0 31.0 1669 32 1669.0 32.0 0.5
06MP02_10.FIN2 128 1.18 0.5680 0.0210 0.0749 0.0015 0.27 457.0 14.0 465.2 9.1 421 72 465.2 9.1 1.8
06MP02_11.FIN2 550 7.75 4.3780 0.0410 0.3071 0.0026 0.66 1707.6 7.8 1726.0 13.0 1679 14 1679.0 14.0 2.8
06MP02_12.FIN2 280 1.37 0.8820 0.0130 0.1074 0.0015 0.06 641.7 6.8 657.7 8.9 571 47 657.7 8.9 2.5
06MP02_13.FIN2 389 1.65 0.1497 0.0047 0.0225 0.0006 0.41 141.5 4.1 143.6 3.7 104 72 143.6 3.7 1.5
06MP02_14.FIN2 114 0.64 1.9310 0.0390 0.1843 0.0028 0.03 1090.0 14.0 1090.0 15.0 1077 49 1077.0 49.0 1.2 #¡REF!
06MP02_16.FIN2 699 2.49 0.0997 0.0035 0.0149 0.0002 0.04 96.4 3.2 95.3 1.6 125 76 95.3 1.6 1.1 #¡REF!
06MP02_17.FIN2 246 1.82 3.9450 0.0700 0.2722 0.0052 0.51 1622.0 14.0 1552.0 26.0 1720 37 1720.0 37.0 9.8



06MP02_18.FIN2 471 2.22 2.9100 0.0430 0.2382 0.0033 0.61 1389.0 11.0 1377.0 17.0 1398 28 1398.0 28.0 1.5
06MP02_19.FIN2 298 1.66 1.5220 0.0370 0.1482 0.0035 0.40 938.0 15.0 890.0 20.0 1094 47 1094.0 47.0 18.6
06MP02_20.FIN2 364 2.12 0.0973 0.0040 0.0148 0.0004 0.17 94.1 3.7 94.8 2.7 134 92 94.8 2.7 0.7
06MP02_21.FIN2 725 7.87 0.7690 0.0160 0.0940 0.0019 0.74 578.7 9.1 579.0 11.0 597 32 579.0 11.0 0.1
06MP02_22.FIN2 324 1.17 0.1406 0.0060 0.0210 0.0005 0.09 133.3 5.3 134.2 2.9 103 85 134.2 2.9 0.7
06MP02_23.FIN2 789 0.88 0.1007 0.0032 0.0153 0.0003 0.07 97.4 2.9 97.8 1.9 91 75 97.8 1.9 0.4
06MP02_24.FIN2 347 2.36 0.1030 0.0130 0.0149 0.0009 0.41 99.0 12.0 95.5 5.9 230 250 95.5 5.9 3.5
06MP02_25.FIN2 370 2.43 0.1072 0.0041 0.0150 0.0003 0.15 103.8 3.6 95.7 1.9 259 82 95.7 1.9 7.8
06MP02_26.FIN2 502 5.91 1.3000 0.0270 0.1386 0.0022 0.68 847.0 11.0 837.0 12.0 875 29 837.0 12.0 1.2
06MP02_27.FIN2 313 1.30 0.2928 0.0074 0.0406 0.0006 0.26 260.4 5.8 256.4 3.9 299 58 256.4 3.9 1.5
06MP02_28.FIN2 228 1.69 1.7110 0.0340 0.1685 0.0024 0.52 1011.0 13.0 1003.0 13.0 1045 36 1045.0 36.0 4.0
06MP02_30.FIN2 222 1.94 3.0600 0.0420 0.2511 0.0035 0.58 1425.0 10.0 1444.0 18.0 1403 24 1403.0 24.0 2.9 #¡REF!
06MP02_32.FIN2 213 1.98 0.1837 0.0071 0.0262 0.0006 0.11 171.7 5.9 166.7 3.6 254 88 166.7 3.6 2.9 #¡REF!
06MP02_33.FIN2 268 1.61 0.2853 0.0092 0.0400 0.0009 0.17 254.4 7.3 252.9 5.8 283 77 252.9 5.8 0.6
06MP02_34.FIN2 324 2.55 2.7970 0.0400 0.2402 0.0032 0.55 1354.0 11.0 1388.0 17.0 1288 25 1288.0 25.0 7.8
06MP02_35.FIN2 591 0.74 0.5840 0.0170 0.0735 0.0018 0.74 467.0 11.0 457.0 11.0 545 41 457.0 11.0 2.1
06MP02_36.FIN2 596 1.79 0.3185 0.0072 0.0414 0.0006 0.33 280.5 5.6 261.6 3.8 448 52 261.6 3.8 6.7
06MP02_38.FIN2 389 1.46 10.4300 0.4000 0.4240 0.0150 0.96 2464.0 35.0 2274.0 67.0 2643 16 2643.0 16.0 14.0
06MP02_39.FIN2 239 1.21 0.1761 0.0067 0.0260 0.0006 0.05 165.3 6.0 165.3 3.5 178 91 165.3 3.5 0.0
06MP02_40.FIN2 198 1.40 0.4890 0.0180 0.0585 0.0012 0.45 403.0 12.0 366.7 7.0 598 69 366.7 7.0 9.0
06MP02_41.FIN2 505 1.15 0.1859 0.0065 0.0280 0.0006 0.42 172.9 5.6 177.8 3.9 112 70 177.8 3.9 2.8
06MP02_42.FIN2 82 1.11 4.3200 0.1000 0.3078 0.0068 0.27 1699.0 21.0 1729.0 33.0 1623 56 1623.0 56.0 6.5
06MP02_43.FIN2 440 55.60 0.6330 0.0180 0.0801 0.0021 0.62 498.0 11.0 496.0 13.0 555 57 496.0 13.0 0.4
06MP02_44.FIN2 187 2.09 0.5460 0.0190 0.0712 0.0012 0.28 441.0 13.0 443.3 7.4 451 81 443.3 7.4 0.5
06MP02_45.FIN2 349 3.49 3.5880 0.0730 0.2546 0.0052 0.77 1548.0 15.0 1466.0 26.0 1690 22 1690.0 22.0 13.3
06MP02_47.FIN2 268 4.16 4.3660 0.0630 0.3004 0.0041 0.59 1705.0 12.0 1693.0 21.0 1729 21 1729.0 21.0 2.1
06MP02_48.FIN2 154 0.59 0.1759 0.0085 0.0244 0.0007 0.15 164.0 7.3 155.1 4.2 320 120 155.1 4.2 5.4
06MP02_49.FIN2 96 2.34 1.9560 0.0410 0.1894 0.0027 0.36 1100.0 14.0 1118.0 15.0 1082 42 1082.0 42.0 3.3
06MP02_50.FIN2 176 1.90 0.1033 0.0056 0.0150 0.0005 0.15 99.6 5.2 95.7 3.0 220 120 95.7 3.0 3.9 #¡REF!
06MP02_52.FIN2 78 2.49 1.6290 0.0370 0.1639 0.0030 0.05 980.0 14.0 978.0 17.0 970 59 970.0 59.0 0.8 #¡REF!
06MP02_53.FIN2 505 1.01 0.5750 0.0150 0.0721 0.0010 0.51 460.7 9.5 448.5 6.2 531 46 448.5 6.2 2.6
06MP02_54.FIN2 342 0.79 0.8860 0.0150 0.1059 0.0017 0.45 644.8 8.3 649.0 9.7 644 38 649.0 9.7 0.7
06MP02_55.FIN2 517 0.52 0.1828 0.0054 0.0252 0.0005 0.21 170.3 4.6 160.5 3.0 297 72 160.5 3.0 5.8
06MP02_56.FIN2 330 4.25 0.9750 0.0280 0.1097 0.0024 0.62 689.0 15.0 673.0 14.0 742 49 673.0 14.0 2.3
06MP02_57.FIN2 369 1.25 0.2920 0.0091 0.0401 0.0009 0.16 259.7 7.1 253.6 5.3 286 72 253.6 5.3 2.3
06MP02_58.FIN2 59 2.11 4.6000 0.1000 0.2961 0.0053 0.35 1746.0 19.0 1671.0 26.0 1810 42 1810.0 42.0 7.7
06MP02_59.FIN2 1045 0.99 0.1944 0.0045 0.0276 0.0004 0.32 180.3 3.8 175.3 2.4 215 49 175.3 2.4 2.8
06MP02_60.FIN2 100 1.77 0.1670 0.0100 0.0211 0.0008 0.03 156.4 8.9 134.3 4.7 460 150 134.3 4.7 14.1
06MP02_61.FIN2 135 4.95 2.2430 0.0360 0.1997 0.0031 0.37 1200.0 13.0 1174.0 17.0 1213 40 1213.0 40.0 3.2
06MP02_62.FIN2 452 2.00 0.5847 0.0094 0.0739 0.0007 0.27 467.1 6.1 459.7 4.3 464 38 459.7 4.3 1.6
06MP02_63.FIN2 408 1.31 0.1171 0.0053 0.0161 0.0003 0.15 112.2 4.9 102.8 1.8 300 100 102.8 1.8 8.4
06MP02_64.FIN2 381 1.43 0.5760 0.0110 0.0726 0.0012 0.18 461.4 7.4 451.8 7.0 479 52 451.8 7.0 2.1
06MP02_65.FIN2 504 1.69 0.1046 0.0040 0.0156 0.0003 0.07 100.9 3.7 99.8 2.0 127 86 99.8 2.0 1.1
06MP02_67.FIN2 366 2.25 3.1510 0.0390 0.2483 0.0029 0.57 1444.3 9.5 1430.0 15.0 1448 21 1448.0 21.0 1.2
06MP02_68.FIN2 249 1.25 0.2566 0.0087 0.0350 0.0008 0.26 231.5 7.0 221.6 4.7 267 72 221.6 4.7 4.3
06MP02_69.FIN2 166 0.90 2.8730 0.0460 0.2352 0.0038 0.41 1374.0 12.0 1361.0 20.0 1373 33 1373.0 33.0 0.9
06MP02_71.FIN2 239 2.59 0.1116 0.0061 0.0157 0.0004 0.18 107.1 5.6 100.2 2.8 260 120 100.2 2.8 6.4
06MP02_72.FIN2 432 2.02 0.1044 0.0051 0.0154 0.0004 0.06 100.6 4.7 98.3 2.6 150 100 98.3 2.6 2.3
06MP02_73.FIN2 45 0.36 0.1980 0.0200 0.0230 0.0016 0.06 181.0 17.0 146.7 9.9 630 250 146.7 9.9 19.0
06MP02_74.FIN2 48 1.10 1.7470 0.0650 0.1635 0.0043 0.33 1025.0 25.0 980.0 25.0 1104 78 1104.0 78.0 11.2 #¡REF!
06MP02_77.FIN2 287 2.85 1.9710 0.0320 0.1907 0.0025 0.49 1104.0 11.0 1125.0 13.0 1072 30 1072.0 30.0 4.9 #¡REF!
06MP02_78.FIN2 687 2.97 1.6580 0.0430 0.1387 0.0035 0.69 992.0 16.0 837.0 20.0 1350 41 837.0 20.0 15.6 #¡REF!
06MP02_80.FIN2 1520 3.55 0.2555 0.0043 0.0364 0.0005 0.57 230.9 3.5 230.4 3.3 255 31 230.4 3.3 0.2 #¡REF!
06MP02_81.FIN2 235 1.76 0.6050 0.0140 0.0770 0.0013 0.16 480.9 8.7 478.1 7.6 497 56 478.1 7.6 0.6
06MP02_82.FIN2 143 1.56 1.5890 0.0350 0.1547 0.0028 0.27 964.0 14.0 927.0 15.0 1056 43 1056.0 43.0 12.2
06MP02_83.FIN2 95 1.62 0.7520 0.0320 0.0911 0.0028 0.18 567.0 19.0 562.0 17.0 638 95 562.0 17.0 0.9
06MP02_84.FIN2 169 2.76 0.1048 0.0069 0.0149 0.0005 0.27 100.9 6.4 95.0 3.4 210 130 95.0 3.4 5.8
06MP02_85.FIN2 356 0.96 0.4710 0.0130 0.0560 0.0015 0.56 392.6 8.8 351.4 9.2 642 53 351.4 9.2 10.5
06MP02_86.FIN2 760 1.60 0.1270 0.0041 0.0184 0.0003 0.15 121.3 3.7 117.2 1.8 189 73 117.2 1.8 3.4
06MP02_87.FIN2 290 1.64 3.8890 0.0670 0.2806 0.0045 0.64 1610.0 14.0 1594.0 23.0 1636 26 1636.0 26.0 2.6
06MP02_89.FIN2 136 2.06 0.1102 0.0076 0.0155 0.0005 0.09 105.6 7.0 99.1 3.3 250 150 99.1 3.3 6.2
06MP02_90.FIN2 349 2.34 0.1121 0.0049 0.0161 0.0003 0.12 107.7 4.4 102.8 1.9 245 92 102.8 1.9 4.5
06MP02_91.FIN2 145 1.10 4.0340 0.0660 0.2830 0.0042 0.58 1643.0 13.0 1606.0 21.0 1700 26 1700.0 26.0 5.5
06MP02_92.FIN2 429 0.63 0.2026 0.0063 0.0267 0.0004 0.05 187.0 5.3 170.0 2.3 406 68 170.0 2.3 9.1
06MP02_93.FIN2 784 2.28 0.1653 0.0043 0.0238 0.0005 0.22 155.2 3.7 151.8 2.8 179 62 151.8 2.8 2.2
06MP02_94.FIN2 191 0.72 0.1656 0.0099 0.0231 0.0008 0.28 157.5 8.3 147.3 5.1 270 130 147.3 5.1 6.5
06MP02_95.FIN2 280 1.67 0.2980 0.0110 0.0414 0.0008 0.08 265.3 8.4 261.7 4.8 301 82 261.7 4.8 1.4
06MP02_96.FIN2 331 1.49 3.9800 0.1100 0.2754 0.0063 0.84 1633.0 23.0 1567.0 32.0 1738 24 1738.0 24.0 9.8
06MP02_97.FIN2 1371 3.74 0.3561 0.0074 0.0479 0.0008 0.62 309.1 5.5 301.8 4.8 412 40 301.8 4.8 2.4
06MP02_98.FIN2 187 2.10 0.1050 0.0062 0.0151 0.0004 0.04 102.0 5.9 96.4 2.6 270 130 96.4 2.6 5.5
06MP02_99.FIN2 121 1.51 0.2910 0.0130 0.0400 0.0012 0.05 259.0 10.0 252.8 7.3 380 120 252.8 7.3 2.4
06MP02_100.FIN2 264 2.42 0.1148 0.0054 0.0160 0.0004 0.10 110.1 4.9 102.1 2.8 260 100 102.1 2.8 7.3



06MP02_101.FIN2 526 0.71 0.2947 0.0070 0.0397 0.0006 0.12 262.6 5.4 251.1 3.7 381 62 251.1 3.7 4.4
06MP02_102.FIN2 297 1.50 0.1737 0.0069 0.0238 0.0006 0.13 162.3 6.0 151.9 3.6 271 89 151.9 3.6 6.4
06MP02_103.FIN2 655 13.93 0.5890 0.0140 0.0721 0.0013 0.77 469.9 9.0 448.8 8.0 587 33 448.8 8.0 4.5
06MP02_104.FIN2 156 2.13 0.7640 0.0210 0.0922 0.0015 0.15 575.0 12.0 568.5 9.0 596 67 568.5 9.0 1.1
06MP02_105.FIN2 824 1.26 2.6000 0.0450 0.2086 0.0045 0.88 1299.0 13.0 1221.0 24.0 1429 18 1429.0 18.0 14.6
06MP02_106.FIN2 561 31.70 4.5100 0.1700 0.3126 0.0086 0.80 1742.0 27.0 1761.0 40.0 1721 35 1721.0 35.0 2.3
06MP02_107.FIN2 765 1.77 4.3170 0.0630 0.3118 0.0047 0.72 1700.0 12.0 1749.0 23.0 1638 20 1638.0 20.0 6.8
06MP02_108.FIN2 245 3.91 3.4060 0.0470 0.2619 0.0037 0.55 1508.0 10.0 1499.0 19.0 1517 26 1517.0 26.0 1.2
06MP02_109.FIN2 243 1.60 0.1638 0.0075 0.0230 0.0005 0.25 153.6 6.5 146.8 3.3 233 98 146.8 3.3 4.4
06MP02_110.FIN2 535 1.63 0.1839 0.0052 0.0264 0.0004 0.06 171.2 4.5 167.7 2.7 200 66 167.7 2.7 2.0
06MP02_111.FIN2 228 3.31 2.2340 0.0370 0.2043 0.0027 0.15 1191.0 12.0 1198.0 15.0 1169 35 1169.0 35.0 2.5
06MP02_112.FIN2 150 2.05 4.4230 0.0660 0.3069 0.0038 0.36 1717.0 13.0 1725.0 19.0 1681 27 1681.0 27.0 2.6
06MP02_113.FIN2 370 3.73 0.8140 0.0160 0.0976 0.0015 0.37 605.3 9.0 600.1 8.7 633 39 600.1 8.7 0.9
06MP02_114.FIN2 835 2.10 0.1042 0.0031 0.0163 0.0003 0.22 100.6 2.9 104.1 1.6 46 60 104.1 1.6 3.5
06MP02_115.FIN2 118 0.58 0.1630 0.0100 0.0242 0.0010 0.09 155.2 8.6 153.8 6.2 200 150 153.8 6.2 0.9
06MP02_116.FIN2 244 2.82 4.5620 0.0510 0.3120 0.0029 0.46 1744.0 9.3 1750.0 14.0 1731 17 1731.0 17.0 1.1
06MP02_117.FIN2 358 1.14 0.1909 0.0059 0.0270 0.0005 0.20 177.9 4.9 171.4 3.3 258 74 171.4 3.3 3.7
06MP02_119.FIN2 394 5.16 1.9680 0.0430 0.1820 0.0027 0.53 1103.0 15.0 1078.0 15.0 1153 36 1153.0 36.0 6.5
06MP02_120.FIN2 136 1.94 3.9980 0.0550 0.2894 0.0042 0.43 1633.0 11.0 1638.0 21.0 1632 29 1632.0 29.0 0.4

Soyatal Formation (sample: 16-CA08); coordinates: 20º 56.081'N, 99º 43.754'W
16CA08_1.FIN2 134 2.54 0.1512 0.0045 0.0209 0.0003 0.27 142.8 4.0 133.2 2.1 274 66 133.2 2.1 6.7
16CA08_2.FIN2 315 2.20 0.1221 0.0021 0.0180 0.0003 0.22 116.9 1.9 115.3 1.7 151 45 115.3 1.7 1.4
16CA08_3.FIN2 591 16.63 0.8070 0.0130 0.0988 0.0020 0.50 600.5 7.6 607.0 12.0 581 35 607.0 12.0 1.1
16CA08_4.FIN2 212 1.48 0.1042 0.0026 0.0152 0.0002 0.04 100.9 2.5 97.5 1.2 201 57 97.5 1.2 3.4
16CA08_5.FIN2 51 1.52 0.1630 0.0110 0.0198 0.0011 0.23 152.7 9.4 126.6 6.7 590 190 126.6 6.7 17.1
16CA08_6.FIN2 360 0.85 0.0912 0.0046 0.0136 0.0004 0.49 88.6 4.3 87.0 2.6 135 93 87.0 2.6 1.8
16CA08_7.FIN2 716 2.13 0.1796 0.0030 0.0261 0.0004 0.66 167.7 2.6 166.2 2.4 181 35 166.2 2.4 0.9
16CA08_8.FIN2 248 19.30 1.6340 0.0670 0.1670 0.0080 0.50 982.0 26.0 995.0 44.0 985 77 985.0 77.0 1.0 Rim
16CA08_8.FIN2 362 19.40 3.7890 0.0950 0.2804 0.0094 0.92 1590.0 20.0 1593.0 47.0 1570 27 1570.0 27.0 1.5 Core
16CA08_9.FIN2 53 4.43 1.5230 0.0590 0.1527 0.0045 0.40 938.0 24.0 916.0 25.0 1033 73 1033.0 73.0 11.3
16CA08_10.FIN2 163 1.19 0.1327 0.0031 0.0198 0.0003 0.12 126.5 2.8 126.6 2.0 171 63 126.6 2.0 0.1
16CA08_11.FIN2 1170 1.05 0.1593 0.0044 0.0231 0.0007 0.22 150.0 3.9 147.3 4.4 197 62 147.3 4.4 1.8
16CA08_12.FIN2 643 1.84 3.5480 0.0850 0.2554 0.0058 0.86 1537.0 19.0 1466.0 30.0 1659 22 1659.0 22.0 11.6
16CA08_13.FIN2 368 1.39 0.8180 0.0120 0.0986 0.0015 0.72 607.5 6.8 606.0 8.9 613 23 606.0 8.9 0.2
16CA08_14.FIN2 167 2.16 0.0974 0.0043 0.0151 0.0006 0.42 94.3 4.0 96.9 3.6 14 78 96.9 3.6 2.8
16CA08_15.FIN2 73 1.52 2.0780 0.0470 0.1887 0.0035 0.31 1141.0 15.0 1114.0 19.0 1187 43 1187.0 43.0 6.1 #¡REF!
16CA08_17.FIN2 360 1.82 0.6420 0.0110 0.0815 0.0014 0.55 503.2 6.7 504.9 8.5 492 39 504.9 8.5 0.3 #¡REF!
16CA08_18.FIN2 550 0.87 0.3244 0.0047 0.0457 0.0006 0.43 285.2 3.6 287.8 3.9 284 32 287.8 3.9 0.9
16CA08_19.FIN2 434 1.63 0.1180 0.0025 0.0173 0.0003 0.48 113.2 2.3 110.6 1.9 166 44 110.6 1.9 2.3
16CA08_20.FIN2 252 2.83 0.5970 0.0110 0.0763 0.0017 0.29 475.3 6.9 473.9 9.9 498 63 473.9 9.9 0.3
16CA08_21.FIN2 123 1.38 0.7930 0.0110 0.0961 0.0015 0.56 592.5 6.5 591.4 8.6 609 28 591.4 8.6 0.2
16CA08_22.FIN2 224 0.97 5.7170 0.0950 0.3507 0.0068 0.70 1933.0 14.0 1937.0 33.0 1915 23 1915.0 23.0 1.1
16CA08_23.FIN2 163 1.36 0.1084 0.0026 0.0154 0.0003 0.03 104.5 2.4 98.4 1.8 236 67 98.4 1.8 5.8
16CA08_24.FIN2 290 1.10 0.8100 0.0130 0.0967 0.0016 0.50 602.2 7.2 595.1 9.2 635 34 595.1 9.2 1.2
16CA08_25.FIN2 72 1.58 2.3320 0.0290 0.2002 0.0026 0.33 1221.6 8.8 1176.0 14.0 1312 27 1312.0 27.0 10.4
16CA08_26.FIN2 56 1.34 0.2741 0.0075 0.0389 0.0007 0.01 245.6 5.9 245.7 4.3 255 71 245.7 4.3 0.0
16CA08_27.FIN2 337 2.15 0.1115 0.0026 0.0165 0.0003 0.38 107.3 2.4 105.2 2.0 187 56 105.2 2.0 2.0
16CA08_28.FIN2 110 2.01 0.1311 0.0043 0.0191 0.0004 0.31 125.0 3.8 122.2 2.5 171 71 122.2 2.5 2.2
16CA08_29.FIN2 140 3.00 1.7840 0.0220 0.1729 0.0024 0.58 1038.8 8.1 1028.0 13.0 1049 26 1049.0 26.0 2.0
16CA08_30.FIN2 140 0.93 0.8610 0.0100 0.1030 0.0014 0.47 630.4 5.7 632.6 8.0 635 30 632.6 8.0 0.3
16CA08_31.FIN2 649 1.93 0.2517 0.0051 0.0359 0.0006 0.58 228.3 4.2 227.4 3.7 279 39 227.4 3.7 0.4
16CA08_32.FIN2 531 2.54 0.1086 0.0027 0.0157 0.0003 0.42 104.7 2.4 100.4 1.8 195 46 100.4 1.8 4.1
16CA08_33.FIN2 104 1.76 0.1461 0.0048 0.0209 0.0006 0.41 138.8 4.2 133.1 3.5 227 74 133.1 3.5 4.1
16CA08_34.FIN2 367 4.23 0.6350 0.0120 0.0800 0.0017 0.62 498.9 7.3 496.0 10.0 509 37 496.0 10.0 0.6
16CA08_35.FIN2 164 2.39 0.1028 0.0050 0.0145 0.0003 0.21 99.2 4.6 93.1 2.2 270 110 93.1 2.2 6.1
16CA08_36.FIN2 151 1.14 0.2324 0.0055 0.0326 0.0005 0.20 212.0 4.5 206.9 3.1 259 56 206.9 3.1 2.4
16CA08_37.FIN2 194 1.77 16.0800 0.1500 0.5513 0.0045 0.66 2882.5 8.8 2830.0 19.0 2915 13 2915.0 13.0 2.9
16CA08_38.FIN2 571 4.82 0.1001 0.0017 0.0147 0.0002 0.58 96.8 1.6 93.8 1.5 139 31 93.8 1.5 3.1
16CA08_39.FIN2 228 1.34 0.1034 0.0033 0.0150 0.0003 0.35 100.2 2.9 95.6 1.7 194 70 95.6 1.7 4.6
16CA08_40.FIN2 259 0.92 0.3080 0.0110 0.0424 0.0010 0.53 272.6 8.9 267.6 6.4 248 73 267.6 6.4 1.8
16CA08_41.FIN2 512 2.21 0.1784 0.0025 0.0261 0.0004 0.43 166.6 2.2 165.8 2.5 173 38 165.8 2.5 0.5
16CA08_42.FIN2 46 0.97 9.5800 0.2000 0.4100 0.0110 0.61 2394.0 20.0 2214.0 52.0 2562 40 2562.0 40.0 13.6
16CA08_43.FIN2 352 1.75 0.2885 0.0078 0.0411 0.0008 0.42 257.3 6.1 259.6 4.8 219 61 259.6 4.8 0.9
16CA08_44.FIN2 441 3.23 0.4837 0.0072 0.0645 0.0012 0.42 402.4 5.4 402.8 7.5 397 40 402.8 7.5 0.1
16CA08_45.FIN2 168 2.07 0.6967 0.0090 0.0855 0.0013 0.53 536.5 5.4 529.9 7.7 555 30 529.9 7.7 1.2
16CA08_46.FIN2 294 2.54 0.1055 0.0030 0.0155 0.0003 0.57 101.8 2.8 99.3 2.0 159 52 99.3 2.0 2.5
16CA08_47.FIN2 870 1.76 0.1517 0.0034 0.0225 0.0005 0.59 143.4 3.0 143.3 3.1 165 48 143.3 3.1 0.1
16CA08_48.FIN2 338 1.80 0.1276 0.0023 0.0187 0.0002 0.14 121.9 2.0 119.7 1.4 153 45 119.7 1.4 1.8
16CA08_49.FIN2 264 2.54 0.7830 0.0140 0.0931 0.0018 0.60 586.5 7.9 574.0 11.0 638 36 574.0 11.0 2.1
16CA08_50.FIN2 1100 4.20 0.5260 0.0150 0.0691 0.0023 0.72 429.0 10.0 430.0 14.0 394 50 430.0 14.0 0.2



16CA08_51.FIN2 275 1.40 0.5988 0.0094 0.0736 0.0009 0.67 476.2 5.9 458.0 5.5 590 27 458.0 5.5 3.8
16CA08_52.FIN2 273 1.81 0.5960 0.0110 0.0758 0.0014 0.51 476.5 7.6 471.1 8.4 475 36 471.1 8.4 1.1
16CA08_53.FIN2 182 3.68 0.3150 0.0063 0.0432 0.0007 0.44 277.8 4.9 272.3 4.4 330 45 272.3 4.4 2.0
16CA08_54.FIN2 151 0.91 0.1227 0.0070 0.0169 0.0006 0.33 117.3 6.3 107.8 3.7 320 120 107.8 3.7 8.1
16CA08_55.FIN2 467 4.60 1.6400 0.0240 0.1652 0.0031 0.78 984.9 9.4 985.0 17.0 984 22 984.0 22.0 0.1
16CA08_56.FIN2 495 2.70 0.1918 0.0034 0.0279 0.0004 0.46 178.1 2.9 177.2 2.3 164 40 177.2 2.3 0.5
16CA08_57.FIN2 555 2.15 0.2032 0.0031 0.0287 0.0003 0.17 187.8 2.6 182.1 2.0 257 39 182.1 2.0 3.0
16CA08_58.FIN2 567 2.16 0.3549 0.0062 0.0489 0.0008 0.25 308.2 4.7 307.4 5.0 317 40 307.4 5.0 0.3
16CA08_60.FIN2 340 1.05 0.4535 0.0060 0.0591 0.0007 0.57 379.5 4.2 370.4 4.1 439 27 370.4 4.1 2.4
16CA08_61.FIN2 314 3.37 0.1440 0.0038 0.0210 0.0004 0.46 136.5 3.3 133.9 2.7 149 60 133.9 2.7 1.9
16CA08_62.FIN2 860 1.88 0.1543 0.0049 0.0235 0.0012 0.67 145.6 4.3 149.4 7.7 142 72 149.4 7.7 2.6
16CA08_63.FIN2 85 0.96 0.5970 0.0130 0.0762 0.0010 0.12 475.0 8.4 473.4 5.8 508 57 473.4 5.8 0.3
16CA08_64.FIN2 223 3.27 0.5780 0.0100 0.0742 0.0011 0.74 463.0 6.7 461.3 6.7 466 32 461.3 6.7 0.4
16CA08_65.FIN2 335 3.09 0.6060 0.0100 0.0766 0.0012 0.61 480.5 6.4 475.6 7.2 510 30 475.6 7.2 1.0
16CA08_66.FIN2 36 0.96 4.5300 0.2100 0.3080 0.0130 0.91 1731.0 37.0 1729.0 63.0 1733 32 1733.0 32.0 0.2
16CA08_67.FIN2 339 0.83 0.5930 0.0094 0.0772 0.0011 0.68 472.5 6.0 479.3 6.6 442 25 479.3 6.6 1.4
16CA08_68.FIN2 127 2.17 1.5390 0.0180 0.1558 0.0015 0.51 945.7 7.1 933.5 8.6 983 22 983.0 22.0 5.0
16CA08_69.FIN2 856 23.20 0.6890 0.0130 0.0866 0.0018 0.73 532.1 8.1 535.0 11.0 480 34 535.0 11.0 0.5
16CA08_70.FIN2 73 1.99 2.3100 0.0300 0.2069 0.0025 0.52 1214.5 9.3 1212.0 13.0 1214 27 1214.0 27.0 0.2
16CA08_71.FIN2 175 0.81 0.5732 0.0082 0.0734 0.0009 0.57 459.8 5.3 456.8 5.5 475 26 456.8 5.5 0.7
16CA08_72.FIN2 345 1.52 0.1166 0.0027 0.0170 0.0003 0.40 111.9 2.5 108.4 1.7 163 51 108.4 1.7 3.1
16CA08_73.FIN2 801 7.34 0.1992 0.0044 0.0281 0.0006 0.61 184.3 3.7 178.9 3.7 245 43 178.9 3.7 2.9
16CA08_74.FIN2 219 2.11 0.1647 0.0031 0.0243 0.0003 0.34 155.5 2.6 154.8 1.8 139 44 154.8 1.8 0.5
16CA08_75.FIN2 247 1.47 0.1386 0.0033 0.0201 0.0004 0.31 131.7 3.0 128.4 2.3 168 52 128.4 2.3 2.5
16CA08_76.FIN2 463 1.38 0.1512 0.0030 0.0224 0.0005 0.68 142.9 2.6 142.7 2.8 117 37 142.7 2.8 0.1
16CA08_77.FIN2 460 8.49 0.7620 0.0100 0.0939 0.0013 0.51 574.7 6.0 578.2 7.5 556 30 578.2 7.5 0.6
16CA08_78.FIN2 402 2.40 0.1423 0.0031 0.0214 0.0003 0.46 135.0 2.8 136.3 1.9 118 40 136.3 1.9 1.0
16CA08_79.FIN2 507 4.80 0.1037 0.0018 0.0153 0.0003 0.37 100.2 1.7 97.8 1.6 135 47 97.8 1.6 2.4
16CA08_80.FIN2 373 1.76 0.1750 0.0031 0.0251 0.0003 0.26 163.7 2.7 159.9 2.1 207 46 159.9 2.1 2.3
16CA08_81.FIN2 314 3.81 0.1031 0.0022 0.0150 0.0003 0.16 99.8 2.1 96.2 1.7 155 65 96.2 1.7 3.6
16CA08_82.FIN2 305 1.45 0.4800 0.0140 0.0634 0.0020 0.71 397.3 9.4 396.0 12.0 410 47 396.0 12.0 0.3
16CA08_83.FIN2 193 1.84 0.1303 0.0047 0.0194 0.0004 0.19 124.3 4.2 123.7 2.6 127 79 123.7 2.6 0.5
16CA08_84.FIN2 605 6.63 1.7630 0.0270 0.1769 0.0036 0.57 1031.6 9.9 1050.0 20.0 1014 35 1014.0 35.0 3.6
16CA08_85.FIN2 56 1.33 0.5900 0.0170 0.0755 0.0014 0.16 470.0 11.0 469.0 8.3 493 73 469.0 8.3 0.2
16CA08_86.FIN2 373 3.96 0.5928 0.0067 0.0757 0.0008 0.47 472.5 4.3 470.5 4.6 478 25 470.5 4.6 0.4
16CA08_87.FIN2 179 1.35 0.1556 0.0065 0.0201 0.0004 0.33 148.1 6.1 128.4 2.4 455 91 128.4 2.4 13.3
16CA08_88.FIN2 628 2.10 0.1058 0.0022 0.0157 0.0004 0.37 102.0 2.0 100.5 2.4 147 53 100.5 2.4 1.5
16CA08_89.FIN2 322 2.43 1.2100 0.0190 0.1334 0.0027 0.68 804.6 8.5 807.0 16.0 792 29 807.0 16.0 0.3
16CA08_90.FIN2 391 2.45 2.4680 0.0370 0.2180 0.0029 0.72 1264.0 10.0 1271.0 15.0 1244 19 1244.0 19.0 2.2
16CA08_91.FIN2 431 1.21 0.4586 0.0066 0.0624 0.0007 0.67 383.6 4.7 390.2 4.2 344 26 390.2 4.2 1.7
16CA08_92.FIN2 301 5.04 0.1025 0.0045 0.0161 0.0007 0.20 100.5 4.9 102.7 4.6 71 97 102.7 4.6 2.2
16CA08_93.FIN2 373 3.11 2.6380 0.0400 0.2250 0.0040 0.77 1311.0 11.0 1308.0 21.0 1305 22 1305.0 22.0 0.2
16CA08_94.FIN2 712 4.21 0.6129 0.0082 0.0779 0.0011 0.65 485.1 5.2 483.6 6.7 493 24 483.6 6.7 0.3
16CA08_95.FIN2 690 2.76 0.1950 0.0036 0.0283 0.0004 0.67 180.8 3.0 179.9 2.7 202 31 179.9 2.7 0.5
16CA08_96.FIN2 631 67.20 0.9070 0.0130 0.1055 0.0016 0.51 655.7 6.8 647.5 9.3 669 32 647.5 9.3 1.3
16CA08_98.FIN2 314 1.44 0.1013 0.0026 0.0150 0.0003 0.43 98.0 2.4 96.1 1.6 179 60 96.1 1.6 1.9
16CA08_99.FIN2 99 2.13 0.1482 0.0051 0.0212 0.0006 0.18 140.2 4.5 135.1 3.6 219 90 135.1 3.6 3.6
16CA08_100.FIN2 237 2.10 0.2052 0.0077 0.0275 0.0006 0.18 189.4 6.5 174.7 4.0 327 80 174.7 4.0 7.8
16CA08_101.FIN2 143 1.70 6.4110 0.0850 0.3543 0.0059 0.69 2034.0 11.0 1954.0 28.0 2096 23 2096.0 23.0 6.8
16CA08_102.FIN2 198 1.52 0.1240 0.0042 0.0178 0.0004 0.44 118.5 3.8 113.9 2.3 220 68 113.9 2.3 3.9
16CA08_103.FIN2 167 1.04 0.2003 0.0080 0.0281 0.0010 0.54 185.2 6.8 178.6 6.3 206 75 178.6 6.3 3.6
16CA08_104.FIN2 198 0.86 2.2650 0.0260 0.2047 0.0028 0.63 1200.8 7.9 1200.0 15.0 1206 22 1206.0 22.0 0.5
16CA08_105.FIN2 464 6.35 1.5660 0.0270 0.1586 0.0033 0.88 957.0 11.0 949.0 19.0 965 23 965.0 23.0 1.7
16CA08_106.FIN2 108 1.55 0.1236 0.0043 0.0177 0.0005 0.22 118.2 3.9 113.3 2.9 196 85 113.3 2.9 4.1
16CA08_107.FIN2 87 2.60 3.1910 0.0580 0.2452 0.0051 0.69 1458.0 14.0 1413.0 26.0 1523 28 1523.0 28.0 7.2
16CA08_108.FIN2 282 7.36 0.8870 0.0150 0.1029 0.0019 0.54 644.3 7.8 631.0 11.0 687 34 631.0 11.0 2.1
16CA08_109.FIN2 526 37.40 2.1600 0.0310 0.2016 0.0031 0.77 1167.4 9.9 1183.0 16.0 1147 19 1147.0 19.0 3.1
16CA08_110.FIN2 123 2.07 0.2064 0.0059 0.0270 0.0006 0.02 190.3 4.9 171.6 3.9 429 83 171.6 3.9 9.8
16CA08_111.FIN2 117 1.79 0.5807 0.0081 0.0721 0.0013 0.48 466.0 5.5 448.7 8.0 551 40 448.7 8.0 3.7
16CA08_112.FIN2 251 4.99 0.0988 0.0025 0.0144 0.0004 0.21 95.6 2.3 92.0 2.2 195 67 92.0 2.2 3.8
16CA08_113.FIN2 312 1.38 0.0997 0.0031 0.0149 0.0003 0.32 96.4 2.9 95.2 1.8 124 65 95.2 1.8 1.2
16CA08_114.FIN2 68 2.53 0.1482 0.0081 0.0199 0.0007 0.35 139.9 7.1 126.9 4.6 420 120 126.9 4.6 9.3
16CA08_115.FIN2 86 3.58 0.5870 0.0110 0.0731 0.0017 0.38 468.4 7.3 455.0 10.0 530 55 455.0 10.0 2.9 #¡REF!
16CA08_117.FIN2 64 2.59 0.1483 0.0075 0.0197 0.0005 0.08 140.1 6.6 125.8 3.4 460 130 125.8 3.4 10.2 #¡REF!
16CA08_118.FIN2 340 1.49 0.4599 0.0090 0.0622 0.0011 0.77 383.8 6.2 389.1 6.9 369 32 389.1 6.9 1.4
16CA08_119.FIN2 161 7.13 1.6960 0.0350 0.1634 0.0042 0.52 1005.0 13.0 975.0 23.0 1096 44 1096.0 44.0 11.0
16CA08_120.FIN2 259 1.99 0.1299 0.0027 0.0194 0.0004 0.18 124.0 2.4 123.9 2.2 158 54 123.9 2.2 0.1

Mineral de Pozos sandstone (sample: 08-MP04); coordinates: 21º 13.766'N, 100º 31.691'W
08MP04_1.FIN2 164 1.67 0.1053 0.0074 0.0162 0.0005 0.30 101.2 6.8 103.4 3.2 60 120 103.4 3.2 2.2
08MP04_2.FIN2 102 0.88 4.3470 0.0820 0.3165 0.0073 0.55 1704.0 15.0 1771.0 36.0 1639 38 1639.0 38.0 8.1



08MP04_3.FIN2 103 1.02 0.6110 0.0210 0.0755 0.0017 0.07 483.0 13.0 469.0 10.0 542 85 469.0 10.0 2.9
08MP04_4.FIN2 270 1.34 0.3258 0.0099 0.0439 0.0011 0.42 287.0 7.7 276.8 6.7 332 67 276.8 6.7 3.6
08MP04_5.FIN2 76 1.11 0.2970 0.0130 0.0414 0.0010 0.26 263.0 11.0 261.3 6.4 323 95 261.3 6.4 0.6
08MP04_6.FIN2 177 0.91 0.4810 0.0150 0.0647 0.0014 0.37 398.0 10.0 404.2 8.3 373 63 404.2 8.3 1.6
08MP04_7.FIN2 182 1.24 0.3030 0.0110 0.0430 0.0012 0.43 268.1 8.5 271.5 7.7 263 74 271.5 7.7 1.3
08MP04_8.FIN2 188 1.53 4.0190 0.0980 0.2899 0.0074 0.80 1638.0 19.0 1645.0 38.0 1619 31 1619.0 31.0 1.6
08MP04_9.FIN2 272 1.22 0.4860 0.0110 0.0647 0.0014 0.46 402.8 7.7 403.9 8.7 397 50 403.9 8.7 0.3
08MP04_10.FIN2 252 2.16 0.2998 0.0072 0.0421 0.0009 0.39 266.7 5.5 265.6 5.5 270 55 265.6 5.5 0.4
08MP04_11.FIN2 68 1.52 4.0800 0.1000 0.2905 0.0066 0.51 1648.0 21.0 1650.0 35.0 1643 43 1643.0 43.0 0.4
08MP04_12.FIN2 365 4.70 0.0967 0.0036 0.0148 0.0004 0.30 93.6 3.3 94.6 2.4 118 79 94.6 2.4 1.1
08MP04_13.FIN2 174 1.28 0.5580 0.0140 0.0724 0.0012 0.30 449.7 9.3 451.7 7.5 455 57 451.7 7.5 0.4
08MP04_14.FIN2 702 4.41 0.4950 0.0130 0.0660 0.0014 0.86 408.5 8.7 411.9 8.7 406 30 411.9 8.7 0.8
08MP04_15.FIN2 227 1.39 1.8250 0.0300 0.1803 0.0024 0.42 1054.0 11.0 1068.0 13.0 1010 34 1010.0 34.0 5.7
08MP04_16.FIN2 163 0.98 0.2922 0.0086 0.0417 0.0007 0.10 259.8 6.7 263.6 4.4 193 71 263.6 4.4 1.5
08MP04_17.FIN2 346 1.07 0.4308 0.0082 0.0580 0.0011 0.37 363.4 5.8 363.5 6.5 392 48 363.5 6.5 0.0
08MP04_18.FIN2 106 1.52 0.3250 0.0140 0.0463 0.0010 0.12 287.0 11.0 291.6 6.4 290 110 291.6 6.4 1.6
08MP04_19.FIN2 183 1.39 0.1043 0.0070 0.0160 0.0006 0.14 100.5 6.4 102.2 3.5 90 140 102.2 3.5 1.7
08MP04_20.FIN2 250 1.28 0.2977 0.0076 0.0412 0.0007 0.08 264.3 6.0 259.9 4.0 296 66 259.9 4.0 1.7
08MP04_21.FIN2 134 0.81 0.4840 0.0180 0.0631 0.0014 0.26 400.0 13.0 394.7 8.8 446 86 394.7 8.8 1.3
08MP04_22.FIN2 454 0.61 0.5140 0.0100 0.0671 0.0011 0.53 420.6 6.7 418.7 6.8 427 43 418.7 6.8 0.5
08MP04_23.FIN2 156 2.71 0.6030 0.0170 0.0765 0.0013 0.26 478.0 11.0 474.9 7.7 515 66 474.9 7.7 0.6
08MP04_24.FIN2 650 1.34 0.3126 0.0065 0.0419 0.0008 0.30 276.0 5.0 264.7 4.8 360 53 264.7 4.8 4.1
08MP04_25.FIN2 925 1.35 0.5360 0.0170 0.0694 0.0027 0.48 435.0 11.0 432.0 16.0 465 69 432.0 16.0 0.7
08MP04_26.FIN2 223 1.15 0.2298 0.0099 0.0334 0.0009 0.20 211.1 8.5 211.7 5.4 220 100 211.7 5.4 0.3
08MP04_27.FIN2 130 1.44 2.1170 0.0460 0.1991 0.0043 0.34 1156.0 14.0 1170.0 23.0 1118 55 1118.0 55.0 4.7
08MP04_28.FIN2 238 1.72 3.3510 0.0560 0.2625 0.0045 0.51 1492.0 13.0 1502.0 23.0 1496 32 1496.0 32.0 0.4
08MP04_29.FIN2 242 1.39 0.3070 0.0078 0.0422 0.0008 0.17 271.5 6.1 266.1 4.9 323 67 266.1 4.9 2.0
08MP04_30.FIN2 168 5.56 1.7730 0.0450 0.1778 0.0037 0.41 1034.0 16.0 1055.0 20.0 993 53 993.0 53.0 6.2
08MP04_31.FIN2 281 0.84 0.5020 0.0140 0.0644 0.0013 0.48 414.0 9.1 402.1 7.7 459 57 402.1 7.7 2.9
08MP04_32.FIN2 289 1.81 0.2939 0.0069 0.0418 0.0009 0.22 261.3 5.4 263.6 5.6 279 57 263.6 5.6 0.9
08MP04_33.FIN2 122 1.39 0.6070 0.0180 0.0764 0.0014 0.05 480.0 12.0 474.7 8.4 486 77 474.7 8.4 1.1
08MP04_34.FIN2 651 3.01 2.2040 0.0560 0.2014 0.0046 0.55 1181.0 18.0 1183.0 25.0 1201 51 1201.0 51.0 1.5
08MP04_35.FIN2 112 1.42 0.4620 0.0150 0.0624 0.0014 0.16 387.0 11.0 390.1 8.2 383 78 390.1 8.2 0.8
08MP04_36.FIN2 612 1.61 4.2300 0.1000 0.2984 0.0085 0.74 1678.0 20.0 1682.0 42.0 1679 39 1679.0 39.0 0.2
08MP04_37.FIN2 461 1.10 0.5180 0.0140 0.0595 0.0012 0.53 423.7 9.2 372.7 7.5 691 56 372.7 7.5 12.0
08MP04_38.FIN2 20 1.46 1.5000 0.1200 0.1516 0.0059 0.09 940.0 47.0 909.0 33.0 920 170 920.0 170.0 1.2
08MP04_39.FIN2 341 1.74 0.1008 0.0040 0.0153 0.0004 0.07 97.4 3.6 97.7 2.2 54 89 97.7 2.2 0.3
08MP04_40.FIN2 183 2.36 0.5630 0.0160 0.0732 0.0015 0.36 455.0 11.0 455.2 9.2 464 61 455.2 9.2 0.0
08MP04_41.FIN2 227 1.55 0.1320 0.0080 0.0198 0.0010 0.19 125.8 7.1 126.3 6.3 140 160 126.3 6.3 0.4
08MP04_42.FIN2 380 2.30 0.5550 0.0120 0.0714 0.0014 0.46 449.1 8.3 444.7 8.2 461 52 444.7 8.2 1.0
08MP04_43.FIN2 220 1.40 0.2928 0.0096 0.0402 0.0009 0.16 261.3 7.4 253.7 5.7 306 78 253.7 5.7 2.9
08MP04_44.FIN2 2220 5.29 0.6990 0.0170 0.0882 0.0016 0.04 538.0 10.0 545.0 9.2 444 92 545.0 9.2 1.3
08MP04_45.FIN2 262 2.28 0.4060 0.0160 0.0543 0.0022 0.57 347.0 11.0 340.0 13.0 354 77 340.0 13.0 2.0
08MP04_46.FIN2 265 1.87 0.1818 0.0069 0.0253 0.0006 0.17 169.3 5.9 160.9 3.7 286 90 160.9 3.7 5.0
08MP04_47.FIN2 149 4.64 0.9050 0.0370 0.1079 0.0027 0.51 657.0 21.0 660.0 16.0 603 68 660.0 16.0 0.5 Rim
08MP04_47.FIN2 67 1.81 1.5500 0.1100 0.1541 0.0075 0.50 947.0 42.0 924.0 42.0 980 140 980.0 140.0 5.7 Core
08MP04_48.FIN2 229 1.10 0.4580 0.0100 0.0604 0.0011 0.20 382.4 7.2 377.9 6.5 424 58 377.9 6.5 1.2
08MP04_49.FIN2 355 1.56 0.2121 0.0063 0.0294 0.0005 0.11 195.1 5.3 186.7 3.3 263 74 186.7 3.3 4.3
08MP04_50.FIN2 308 4.82 4.2860 0.0540 0.3047 0.0048 0.69 1690.0 10.0 1717.0 24.0 1642 21 1642.0 21.0 4.6
08MP04_51.FIN2 124 1.42 0.5900 0.0140 0.0763 0.0011 0.02 471.3 9.4 474.1 6.5 398 63 474.1 6.5 0.6 #¡REF!
08MP04_53.FIN2 316 2.87 0.1717 0.0066 0.0248 0.0007 0.29 160.6 5.7 157.8 4.1 186 80 157.8 4.1 1.7 #¡REF!
08MP04_54.FIN2 154 0.97 0.5450 0.0130 0.0693 0.0015 0.01 440.9 8.8 431.8 9.1 421 72 431.8 9.1 2.1
08MP04_55.FIN2 101 1.52 0.1186 0.0090 0.0171 0.0007 0.10 113.4 8.2 109.1 4.3 220 170 109.1 4.3 3.8
08MP04_56.FIN2 289 1.67 0.1046 0.0050 0.0149 0.0004 0.00 100.8 4.6 95.1 2.7 220 120 95.1 2.7 5.7
08MP04_57.FIN2 53 3.09 1.6280 0.0530 0.1651 0.0045 0.27 982.0 21.0 985.0 25.0 969 84 969.0 84.0 1.7
08MP04_58.FIN2 59 1.37 15.8000 0.2600 0.5880 0.0100 0.64 2865.0 15.0 2979.0 40.0 2772 22 2772.0 22.0 7.5
08MP04_59.FIN2 185 2.27 0.1561 0.0069 0.0226 0.0005 0.17 147.8 6.2 143.9 3.3 168 95 143.9 3.3 2.6
08MP04_60.FIN2 94 0.61 3.4280 0.0630 0.2712 0.0045 0.34 1509.0 14.0 1546.0 23.0 1474 35 1474.0 35.0 4.9
08MP04_61.FIN2 330 1.33 0.1958 0.0057 0.0282 0.0006 0.13 181.4 4.8 179.1 3.6 260 79 179.1 3.6 1.3
08MP04_62.FIN2 243 2.03 0.5860 0.0150 0.0750 0.0016 0.36 469.4 9.8 465.9 9.3 506 59 465.9 9.3 0.7
08MP04_63.FIN2 378 0.90 0.4547 0.0093 0.0606 0.0009 0.35 380.2 6.5 379.2 5.3 383 47 379.2 5.3 0.3
08MP04_64.FIN2 235 1.31 0.4760 0.0150 0.0647 0.0014 0.44 395.0 10.0 404.1 8.7 388 73 404.1 8.7 2.3
08MP04_65.FIN2 98 3.50 0.1255 0.0084 0.0159 0.0006 0.13 119.6 7.6 101.9 3.8 450 150 101.9 3.8 14.8
08MP04_66.FIN2 275 1.14 0.4293 0.0098 0.0604 0.0010 0.20 362.3 6.9 378.2 6.2 287 59 378.2 6.2 4.4
08MP04_67.FIN2 135 1.32 0.3100 0.0110 0.0444 0.0012 0.08 273.5 8.8 280.1 7.2 197 86 280.1 7.2 2.4
08MP04_68.FIN2 288 3.17 0.1069 0.0049 0.0158 0.0004 0.06 102.9 4.5 101.0 2.2 140 110 101.0 2.2 1.8
08MP04_69.FIN2 254 3.08 0.4420 0.0130 0.0585 0.0014 0.46 370.8 9.2 366.6 8.8 370 61 366.6 8.8 1.1
08MP04_70.FIN2 212 2.66 0.5230 0.0160 0.0681 0.0014 0.41 426.0 11.0 424.9 8.5 435 72 424.9 8.5 0.3
08MP04_71.FIN2 195 1.77 0.1125 0.0059 0.0160 0.0005 0.15 108.0 5.4 102.4 3.3 170 120 102.4 3.3 5.2
08MP04_72.FIN2 152 0.95 0.3170 0.0120 0.0436 0.0012 0.22 279.9 9.5 275.3 7.3 274 82 275.3 7.3 1.6
08MP04_73.FIN2 611 2.07 0.1336 0.0056 0.0165 0.0007 0.33 127.3 5.0 105.5 4.2 570 100 105.5 4.2 17.1
08MP04_74.FIN2 407 2.72 0.2884 0.0059 0.0405 0.0006 0.19 257.1 4.7 256.0 3.4 264 52 256.0 3.4 0.4



08MP04_75.FIN2 233 0.97 0.4651 0.0094 0.0617 0.0010 0.30 387.5 6.5 386.0 6.3 377 45 386.0 6.3 0.4
08MP04_76.FIN2 184 0.91 0.4710 0.0130 0.0621 0.0013 0.35 392.2 8.9 388.4 8.1 401 60 388.4 8.1 1.0
08MP04_77.FIN2 590 2.03 0.0975 0.0032 0.0145 0.0003 0.09 94.8 3.0 92.8 2.0 117 75 92.8 2.0 2.1
08MP04_78.FIN2 215 1.36 3.2420 0.0480 0.2586 0.0042 0.58 1468.0 11.0 1482.0 22.0 1440 27 1440.0 27.0 2.9
08MP04_79.FIN2 160 0.94 0.4570 0.0120 0.0604 0.0011 0.22 382.5 8.2 378.2 6.8 388 65 378.2 6.8 1.1
08MP04_80.FIN2 839 2.15 0.3243 0.0095 0.0445 0.0013 0.77 286.1 7.6 280.4 7.9 336 46 280.4 7.9 2.0
08MP04_81.FIN2 63 7.07 1.0270 0.0320 0.1171 0.0036 0.55 715.0 16.0 713.0 21.0 713 60 713.0 21.0 0.3
08MP04_82.FIN2 224 1.82 0.1097 0.0059 0.0154 0.0006 0.23 105.5 5.4 98.7 3.8 330 120 98.7 3.8 6.4
08MP04_84.FIN2 161 1.79 0.1033 0.0055 0.0153 0.0004 0.06 99.6 5.0 97.8 2.4 170 120 97.8 2.4 1.8
08MP04_85.FIN2 426 0.88 0.4710 0.0170 0.0637 0.0016 0.22 394.0 11.0 398.1 9.7 361 97 398.1 9.7 1.0
08MP04_86.FIN2 676 1.73 0.4710 0.0160 0.0621 0.0019 0.52 392.0 11.0 388.0 12.0 439 68 388.0 12.0 1.0
08MP04_88.FIN2 509 1.56 0.1883 0.0046 0.0270 0.0005 0.22 175.0 3.9 171.7 3.3 236 61 171.7 3.3 1.9
08MP04_89.FIN2 315 3.51 0.3010 0.0200 0.0417 0.0010 0.27 267.0 15.0 263.1 6.4 300 160 263.1 6.4 1.5 Rim
08MP04_89.FIN2 345 5.00 2.1470 0.0550 0.1826 0.0053 0.74 1163.0 18.0 1081.0 29.0 1312 34 1312.0 34.0 17.6 Core
08MP04_89.FIN2 194 5.20 3.3900 0.1300 0.2623 0.0088 0.66 1501.0 30.0 1501.0 45.0 1514 54 1514.0 54.0 0.9 Core
08MP04_90.FIN2 291 8.83 1.9130 0.0270 0.1853 0.0026 0.44 1085.1 9.4 1098.0 15.0 1066 32 1066.0 32.0 3.0
08MP04_91.FIN2 316 1.64 0.3060 0.0130 0.0418 0.0016 0.52 270.0 10.0 264.0 10.0 332 88 264.0 10.0 2.2
08MP04_92.FIN2 68 0.84 4.6660 0.0930 0.3322 0.0068 0.54 1760.0 17.0 1848.0 33.0 1641 31 1641.0 31.0 12.6
08MP04_93.FIN2 595 3.61 4.5620 0.0590 0.3119 0.0043 0.57 1742.0 11.0 1750.0 21.0 1723 23 1723.0 23.0 1.6
08MP04_94.FIN2 711 4.53 3.4770 0.0940 0.2710 0.0100 0.77 1519.0 21.0 1541.0 52.0 1505 42 1505.0 42.0 2.4
08MP04_95.FIN2 90 1.45 0.5700 0.0240 0.0737 0.0022 0.45 459.0 15.0 458.0 13.0 453 84 458.0 13.0 0.2
08MP04_96.FIN2 157 5.03 0.3091 0.0093 0.0431 0.0009 0.03 273.1 7.2 272.0 5.7 261 71 272.0 5.7 0.4
08MP04_97.FIN2 343 19.40 0.5820 0.0170 0.0744 0.0022 0.63 465.0 11.0 462.0 13.0 438 53 462.0 13.0 0.6
08MP04_98.FIN2 133 1.78 0.5880 0.0240 0.0749 0.0018 0.42 471.0 15.0 465.0 11.0 426 77 465.0 11.0 1.3
08MP04_99.FIN2 245 4.56 0.3083 0.0094 0.0424 0.0008 0.02 272.4 7.3 267.8 4.8 316 77 267.8 4.8 1.7
08MP04_100.FIN2 183 0.86 0.4680 0.0140 0.0614 0.0013 0.22 389.1 9.7 383.9 7.9 387 70 383.9 7.9 1.3
08MP04_101.FIN2 481 1.03 0.2802 0.0067 0.0388 0.0008 0.30 250.6 5.3 245.6 4.6 279 60 245.6 4.6 2.0
08MP04_102.FIN2 116 1.68 0.4250 0.0270 0.0561 0.0018 0.47 359.0 19.0 352.0 11.0 410 120 352.0 11.0 1.9 #¡REF!
08MP04_104.FIN2 226 0.93 0.2903 0.0093 0.0412 0.0008 0.18 258.5 7.3 259.9 5.2 199 71 259.9 5.2 0.5 #¡REF!
08MP04_105.FIN2 102 2.17 1.7890 0.0700 0.1729 0.0056 0.28 1045.0 24.0 1027.0 31.0 1069 78 1069.0 78.0 3.9
08MP04_106.FIN2 233 1.72 0.4990 0.0140 0.0639 0.0010 0.40 412.4 9.5 399.3 6.0 474 54 399.3 6.0 3.2
08MP04_107.FIN2 393 3.88 0.4770 0.0130 0.0632 0.0012 0.70 395.5 9.1 395.0 7.4 415 45 395.0 7.4 0.1
08MP04_108.FIN2 185 1.74 0.5950 0.0140 0.0758 0.0016 0.19 473.2 9.0 470.6 9.8 490 58 470.6 9.8 0.5
08MP04_109.FIN2 317 2.75 2.8920 0.0570 0.2442 0.0044 0.57 1379.0 15.0 1408.0 23.0 1350 28 1350.0 28.0 4.3
08MP04_110.FIN2 218 2.44 3.0730 0.0550 0.2474 0.0039 0.60 1425.0 14.0 1425.0 20.0 1445 28 1445.0 28.0 1.4
08MP04_111.FIN2 138 1.06 0.8240 0.0310 0.0990 0.0031 0.56 609.0 17.0 609.0 18.0 621 75 609.0 18.0 0.0
08MP04_112.FIN2 61 1.92 0.1100 0.0110 0.0153 0.0008 0.06 106.3 9.7 97.5 5.0 240 200 97.5 5.0 8.3
08MP04_113.FIN2 525 1.94 0.4798 0.0099 0.0643 0.0013 0.53 397.5 6.8 401.8 7.9 409 41 401.8 7.9 1.1
08MP04_114.FIN2 153 3.58 2.3220 0.0360 0.2142 0.0032 0.57 1218.0 11.0 1251.0 17.0 1160 32 1160.0 32.0 7.8
08MP04_115.FIN2 225 0.84 0.4690 0.0120 0.0613 0.0013 0.32 390.0 8.3 383.3 8.2 417 60 383.3 8.2 1.7
08MP04_116.FIN2 218 1.23 3.3280 0.0620 0.2671 0.0056 0.63 1486.0 15.0 1525.0 28.0 1427 34 1427.0 34.0 6.9
08MP04_117.FIN2 293 1.27 0.4600 0.0110 0.0617 0.0011 0.16 385.0 7.4 386.2 6.6 408 60 386.2 6.6 0.3
08MP04_118.FIN2 478 3.59 0.5700 0.0150 0.0731 0.0020 0.57 459.0 10.0 456.0 12.0 475 49 456.0 12.0 0.7
08MP04_119.FIN2 241 2.78 1.6470 0.0450 0.1666 0.0036 0.76 987.0 17.0 993.0 20.0 971 52 971.0 52.0 2.3 Rim
08MP04_119.FIN2 43 1.97 1.9730 0.0980 0.1890 0.0120 0.58 1104.0 33.0 1117.0 66.0 1096 93 1096.0 93.0 1.9 Core
08MP04_120.FIN2 425 2.33 0.2343 0.0071 0.0335 0.0007 0.31 213.5 5.8 212.6 4.5 214 72 212.6 4.5 0.4

Chicontepec Formation (sample: 30-CH01); coordinates: 21º 25.345'N, 98º 52.720'W
Lawton4-1.FIN2 83 1.04 0.1317 0.0070 0.0198 0.0005 0.01 125.3 6.3 126.6 3 130 110 126.6 3.0 1.0
Lawton4-2.FIN2 37 1.44 0.1287 0.0085 0.0184 0.0005 0.15 121.9 7.6 117.4 3.1 190 120 117.4 3.1 3.7
Lawton4-3.FIN2 182 1.34 0.0663 0.0034 0.0100 0.0002 0.08 65 3.2 63.8 1.1 125 97 63.8 1.1 1.8
Lawton4-4.FIN2 184 1.26 0.1346 0.0041 0.0193 0.0002 0.06 128 3.6 123.2 1.5 219 69 123.2 1.5 3.8
Lawton4-5.FIN2 162 0.95 0.0912 0.0039 0.0141 0.0003 0.39 88.9 3.8 90 1.9 94 78 90.0 1.9 1.2
Lawton4-6.FIN2 61 1.18 2.0580 0.0430 0.1933 0.0031 0.29 1134 14 1139 17 1122 44 1122.0 44.0 1.5
Lawton4-7.FIN2 306 1.39 0.1876 0.0051 0.0274 0.0005 0.60 174.2 4.3 174.2 3.1 174 51 174.2 3.1 0.0
Lawton4-8.FIN2 306 2.30 0.2240 0.0046 0.0317 0.0005 0.45 205 3.8 201.4 3.3 249 43 201.4 3.3 1.8
Lawton4-9.FIN2 134 1.22 0.0929 0.0055 0.0129 0.0004 0.18 89.9 5 82.5 2.2 290 120 82.5 2.2 8.2

Lawton4-10.FIN2 102 1.24 0.0758 0.0044 0.0110 0.0002 0.09 73.9 4.1 70.4 1.4 180 120 70.4 1.4 4.7
Lawton4-11.FIN2 43 1.68 0.0838 0.0088 0.0124 0.0005 0.13 81.2 8.2 79.2 3 180 210 79.2 3.0 2.5
Lawton4-12.FIN2 204 1.91 0.1428 0.0050 0.0206 0.0004 0.22 135.2 4.4 131.2 2.8 214 74 131.2 2.8 3.0
Lawton4-13.FIN2 305 1.30 0.0834 0.0045 0.0124 0.0004 0.33 81.2 4.2 79.1 2.7 180 110 79.1 2.7 2.6
Lawton4-14.FIN2 183 1.15 2.2090 0.0300 0.2040 0.0024 0.55 1182.7 9.5 1196 13 1156 24 1156.0 24.0 3.5
Lawton4-15.FIN2 173 1.03 0.0934 0.0052 0.0140 0.0002 0.13 90.5 4.9 89.7 1.5 110 110 89.7 1.5 0.9
Lawton4-16.FIN2 187 3.70 1.9810 0.0280 0.1850 0.0028 0.58 1109.2 9.1 1093 15 1133 28 1133.0 28.0 3.5
Lawton4-17.FIN2 165 1.17 0.1467 0.0047 0.0205 0.0002 0.20 138.8 4.1 130.7 1.5 246 64 130.7 1.5 5.8
Lawton4-18.FIN2 292 0.83 0.5160 0.0110 0.0681 0.0013 0.48 422.4 7.6 424.5 7.6 403 46 424.5 7.6 0.5
Lawton4-19.FIN2 147 1.59 0.1915 0.0060 0.0272 0.0004 0.16 178.1 5 172.9 2.6 228 66 172.9 2.6 2.9
Lawton4-20.FIN2 376 1.45 0.8740 0.0160 0.1053 0.0019 0.48 637 8.8 645 11 610 38 645.0 11.0 1.3
Lawton4-21.FIN2 687 1.06 2.3940 0.0390 0.2085 0.0036 0.61 1239 12 1220 19 1271 30 1271.0 30.0 4.0
Lawton4-22.FIN2 518 32.00 0.6210 0.0480 0.0788 0.0048 0.33 489 30 489 29 480 180 489.0 29.0 0.0 Rim
Lawton4-22.FIN2 27 1.32 3.3950 0.0870 0.2599 0.0045 0.33 1498 20 1488 23 1498 50 1498.0 50.0 0.7 Core



Lawton4-23.FIN2 99 1.13 0.1379 0.0063 0.0197 0.0004 0.15 130.6 5.6 125.9 2.3 200 89 125.9 2.3 3.6
Lawton4-24.FIN2 336 0.84 0.2690 0.0046 0.0374 0.0004 0.29 241.7 3.7 236.6 2.5 275 40 236.6 2.5 2.1
Lawton4-25.FIN2 74 1.16 0.1029 0.0052 0.0157 0.0003 0.20 99.1 4.8 100.3 2.1 89 94 100.3 2.1 1.2
Lawton4-26.FIN2 79 0.79 0.0752 0.0054 0.0112 0.0003 0.14 73.3 5.1 72 1.6 120 130 72.0 1.6 1.8
Lawton4-27.FIN2 61 1.39 0.1143 0.0061 0.0174 0.0004 0.11 109.4 5.5 111.4 2.4 120 110 111.4 2.4 1.8
Lawton4-28.FIN2 256 1.43 0.0917 0.0035 0.0132 0.0002 0.23 88.9 3.2 84.5 1 180 71 84.5 1.0 4.9
Lawton4-29.FIN2 291 1.94 1.7460 0.0180 0.1731 0.0018 0.54 1025.7 6.9 1030.2 9.5 1010 20 1010.0 20.0 2.0
Lawton4-30.FIN2 131 1.77 0.6860 0.0130 0.0853 0.0011 0.34 529.1 7.8 527.3 6.7 537 43 527.3 6.7 0.3
Lawton4-31.FIN2 254 1.07 0.1031 0.0034 0.0150 0.0002 0.26 99.5 3.1 96.2 1.3 171 65 96.2 1.3 3.3
Lawton4-32.FIN2 88 1.20 2.1140 0.0480 0.1911 0.0046 0.58 1150 16 1126 25 1198 42 1198.0 42.0 6.0
Lawton4-33.FIN2 50 2.45 0.1295 0.0086 0.0184 0.0005 0.18 122.9 7.6 117.4 3.2 230 120 117.4 3.2 4.5
Lawton4-34.FIN2 54 1.67 0.1550 0.0120 0.0209 0.0006 0.13 146 11 133 3.8 320 150 133.0 3.8 8.9
Lawton4-35.FIN2 289 0.95 0.0666 0.0021 0.0102 0.0001 0.08 65.7 2 65.47 0.86 93 66 65.5 0.9 0.4
Lawton4-36.FIN2 127 0.98 3.2730 0.0340 0.2573 0.0023 0.42 1473.8 8 1476 12 1468 20 1468.0 20.0 0.5
Lawton4-37.FIN2 80 0.81 0.0660 0.0041 0.0103 0.0003 0.13 64.6 3.9 65.9 1.6 70 130 65.9 1.6 2.0
Lawton4-38.FIN2 300 1.52 0.0899 0.0027 0.0135 0.0002 0.23 87.4 2.5 86.7 1.1 117 61 86.7 1.1 0.8
Lawton4-39.FIN2 120 1.45 0.1023 0.0040 0.0152 0.0003 0.33 99.6 3.9 96.9 2 161 78 96.9 2.0 2.7
Lawton4-41.FIN2 297 1.57 0.1080 0.0030 0.0153 0.0002 0.23 104 2.8 98.1 1.3 248 61 98.1 1.3 5.7
Lawton4-42.FIN2 54 2.05 0.1270 0.0073 0.0184 0.0004 0.07 121.5 6.7 117.4 2.6 210 120 117.4 2.6 3.4
Lawton4-43.FIN2 67 1.29 0.1415 0.0066 0.0202 0.0004 0.31 133.8 5.8 128.6 2.5 225 91 128.6 2.5 3.9
Lawton4-44.FIN2 53 1.51 0.1272 0.0090 0.0184 0.0004 0.24 120.8 8.1 117.6 2.5 170 140 117.6 2.5 2.6
Lawton4-45.FIN2 348 2.00 0.0886 0.0058 0.0128 0.0005 0.41 86.1 5.5 81.9 2.9 200 130 81.9 2.9 4.9 Rim
Lawton4-45.FIN2 315 1.26 0.0904 0.0051 0.0132 0.0003 0.20 87.7 4.7 84.3 1.8 180 110 84.3 1.8 3.9 Core
Lawton4-46.FIN2 277 1.01 0.1831 0.0048 0.0269 0.0006 0.39 170.5 4.1 170.7 3.8 179 53 170.7 3.8 0.1
Lawton4-47.FIN2 153 1.40 0.6430 0.0130 0.0800 0.0010 0.30 502.9 8 496.2 6.1 525 44 496.2 6.1 1.3
Lawton4-48.FIN2 210 1.14 0.0907 0.0032 0.0125 0.0002 0.20 88 3 80 1.1 307 77 80.0 1.1 9.1
Lawton4-49.FIN2 220 1.60 0.0907 0.0043 0.0131 0.0004 0.23 88 4 84 2.5 199 96 84.0 2.5 4.5
Lawton4-50.FIN2 97 1.46 0.0775 0.0045 0.0110 0.0003 0.16 75.5 4.2 70.5 1.9 240 120 70.5 1.9 6.6
Lawton4-51.FIN2 230 1.38 0.0873 0.0031 0.0133 0.0002 0.13 84.9 2.9 85 1.5 115 73 85.0 1.5 0.1
Lawton4-52.FIN2 301 1.82 0.0870 0.0045 0.0130 0.0006 0.53 84.5 4.2 83.4 3.6 125 92 83.4 3.6 1.3
Lawton4-53.FIN2 369 60.50 4.2560 0.0470 0.3034 0.0031 0.78 1685.9 8.8 1710 16 1655 14 1655.0 14.0 3.3
Lawton4-54.FIN2 162 0.52 5.3920 0.0800 0.3435 0.0040 0.92 1881 14 1903 19 1853 17 1853.0 17.0 2.7
Lawton4-55.FIN2 163 1.46 0.0664 0.0031 0.0101 0.0002 0.04 65.2 3 64.8 1 109 94 64.8 1.0 0.6
Lawton4-56.FIN2 100 1.43 0.1409 0.0061 0.0195 0.0004 0.19 133.4 5.4 124.3 2.3 276 88 124.3 2.3 6.8
Lawton4-57.FIN2 155 1.15 0.5130 0.0120 0.0675 0.0014 0.41 419.6 8.3 421 8.3 385 53 421.0 8.3 0.3
Lawton4-58.FIN2 1173 1.62 0.0749 0.0041 0.0104 0.0004 0.60 73.3 3.9 66.4 2.4 287 98 66.4 2.4 9.4
Lawton4-59.FIN2 598 1.45 0.0955 0.0026 0.0141 0.0002 0.35 92.5 2.4 90.1 1.5 144 55 90.1 1.5 2.6
Lawton4-60.FIN2 101 0.78 0.0774 0.0039 0.0117 0.0002 0.04 75.5 3.7 75.2 1.3 100 100 75.2 1.3 0.4
Lawton4-61.FIN2 95 1.56 1.6210 0.0430 0.1531 0.0029 0.48 981 16 918 16 1098 49 1098.0 49.0 16.4
Lawton4-62.FIN2 115 2.05 13.2700 0.1800 0.5195 0.0072 0.74 2696 13 2694 31 2693 18 2693.0 18.0 0.0
Lawton4-64.FIN2 167 1.60 0.0658 0.0028 0.0098 0.0002 0.09 64.6 2.7 62.6 1.1 152 89 62.6 1.1 3.1
Lawton4-65.FIN2 182 3.57 3.5200 0.1300 0.2596 0.0098 0.57 1531 30 1482 50 1597 62 1597.0 62.0 7.2
Lawton4-66.FIN2 227 0.57 0.8380 0.0170 0.0991 0.0019 0.49 616.8 9.2 609 11 636 43 609.0 11.0 1.3
Lawton4-67.FIN2 265 1.74 0.1448 0.0049 0.0204 0.0003 0.25 137 4.4 129.9 1.7 238 68 129.9 1.7 5.2
Lawton4-68.FIN2 225 1.45 0.0660 0.0027 0.0099 0.0002 0.30 65.1 2.7 63.49 0.99 116 78 63.5 1.0 2.5
Lawton4-69.FIN2 121 0.86 5.2110 0.0640 0.3261 0.0042 0.52 1857 12 1818 21 1892 23 1892.0 23.0 3.9
Lawton4-70.FIN2 225 2.18 0.6240 0.0270 0.0768 0.0034 0.44 492 17 477 20 557 93 477.0 20.0 3.0 Rim
Lawton4-70.FIN2 86 1.88 2.0750 0.0380 0.1883 0.0025 0.39 1140 12 1112 14 1184 35 1184.0 35.0 6.1 Core
Lawton4-71.FIN2 120 0.85 0.0820 0.0045 0.0118 0.0002 0.01 79.8 4.2 75.6 1.5 190 110 75.6 1.5 5.3
Lawton4-72.FIN2 150 1.21 0.0676 0.0038 0.0100 0.0003 0.26 66.2 3.6 64.3 1.7 110 110 64.3 1.7 2.9
Lawton4-73.FIN2 381 2.93 4.3860 0.0660 0.3038 0.0044 0.70 1707 13 1709 22 1705 20 1705.0 20.0 0.2
Lawton4-74.FIN2 680 2.79 0.1786 0.0031 0.0253 0.0004 0.26 166.7 2.7 160.9 2.2 245 42 160.9 2.2 3.5
Lawton4-76.FIN2 135 1.84 0.0965 0.0042 0.0135 0.0002 0.24 93.3 3.9 86.4 1.5 249 85 86.4 1.5 7.4
Lawton4-77.FIN2 67 0.97 0.1415 0.0082 0.0214 0.0005 0.01 134 7.3 136.7 3.2 130 120 136.7 3.2 2.0
Lawton4-78.FIN2 314 1.00 0.1344 0.0045 0.0199 0.0003 0.36 127.9 4 127 1.9 142 63 127.0 1.9 0.7
Lawton4-79.FIN2 182 2.74 1.7210 0.0240 0.1702 0.0021 0.42 1014.9 8.8 1013 12 1007 27 1007.0 27.0 0.6
Lawton4-80.FIN2 239 48.50 0.6610 0.0160 0.0828 0.0014 0.46 515 9.7 512.6 8.1 508 49 512.6 8.1 0.5
Lawton4-81.FIN2 304 1.48 0.0977 0.0027 0.0144 0.0002 0.17 94.5 2.5 91.8 1.1 163 55 91.8 1.1 2.9
Lawton4-82.FIN2 539 1.06 0.0688 0.0018 0.0104 0.0002 0.24 67.5 1.7 66.6 1.1 121 56 66.6 1.1 1.3
Lawton4-83.FIN2 426 1.63 0.0726 0.0030 0.0106 0.0002 0.12 71.1 2.9 68.2 1.1 169 88 68.2 1.1 4.1
Lawton4-84.FIN2 305 1.51 0.0846 0.0028 0.0123 0.0003 0.18 82.4 2.6 78.7 1.7 209 77 78.7 1.7 4.5
Lawton4-85.FIN2 394 2.00 0.0896 0.0028 0.0133 0.0003 0.39 87 2.6 85.6 1.7 133 60 85.6 1.7 1.6
Lawton4-86.FIN2 334 1.39 0.1763 0.0037 0.0255 0.0003 0.43 164.7 3.2 162.4 1.7 195 41 162.4 1.7 1.4
Lawton4-87.FIN2 238 2.16 0.1818 0.0049 0.0254 0.0003 0.12 169.4 4.2 161.9 2 274 61 161.9 2.0 4.4
Lawton4-88.FIN2 104 1.01 2.1600 0.0300 0.1984 0.0027 0.55 1167.7 9.5 1166 15 1170 26 1170.0 26.0 0.3
Lawton4-89.FIN2 329 0.61 0.0605 0.0024 0.0095 0.0002 0.06 59.5 2.3 61.1 1 54 82 61.1 1.0 2.7
Lawton4-90.FIN2 294 1.60 0.0824 0.0025 0.0125 0.0003 0.26 80.3 2.4 80 1.7 126 68 80.0 1.7 0.4
Lawton4-91.FIN2 458 2.58 0.1776 0.0035 0.0262 0.0004 0.14 165.9 3 166.9 2.2 157 46 166.9 2.2 0.6
Lawton4-92.FIN2 341 1.57 0.0882 0.0027 0.0134 0.0002 0.19 86 2.6 86 1.3 83 62 86.0 1.3 0.0
Lawton4-93.FIN2 293 1.22 0.0762 0.0024 0.0113 0.0002 0.08 74.5 2.3 72.15 0.94 159 68 72.2 0.9 3.2
Lawton4-94.FIN2 193 0.69 0.1412 0.0043 0.0206 0.0002 0.15 133.8 3.9 131.3 1.5 178 64 131.3 1.5 1.9
Lawton4-95.FIN2 106 1.09 0.1190 0.0059 0.0173 0.0005 0.10 113.9 5.3 110.6 3 220 110 110.6 3.0 2.9



Lawton4-96.FIN2 83 0.92 0.1352 0.0073 0.0194 0.0004 0.08 128.3 6.5 123.6 2.5 200 110 123.6 2.5 3.7
Lawton4-97.FIN2 103 1.73 0.1044 0.0048 0.0147 0.0004 0.18 100.5 4.4 94.3 2.6 240 98 94.3 2.6 6.2
Lawton4-98.FIN2 420 1.87 0.3821 0.0070 0.0482 0.0006 0.23 328.9 5.3 303.2 3.7 498 47 303.2 3.7 7.8
Lawton4-99.FIN2 502 1.21 0.1002 0.0030 0.0150 0.0002 0.13 96.9 2.8 95.7 1.2 123 63 95.7 1.2 1.2

Lawton4-100.FIN2 308 4.70 0.1713 0.0041 0.0245 0.0004 0.06 160.3 3.6 156 2.5 218 53 156.0 2.5 2.7
Lawton4-101.FIN2 179 1.44 0.1286 0.0044 0.0179 0.0004 0.12 122.6 3.9 114.4 2.7 266 68 114.4 2.7 6.7
Lawton4-102.FIN2 138 1.35 0.1673 0.0071 0.0237 0.0005 0.39 156.4 6.2 150.7 3.4 223 82 150.7 3.4 3.6
Lawton4-103.FIN2 60 0.65 0.6790 0.0200 0.0792 0.0015 0.23 524 12 490.9 9.1 644 66 490.9 9.1 6.3
Lawton4-104.FIN2 225 7.10 1.1610 0.0150 0.1272 0.0015 0.43 782.7 6.8 771.5 8.5 794 28 771.5 8.5 1.4
Lawton4-105.FIN2 162 1.41 0.2743 0.0066 0.0391 0.0005 0.21 245.7 5.2 247.2 3.2 212 52 247.2 3.2 0.6
Lawton4-106.FIN2 131 1.87 2.2750 0.0360 0.2032 0.0027 0.67 1203 11 1192 15 1205 24 1205.0 24.0 1.1
Lawton4-107.FIN2 95 1.14 0.1493 0.0066 0.0205 0.0004 0.20 140.8 5.9 130.5 2.6 286 91 130.5 2.6 7.3
Lawton4-108.FIN2 115 1.51 0.1066 0.0044 0.0158 0.0002 0.12 102.6 4.1 100.9 1.4 131 80 100.9 1.4 1.7
Lawton4-109.FIN2 93 1.36 0.1002 0.0047 0.0149 0.0003 0.12 96.7 4.3 95.5 1.9 139 95 95.5 1.9 1.2
Lawton4-110.FIN2 104 2.01 0.0808 0.0043 0.0113 0.0002 0.12 78.6 4 72.6 1.3 230 110 72.6 1.3 7.6
Lawton4-111.FIN2 396 0.73 0.0663 0.0023 0.0100 0.0001 0.21 65.1 2.2 64.05 0.91 98 65 64.1 0.9 1.6
Lawton4-112.FIN2 145 1.29 0.0718 0.0041 0.0102 0.0003 0.20 70.2 3.9 65.7 1.6 200 110 65.7 1.6 6.4
Lawton4-113.FIN2 298 0.75 0.3013 0.0059 0.0408 0.0004 0.25 267.6 4.7 257.4 2.7 323 42 257.4 2.7 3.8
Lawton4-114.FIN2 294 1.10 0.1463 0.0034 0.0215 0.0003 0.27 138.5 3 136.9 1.7 162 50 136.9 1.7 1.2
Lawton4-115.FIN2 196 1.08 0.0659 0.0027 0.0099 0.0002 0.11 64.7 2.5 63.7 1 95 80 63.7 1.0 1.5
Lawton4-116.FIN2 31 1.47 0.2180 0.0160 0.0311 0.0008 0.20 198 13 197.3 5.2 190 130 197.3 5.2 0.4
Lawton4-117.FIN2 183 0.99 0.0663 0.0036 0.0098 0.0002 0.01 65.5 3.5 62.8 1.1 150 110 62.8 1.1 4.1
Lawton4-118.FIN2 72 2.05 1.5550 0.0330 0.1533 0.0022 0.49 951 13 919 13 997 40 997.0 40.0 7.8
Lawton4-119.FIN2 621 3.36 0.0831 0.0017 0.0126 0.0001 0.36 81 1.6 80.69 0.69 84 40 80.7 0.7 0.4
Lawton4-120.FIN2 255 0.75 0.1957 0.0045 0.0281 0.0004 0.20 181.2 3.8 178.8 2.2 194 49 178.8 2.2 1.3
Lawton4-121.FIN2 93 0.87 0.6980 0.0150 0.0859 0.0011 0.32 536.8 9.2 530.9 6.3 547 48 530.9 6.3 1.1
Lawton4-123.FIN2 107 0.51 0.5780 0.0140 0.0724 0.0011 0.39 462.9 8.5 451.4 6.2 516 49 451.4 6.2 2.5
Lawton4-124.FIN2 331 4.52 2.2920 0.0360 0.2068 0.0022 0.61 1208 11 1211 12 1191 25 1191.0 25.0 1.7
Lawton4-125.FIN2 143 0.94 0.1347 0.0044 0.0198 0.0003 0.16 128.1 3.9 126 1.6 180 71 126.0 1.6 1.6
Lawton4-126.FIN2 108 1.86 0.1386 0.0075 0.0196 0.0005 0.02 131.4 6.6 125.1 3.1 240 120 125.1 3.1 4.8
Lawton4-127.FIN2 120 1.40 0.0766 0.0037 0.0115 0.0003 0.10 74.8 3.5 73.4 1.6 121 92 73.4 1.6 1.9
Lawton4-128.FIN2 379 4.06 0.0888 0.0037 0.0132 0.0003 0.32 86.3 3.4 84.2 1.8 139 82 84.2 1.8 2.4
Lawton4-129.FIN2 681 1.59 0.0691 0.0016 0.0103 0.0001 0.23 67.8 1.5 65.91 0.7 126 45 65.9 0.7 2.8
Lawton4-130.FIN2 123 1.19 0.1294 0.0048 0.0195 0.0003 0.10 123.2 4.3 124.7 1.9 121 76 124.7 1.9 1.2
Lawton4-131.FIN2 109 1.14 0.0635 0.0033 0.0097 0.0002 0.08 62.7 3.2 62.2 1.1 90 98 62.2 1.1 0.8
Lawton4-132.FIN2 60 1.11 0.1395 0.0067 0.0200 0.0004 0.18 132.8 6.2 127.4 2.3 218 96 127.4 2.3 4.1
Lawton4-133.FIN2 197 1.09 0.0867 0.0028 0.0132 0.0002 0.12 84.3 2.6 84.8 1.2 84 64 84.8 1.2 0.6
Lawton4-134.FIN2 143 1.22 0.1252 0.0053 0.0186 0.0004 0.07 119.4 4.7 118.6 2.3 121 94 118.6 2.3 0.7
Lawton4-135.FIN2 125 1.05 0.1017 0.0038 0.0154 0.0002 0.20 99 3.5 98.6 1.5 108 74 98.6 1.5 0.4
Lawton4-136.FIN2 186 1.43 2.3730 0.0280 0.2102 0.0023 0.52 1233.4 8.4 1230 12 1234 22 1234.0 22.0 0.3
Lawton4-138.FIN2 77 1.55 1.5970 0.0270 0.1593 0.0021 0.23 967 10 953 12 999 35 999.0 35.0 4.6
Lawton4-139.FIN2 38 1.13 1.7050 0.0370 0.1657 0.0020 0.20 1008 14 988 11 1040 46 1040.0 46.0 5.0
Lawton4-140.FIN2 77 1.29 1.6690 0.0290 0.1656 0.0019 0.46 995 11 988 11 1011 32 1011.0 32.0 2.3 #¡REF!

Notes:
Instructions

Best Age Tab
Purpose: Filter out discordant grains, pick a "best age" and will identify rims

Steps
1 Copy and paste the following columns from Iolite " __integrations.xls" sheet into the orange filled cells:

Source file, DateTime, Duration(s), FinalAge206_238,* FinalAge206_238_Int2SE, FinalAge207_235, *FinalAge207_235_Int2SE, FinalAge207_206, *FinalAge207_206_Int2SE
*Be sure to note in the text of your publication if you are using internal or propogated error (if propogated than use Final AgeXXX_XXX_Prop2SE)

Description of Columns
J % Discordance between 206/238 and 207/206 age
K % Error for 206/238 age
L % Discordance between 206/238 and 207/235
M Picks the 7/6 age if older than *850 Ma, picks the 6/38 age if younger (*modify this number to use a natural gap in your data between 800-1200 Ma)
N Filters >10% discordant 7/6 ages
O Filters 6/38 ages with >10% error
P Filters >10% discordant 6/38 ages
Q Repopulates grain name
R Reports the Best Age in Ma
S Reports the 2 sigma error ( if the age is 6/38 than the error is for 6/38, if 7/6 than error for 7/6)
T % Discordance (*be sure to note in your publication that the discordance reported is 6/38 vs 7/6 if older than 850 Ma and 6/38 vs 7/35 if younger than 850 Ma)
U Rim or Core or Single Age from grain
V Notes if the duration of the integration is less than 4 seconds and then calls it "short"



Publication Tab

Steps

1 Copy and paste the following columns from Iolite " __integrations.xls" sheet into columns A through N:
Source file (Grain #), Approx U ppm, FInal_U_Th_Ratio (U/Th), Final207_235 (207/235), Final207_235_Int2SE, Final206_238 (206/238), Final206_238_Int2SE, ErrorCorrelation_6_38vs7_35 (RHO),
FinalAge206_238, FinalAge206_238_Int2SE, FinalAge207_235, FinalAge207_235_Int2SE, FinalAge207_206, FinalAge207_206_Int2SE

2 Copy and Paste Values of "Best Age", "2 sig error" and "% Discordance" from  Best Age tab into columns O, P, and Q

3 Decide whether DISC grains should be deleted

4 In Column A (Grain #).Select all names (not top 2 rows) go to >edit >replace. Find what- .FIN2, Replace with- leave blank. Press Replace All 

5 Plot your data onto a Concordia Diagram
1 Select all data in rows D through H (Make sure all RHO values are positve or you will get error message. If there are negative values, replace the value with 0)
2 Open Isoplot (Crtl-I on PC)
3 Boxes to select: Isochron or plot type- U-Pb Concordia, normal; Input errors- 2 sigma, absolute; Symbols- error elipse, red, not filled

Action- plot, (only calculate if single age or standard); Other-Color, Autoscaled 
Hit OK

5 Plot as a line
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Apéndice 4 

Fechas dobles (U-Th)/(He-Pb) de tres muestras del Cretácico Tardío expuestas en 

el transecto Tolimán-Tamazunchale. 
Late Cretaceous-Paleocene stratigraphic and structural evolution of the central Mexican fold and 

thrust belt, from detrital zircon (U-Th)/(He-Pb) ages 

 
 



Table	DR2.	(U-Th)/He	thermochronologic	data	of	Tolimán-Tamazunchale	transect,	central	Mexican	fault-thrust	belt.

Sample mineral Age, Ma err., Ma U (ppm) Th (ppm) 147Sm (ppm) [U]e Th/U He (nmol/g) mass (ug) Ft ESR U/Pb age U/Pb age +/-

Mineral de Pozos Fm (06-MP02)
z06MP02-74 zircon 45.5 3.6 32.9 62.4 4.0 47.3 1.90 8.6 3.61 0.74 45.73 1104.0 78.0
z06MP02-107 zircon 57.9 4.6 299.1 455.9 7.5 404.1 1.52 93.0 3.42 0.73 44.29 1638.0 20.0
z06MP02-120 zircon 58.2 4.7 57.1 34.1 1.9 65.0 0.60 15.3 3.62 0.74 45.60 1632.0 29.0
z06MP02-27 zircon 59.3 4.7 116.5 116.2 3.4 143.2 1.00 29.3 1.24 0.64 31.18 256.4 3.9
z06MP02-28 zircon 61.4 4.9 45.9 37.9 1.1 54.6 0.83 12.9 2.36 0.71 39.75 1045.0 36.0
z06MP02-7 zircon 62.9 5.0 60.5 24.0 2.0 66.0 0.40 15.4 1.71 0.68 35.78 412.0 13.0
z06MP02-30 zircon 66.2 5.3 230.7 186.4 5.7 273.6 0.81 65.8 1.63 0.67 34.58 1403.0 24.0
z06MP02-21 zircon 88.0 7.0 121.6 42.6 9.2 131.4 0.35 44.0 2.14 0.70 38.00 579.0 11.0
z06MP02-119 zircon 89.6 7.2 64.9 34.7 3.6 72.9 0.53 26.5 3.80 0.75 46.23 1153.0 36.0
z06MP02-113 zircon 114.9 9.2 116.7 71.1 5.2 133.1 0.61 57.3 2.14 0.69 36.80 600.1 8.7
z06MP02-67 zircon 128.7 10.3 208.3 144.2 4.2 241.5 0.69 112.1 1.64 0.66 33.68 1448.0 21.0

SoyatalFormation (16-CA08)
z16CA08-115 zircon 46.1 3.7 151.4 113.2 0.9 177.4 0.75 27.1 1.02 0.61 28.80 455.0 10.0
z16CA08-64 zircon 75.0 6.0 71.0 34.7 3.5 79.0 0.49 22.3 2.13 0.69 37.36 461.3 6.7
z16CA08-109 zircon 79.9 6.4 305.2 61.8 -4.8 319.4 0.20 85.9 0.96 0.62 28.71 1147.0 19.0
z16CA08-71 zircon 79.9 6.4 40.3 53.1 1.7 52.5 1.32 15.2 1.66 0.66 34.64 456.8 5.5
z16CA08-55 zircon 84.7 6.8 238.7 81.7 4.1 257.5 0.34 75.8 1.13 0.64 30.85 984.0 22.0
z16CA08-77 zircon 84.7 6.8 152.6 74.8 10.2 169.9 0.49 48.3 0.99 0.62 29.00 578.2 7.5
z16CA08-82 zircon 85.4 6.8 122.0 114.4 0.0 148.3 0.94 41.4 0.88 0.60 28.10 396.0 12.0
z16CA08-30 zircon 90.6 7.3 30.6 35.5 3.1 38.8 1.16 12.6 1.51 0.66 33.67 632.6 8.0
z16CA08-105 zircon 90.7 7.3 147.7 61.8 3.4 161.9 0.42 50.1 1.09 0.63 29.77 965.0 23.0
z16CA08-68 zircon 90.8 7.3 81.3 70.5 8.9 97.6 0.87 30.7 1.34 0.64 31.23 983.0 22.0
z16CA08-84 zircon 90.9 7.3 294.5 66.4 3.5 309.9 0.23 100.1 1.31 0.66 32.05 1014.0 35.0
z16CA08-44 zircon 96.1 7.7 217.5 128.1 3.4 247.0 0.59 84.7 1.61 0.66 32.96 402.8 7.5
z16CA08-69 zircon 106.5 8.5 72.7 32.1 2.5 80.1 0.44 32.0 2.17 0.69 36.75 535.0 11.0
z16CA08-8 zircon 170.6 13.7 35.2 24.2 2.4 40.8 0.69 22.6 0.77 0.60 27.44 985.0 77.0
z16CA08-91 zircon 180.4 14.4 75.4 41.0 3.3 84.9 0.54 52.5 1.12 0.63 29.95 390.2 4.2

San Felipe Formation (04-JC01)
z04JC01-56 zircon 56.2 18.1 20.3 13.8 1.5 23.4 0.68 19.8 1.88 0.68 36.19 73.2 1.4
z04JC01-59 zircon 57.6 11.0 90.4 38.3 3.1 99.2 0.42 50.7 1.81 0.68 35.76 75.0 1.3
z04JC01-26 zircon 60.3 9.6 61.4 55.4 3.0 74.2 0.90 34.1 2.74 0.70 38.99 76.5 2.4
z04JC01-34 zircon 67.5 5.4 26.2 25.3 1.2 32.0 0.96 7.8 1.53 0.67 34.52 462.4 9.7
z04JC01-49 zircon 75.3 6.0 37.6 35.5 3.3 45.8 0.94 11.7 1.10 0.63 30.18 109.7 2.6
z04JC01-82 zircon 86.2 6.9 60.8 64.2 3.4 75.5 1.06 23.5 1.64 0.66 34.15 81.5 1.6
z04JC01-96 zircon 86.8 6.9 92.4 58.4 4.7 105.9 0.63 29.5 0.78 0.59 26.96 572.7 8.8
z04JC01-102 zircon 92.8 7.4 36.7 45.6 2.2 47.2 1.24 14.3 0.83 0.60 28.02 171.7 2.9
z04JC01-85 zircon 98.6 7.9 15.6 12.9 1.6 18.6 0.83 7.1 2.81 0.71 40.80 107.6 3.2
z04JC01-99 zircon 120.4 9.6 73.9 71.0 4.9 90.3 0.96 37.9 1.31 0.64 31.53 446.0 11.0
z04JC01-33 zircon 123.7 9.9 50.7 42.5 1.0 60.5 0.84 25.2 0.96 0.62 29.56 2587.0 19.0
z04JC01-79 zircon 127.8 10.2 66.2 36.3 2.7 74.5 0.55 37.4 2.74 0.72 41.49 1318.0 26.0
z04JC01-35 zircon 128.0 10.2 71.9 42.8 3.2 81.7 0.60 36.7 1.43 0.65 31.73 173.1 3.6
z04JC01-2 zircon 135.2 10.8 86.3 84.0 3.7 105.7 0.97 49.8 1.23 0.64 31.56 944.0 24.0
z04JC01-39 zircon 135.8 10.9 25.9 23.0 1.5 31.2 0.89 15.7 1.83 0.68 35.90 1013.0 40.0



z04JC01-30 zircon 159.0 12.7 110.6 71.8 9.3 127.2 0.65 72.2 1.38 0.65 32.72 1279.0 34.0
z04JC01-5 zircon 271.4 21.7 57.4 46.6 2.1 68.2 0.81 61.9 0.88 0.61 28.66 1567.0 21.0
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Apéndice 5 

Modas detríticas normalizadas para las areniscas de la cuenca de antepaís 
mexicana 
 



QtFL% LmLvLs%
Muestra Unidad Qt F L Lm Lv Ls

 Cuenca Tampico-Misantla, E de México
30-CH015 Formación Chicontepec 24 23 54 0 19 81

Grupo Difunta, cuenca de Parras, NE de México 
05DEL081 Formación Las Imágenes 49 17 35 0 12 88
05FAU011 Formación Cañón del Tule 55 20 26 1 10 28
05FAU021 Formación Cañón del Tule 56 20 24 1 6 92
05FAU031 Formación Cañón del Tule 51 20 29 2 5 93
05FAU041 Formación Las Imágenes 56 18 26 0 7 93
BT83.51 N/A 64 4 32 6 17 78
NANL01 Formación Las Encinas 72 3 25 8 69 24
LH14.51 Formación Las Encinas 74 5 20 0 61 39

SANL1551 Formación Las Encinas 75 2 23 5 52 43
LH21.81 Formación Rancho Nuevo 77 4 19 10 63 27
RR1471 Formación Rancho Nuevo 57 3 41 2 33 65

YF10.471 Formación Rancho Nuevo 63 3 35 5 35 60
LH103.31 Formación Rancho Nuevo 56 2 42 3 40 57

X 62 9 29 3 32 61
SD 10 8 7 3 24 27

Grupo Difunta, cuneca de La Popa NE México
06ECT021 Formación Potrerillos 51 22 27 1 16 83
06ECT041 Formación Potrerillos 53 20 27 4 25 72
06ECT061 Formación Potrerillos 55 20 25 0 25 76
06ECT071 Formación Potrerillos 51 15 35 0 16 84
06ECT091 Formación Potrerillos 53 23 24 4 21 75
06ECT111 Formación Potrerillos 53 20 27 4 28 69
06ECM011 Formación Potrerillos 50 16 34 2 19 79
06ECM021 Formación Potrerillos 53 17 30 4 17 78
06TWD021 Formación Potrerillos 53 19 28 1 20 78
06TWD041 Formación Potrerillos 48 17 36 0 17 83

X 52 19 29 2 20 78
SD 2 3 4 2 4 5

Areniscas del sector transversal de Parras y centro de México
04-JC015 Formación San Felipe 19 21 60 2 29 70
05-JC025 Formación San Felipe 8 7 84 0 1 99

07COA-CA34 Formación Caracol 4 45 51 0 100 0

X 10 24 65 1 43 56
SD 8 19 17 1 51 51

Areniscas de la Mesa Central y centro de México
MP-012 arenisca Mineral de Pozos 58 33 9 0 82 18
MP-062 arenisca Mineral de Pozos 34 40 26 4 56 40

06-MP025 arenisca Mineral de Pozos 53 22 25 11 78 11
07-MP035 arenisca Mineral de Pozos 42 23 35 19 52 29
08-MP045 arenisca Mineral de Pozos 49 39 12 23 71 6

TABLA 1.—Modas detríticas normalizadas para las areniscas de la cuenca de antepaís 
mexicana (CAM)



CARN-284 turbiditas no diferenciadas 44 11 45 35 48 17
13-26IV144 turbiditas no diferenciadas 47 30 22 13 75 12
26-PST014 turbiditas no diferenciadas 24 9 67 4 31 65
25-MB024 turbiditas no diferenciadas 46 33 20 14 51 35

X 44 27 29 14 60 26
SD 21 8 19 8 16 18

Areniscas del área de Concepción del Oro, sector transversal de Parras
Petrofacies A (n=35) Fm Concepción del Oro

X3 44 16 40 6 41 53
SD3 8 3 8 1 13 14

Petrofacies B (n= 21) Fm Concepción del Oro
X3 35 14 51 7 49 44

SD3 4 2 4 1 6 6

           F, feldespato total = K, feldespato potásico + P, plagioclasa.
           L = fragmentos líticos microcristalinos
           Lt (fragmentos líticos totales) = L + Qp.

           n = número de muestras analizadas

4. Juárez-Arriaga et al. (2019a)
5. Juárez-Arriaga et al. (2019b)

Notas: Qt, cuarzo total = Qm, cuarzo monocristalino + Qp, cuarzo policristalino; los granos de 
pedernal (Qp) se incluyen es esta categoría.

Lm = fragmentos líticos metamórficos; Ls = fragmentos líticos sedimentarios; Lv = 
fragmentos líticos volcánicos.

Notas de superíndice
1. Lawton et al. (2009)
2. Ortega-Flores et al. (2014)
3. Ocampo-Díaz et al. (2016)
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