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Resumen y Abstract IX

Resumen

Modelo lito-geofisico del Cratén Amazédnico en el oriente colombiano a partir de la
integracion de informacion geofisica.

El Craton Amazdnico es una de las areas cratdénicas mas grandes del mundo. El modelo
geoldgico del Craton en Colombia es poco conocido, principalmente porque una gran
porcién de las rocas asociadas a este craton se encuentra cubiertas por secuencias
sedimentarias y depdsitos recientes, sumado a poca accesibilidad y densa cobertura
selvatica. Los modelos mas aceptados para el Craton amazénico indican que este
evolucioné por acrecion mdltiple de cinturones/terrenos alrededor de un ndcleo antiguo,
pero estudios recientes sugieren que la evolucién de la porcién Noroccidental puede haber
sido diferente de las areas en donde se formularon dichos modelos. En el presente trabajo
utilizamos datos geofisicos (magnéticos/gravimétricos), aplicando metodologias de
deteccién multi-escala de bordes y modelado 3D que permitieron identificar y delinear las
principales discontinuidades corticales para el Cratén amazdnico en territorio colombiano,
ademas de otras caracteristicas geologicas. Se identificaron lineamientos geofisicos
primarios (PGL), interpretados como posibles limites de la corteza. A partir de la
interpretacion geofisica, integrada con informacién geolégica, geocronolégica e isotdpica,
se proponen cinco dominios tectdnicos: Ventuari-Tapajos, Cinturén de Atabapo, Cinturon
de Vaupés, Rift Apaporis y Putumayo. Se presenta una nueva edad de cristalizacién de
circon U-Pb para la Formacion Piraparand, que indica que es significativamente mas
antigua de lo que se pensaba anteriormente, implicando que la extension en el Rift de
Apaporis comenzé al menos en el Mesoproterozoico tardio, transformando asi por
completo su significado tectonico. Los limites estructurales propuestos corroboran y
proporcionan una ubicacién mas precisa de los limites sugeridos previamente y que
estaban difusamente delineados a partir de la informacién geolégica y geocronoldgica
disponible. Este trabajo presenta por primera vez un modelo geolégico regional a escala
cortical para el noroeste del Craton Amazoénico en Suramérica a partir de la integracién de
informacion geofisica, mejorando la comprensién de la estructura regional de esta parte
del continente.

Palabras Clave: Cratén Amazonico, Integracion geolégica-geofisica, Métodos Magnético
y Gravimétrico, Modelos geoldgicos regionales.
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Abstract

Litho-geophysical model of the Amazonian Craton in Eastern Colombia from
geophysical data integration

The Amazon Craton is one of the largest cratonic areas in the world. The geological
evolution of the Craton in Colombia is not well constrained, mainly because a large portion
of the rocks associated with this craton are covered by sedimentary sequences and recent
deposits, in addition to low accessibility and dense forest cover. The most accepted models
for the Amazon Craton indicate that it evolved by multiple accretion of belts / terrains around
an ancient nucleus. Recent studies suggest that the evolution of the Northwestern portion
may have been different from the areas where these models were formulated. In the
present work geophysical data (magnetic / gravimetric) were used, applying multi-scale
edge detection methodology and 3D modeling that allowed to identify and delineate the
main cortical discontinuities for the Amazon Craton in Colombia and other geological
characteristics. Primary geophysical lineaments (PGL) were identified, interpreted as
possible crustal boundaries. From geophysical interpretation, integrated with geology,
geochronology and isotopic information, five tectonic domains are proposed: Ventuari-
Tapajos, Atabapo Belt, Vaupés Belt, Apaporis Rift and Putumayo. A new U-Pb zircon
crystallization age is presented for the Piraparand Formation, indicating that it is
significantly older than previously thought, and that the extension into the Apaporis Rift
began at least in the late Mesoproterozoic, thus transforming its full tectonic significance.
The proposed structural boundaries are in agreement and provide a more precise location
of the previously suggested boundaries, loosely constrained to available geological and
geochronological information. This work presents the first regional geological model at a
cortical scale for the northwest of the Amazon Craton in South America using geophysical
methods, improving the understanding of the regional structure of this part of the continent.

Keywords: Amazonian Craton, Geophysical-geological integration, Magnetic and gravity
methods, Regional geological models
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1.Introduccion

La investigacion del Cratén Amazdénico en Colombia, que constituye alrededor del 50% del
territorio continental, presenta grandes retos, no solo desde el punto de vista cientifico,
sino porque en el pais las rocas que lo conforman se encuentran cubiertas en una alta
proporcion por espesas coberturas sedimentarias y depésitos recientes (Gomez et al.,
2015; GOmez et al., 2019) (Figura 1-1). Adicionalmente, la falta de vias y densa cobertura
selvatica dificulta la identificacion, acceso y trabajo en los puntos en donde las rocas del
cratdn se encuentran expuestas. Lo anterior implica que actualmente el esquema
geoldgico regional para el cratdn amazdnico en el noroccidente de Suramérica, a diferencia
de otras areas mas expuestas y mejor estudiadas en Brasil y Venezuela, lleve implicitas
generalizaciones a partir del estudio de las areas en donde ha sido posible acceder para
la toma de datos (Kroonenberg, 2019; Bonilla et al., 2020; Ibafiez-Mejia & Cordani, 2020;
Bonilla et al., 2021; Amaya et al., 2020).

Figura 1-1: Localizacién y geologia regional para el area de estudio (Modificado de
Gbmez et al.,, 2019). Puntos verdes: Localizacibn de muestras con informacion
geocronolégica (tomado de Rodriguez-Corcho et al., 2021).
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En contraste, se resalta el avance en el conocimiento geolégico del Cratbn Amazédnico en
otras regiones de Sudamérica en donde, a partir de la integracion de informacién
geoldgica, geofisica, geocronoldgica, tectonica y metalogénica, se han propuesto modelos
evolutivos y division en diferentes provincias geocronoldgicas (Tassinari & Macambira,
1999; Santos et al., 2000; Cordani et al., 2016; Kroonenberg, 2019). Estos modelos y
provincias sugieren a su vez una serie de eventos tectono-magmaticos, determinados por
edades y tipos de roca que resultan claves en el entendimiento de la estructura geolégica
del Craton Amazénico y en general del borde occidental del escudo de Guyana.

Relacionado con lo anterior, la evolucién geoldgica y estructura del Cratdbn Amazénico en
Colombia se soporta principalmente en la continuidad hacia el nor-occidente de los eventos
gue formaron las provincias geocronoldgicas de Ventuari-Tapajés, Rio Negro-Juruena,
Rondonia-San Ignacio y Sunsas, desde Brasil y Venezuela hacia el territorio colombiano
(Tassinari & Macambira, 1999; Bettencourt et al., 2010; Texeira et al., 2010; Ibafiez-Mejia
et. al, 2011). Lo anterior a partir de la interpretacion de la dispersa informacion geolégica
y geocronoldégica disponible por cuenta de la escasa accesibilidad para el cubrimiento de
esta zona de Colombia (Cordani et al., 2016; Ibanez-Mejia & Cordani, 2020; Amaya et al.,
2021; Rodriguez-Corcho, et al., 2021) (Figura 1-1). Adicionalmente, los modelos de
evolucién tectonica del borde noroccidental (NW) de Suramérica se han centrado
principalmente en el sistema andino. Por ejemplo, Restrepo & Cediel (2010) y Cediel
(2019) consideran el escudo de Guyana como un basamento solido que constituye el
nacleo del continente y que actia como un bloque rigido contra el cual se desarrolla la
orogenia andina planteando algunas estructuras geoldgicas intra craténicas, pero sin hacer
mayor detalle en su evolucién geoldgica.

Por otro lado, existen multiples estudios geoldgicos, petrolégicos, geoquimicos e isotopicos
gue establecen la edad de formacion/metamorfismo, y posible ambiente tecténico, para la
formacién de los cuerpos de roca hasta ahora identificados en el Craton Amazénico en
Colombia (Kroonemberg, 2019; Cordani et al., 2016; Ibafiez-Mejia, 2020; Ibafiez-Mejia &
Cordani, 2020; Amaya et al., 2021; Bonilla et al., 2020; Bonilla et al., 2021 y las referencias
encontradas en estos trabajos). Dichos estudios, no obstante, difieren entre ellos respecto
a la interpretacion del esquema tectdnico y evolucién geolégica regional que integra las
diferentes rocas analizadas.

A diferencia de la generalizacion en los elementos geolégicos inherente al nivel de
conocimiento actual, la informacion geofisica de métodos potenciales (gravimetria y
magnetometria) disponible para el Craton Amazonico en el territorio colombiano muestra
grandes contrastes y variaciones laterales sugiriendo que el basamento cratdnico,
compuesto principalmente por rocas cristalinas magnéticas, es altamente heterogéneo
(Graterol, 2009; Kroonemberg & Reeves, 2012; Moyano et al., 2020). Estos contrastes en
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la informacion geofisica responden a variaciones en la densidad y susceptibilidad
magnética de las rocas de la corteza superior que, al ser estudiadas e integradas con la
informacién geoldgica, petrofisica y geocronoldgica disponible, permiten seguir estructuras
geoldgicas en el subsuelo e identificar diferentes cuerpos de roca, construyendo un modelo
geoldgico/geofisico mas continuo. Estos métodos geofisicos han sido exitosamente
aplicados para entender estructuras y limites tecténicos en otras areas pobremente
expuestas, enterradas 0 cubiertas de vegetacion en el Cratbn Amazonico u otras areas
con caracteristicas y/o evolucion geolégica similares.

Por ejemplo, Heath et al. (2009) aplican la deteccion multi-escala de bordes (Multiscale
Edge detection) en informacion de gravimetria y magnetometria en el Craton Gawler
(Australia) (Figura 1-2). la aplicacion de esta metodologia, integrada con informacion
geolégica de superficie, pozos y evaluacion tecténica permitieron tener un mejor
entendimiento de los dominios estructurales presentes. Esta aplicacion demostr6 su
potencial para proveer alternativas de investigacion en areas en donde hay escasez de
afloramientos, especialmente por su representatividad de la distribucion en 3D de los
rasgos identificados. Esta alternativa resulta de gran interés para el entendimiento de la
relacion entre los diferentes terrenos geolégicos, asi como su evolucion tecténica.

Pérez-Aguirre et al. (2021) (Figura 1-3) utilizan informacién gravimétrica y magnética
integrada con geologia para modelar el limite entre los terrenos tectono-estratigraficos
Central y Oaxaquia (norte de México), en donde la presencia de exposiciones aisladas de
un complejo de subduccién del Terciario ha llevado a inferir varias localizaciones de la
mencionada sutura; lo anterior para un area en donde la sutura inferida se encuentra
cubierta por una espesa capa de depdsitos vulcano-sedimentarios del Jurdsico y
secuencias sedimentarias marinas del Mesozoico. La informacion geofisica se utiliz6 para
modelar el limite entre los bloques corticales bajo la cubierta sedimentaria, logrando una
mejor delimitacion de una estructura regional considerada como el borde entre los terrenos.

Gusmao et al. (2005) (Figura 1-4) realizan interpretacion de datos gravimétricos y
magnetométricos en la provincia Borborema (oriente de Brasil), en donde se han
desarrollado estudios geoldgicos y geocronolégicos importantes para investigar acerca de
la evolucion de esta provincia, pero el entendimiento de la compartimentacion tectonica y
la identificacion de limites de importancia litosférica ha sido limitado por la ausencia de
datos geofisicos que complementen la cartografia y estudios geolégicos de superficie. La
informacion fue interpretada a partir de transformaciones de primera derivada vertical,
sefial analitica, reduccién al polo y filtros de continuaciéon analitica, para delimitar y
comparar dominios magnéticos con la litologia, lineamentos magnéticos con estructuras
geoldgicas (fallas, zonas de cizalla) y cambios de gradiente con contactos. Como resultado
se realiz6 la separaciobn de 11 compartimientos tectonicos y, la comparacion de las
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anomalias magnetométricas y gravimétricas, tanto regionales asociadas a cuerpos
profundos como residuales asociadas a fuentes someras, fue muy importante para inferir
la forma tridimensional de estos rasgos tecténicos. También se identificé a partir de la
informacion geofisica que los limites de la provincia se extienden més hacia el norte de
donde han sido cartografiados, aportando evidencias para la reformulacion de los modelos
geoldgicos existentes

Figura 1-2:  Aplicacion de técnica de deteccion multiescala de bordes en el Cratdn
Gawler (Australia). a) bordes detectados sobre la informaciéon magnética (tomado de Heath
et al. (2009). b) Modelo geoldgico regional (Tomado de ).
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Desde el punto de vista geofisico, los eventos tectonicos de deformacion a gran escala,
acreciones y episodios de actividad magmatica pueden quedar registrados como
heterogeneidades en la corteza terrestre; esto debido a que estos eventos generan fuertes
cambios laterales en la litologia, estructura y/o composicidén de la corteza superior, que a
su vez implican contrastes laterales en las propiedades fisicas de las rocas, como la
densidad y susceptibilidad magnética (Telford, et al.,1990; Kearey & Brooks, 1991; Jacoby
& Smilde, 2009). En este sentido, la interpretacién de datos geofisicos enfocada en
delinear rasgos estructurales y limites entre cuerpos de roca con propiedades fisicas
contrastantes, soportado en el modelamiento directo e inverso 2D y 3D utilizando
parametros de control petrofisicos y geol6gicos, permitira interpretar limites y estructuras
corticales que a su vez se podrian asociar a cambios litolégicos como evidencia de
procesos geologicos ocurridos durante la evolucion geotecténica del Craton amazonico.
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Esta aplicacién de la informacion geofisica de métodos potenciales ya ha sido utilizada
para identificar y caracterizar estructuras corticales y dominios tecténicos en otras areas
cratdnicas, utilizando métodos de procesamiento y datos geofisicos con la resolucion y
cobertura que actualmente se encuentran disponibles para el Oriente Colombiano y en
general el extremo NW del Cratén Amazdnico (Baines et al., 2009; Yan, et al., 2013; De
castro, et al., 2013; Pessano, et al., 2021).

Figura 1-3: Reduccion al polo magnético de la anomalia de campo total (arriba) y
anomalia de Bouguer (abajo) con interpretacion de estructuras y lineamientos para el norte
de México, limite entre los terrenos tectono-estratigraficos Central y Oaxaquia. Tomado de
Pérez-Aguirre et al. (2021).
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En este trabajo se plantea como objetivo general elaborar un modelo geolégico-geofisico
del Craton Amazonico para Colombia. Este modelo permite mejorar la delimitacion de
rasgos estructurales a escala cortical mediante la interpretacién de informacién geofisica
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de magnetometria y gravimetria que, en combinacién con informacion geoldgica y
geocronoldgica, permiten proponer una reconstruccion de dichos rasgos corticales para el
NW de Suramérica, asi como su evolucion geoldgica, mejorando el conocimiento sobre la
arquitectura geoldgica regional para el area. Lo anterior se construye a partir de tres
objetivos especificos: (i) Interpretar rasgos estructurales y dominios lito-geofisicos
mediante el estudio y modelacion de los contrastes en propiedades fisicas (susceptibilidad
magnética, densidad) de las rocas que componen el Craton Amazdnico en territorio
colombiano. (ii) Elaborar un modelo geoldgico-geofisico que ilustre la distribucién vy
estructura de las rocas cristalinas del Craton Amazénico en Colombia. (iii) Comparar los
elementos del modelo geoldgico-geofisico con las provincias geoldgicas/metalogénicas
propuestas para el borde nor-occidental del Cratbn Amazénico y la informacién geoldgica
disponible de la zona, para establecer si existe continuidad en Colombia de los elementos
base para la definicion de estas provincias.

Figura 1-4: Estudio tectonico a partir de gravimetria y magnetometria en la provincia
Borborema, NE Brasil. a) Esquema geoldgico-tectonico del area de estudio; b) Anomalia
de Bouguer residual con lineamientos y bajos gravimétricos interpretados. c) Anomalia de
Campo Magnético total con lineamientos magnéticos interpretados como cizallamientos.
d) Interpretacion consolidada con separacion en dominios tecténicos. Tomado de Gusmao,
et. al. (2005)
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com zona de cisalh,

La tesis esta organizada de la siguiente manera. En el Capitulo 2 se presenta un marco
conceptual general sobre los métodos geofisicos de potencial y su aplicacion en estudios
geoldgicos regionales. Se realiza una sintesis sobre los principios fisicos de los campos
gravitacional y magnético de la tierra, asi como los métodos geofisicos gravimétrico y
magnetométrico que se basan en el estudio de las variaciones en dichos campos y su
relacion con las propiedades fisicas de la corteza superior de la tierra que pueden ser
responsables de dichas variaciones. De igual manera se sefalan algunos tipos de
transformaciones matematicas, procesamientos Yy filtros que pueden ser aplicados a los
datos geofisicos con el fin de resaltar rasgos de interés para la aplicacién en estudios
geoldgicos regionales.

En el Capitulo 3 se presenta la interpretacion de informacién gravimétrica y
magnetométrica para definir rasgos estructurales en el NE de Colombia (departamentos
de Vichada y Guainia). Se aplicé una metodologia integrada de interpretacion cualitativa
de informacibn magnetométrica aerotransportada para delinear estructuras magnéticas
(lineamientos y dominios) usando el gradiente horizontal de la reduccién al polo magnético
e interpretacién semi-cuantitativa a partir de la deteccién multiescala de bordes “worming”
aplicada sobre una integracion de gravimetria y magnetometria aerotransportada con
modelos geofisicos globales. Esta informacién fue complementada con inversién regional
3D para obtener modelos de densidad y susceptibilidad magnética de la corteza superior
en el area evaluada. Como resultado se interpretaron cuatro zonas o dominios, separados
por estructuras de escala cortical, entre los cuales se resalta el posible limite entre las
provincias geocronoldgicas de Ventuari-Tapajés y Rionegro. El Capitulo 2 es una version
ajustada del articulo “Structural signatures of the Amazonian Craton in eastern Colombia
from gravity and magnetometry data interpretation” (Tectonophysics, Moyano & Prieto,
2021).
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En el Capitulo 4 se aplica la metodologia descrita en el Capitulo 3, extendida para toda
el &rea del Cratébn Amazdénico en Colombia, desde el piedemonte andino hasta limites con
Venezuela y Brasil, identificando y delineando las principales discontinuidades de la
corteza superior ademas de otras caracteristicas geoldgicas. Como resultado se
interpretaron seis lineamientos geofisicos primarios (PGL), propuestos en este trabajo
como posibles limites corticales. La interpretacion geofisica se integré con informacion
geoldgica, geocronolégica e isotdpica, a partir de la cual se proponen cinco dominios
tectonicos: Ventuari-Tapajés, Cinturén de Atabapo, Cinturén de Vaupés, Graben del
Apaporis y Putumayo. Este capitulo incluye una nueva edad de cristalizacion de circon U-
Pb de 1227 + 8/13 Ma que indica que la Formacién Piraparana es significativamente mas
antigua de lo que se pensaba anteriormente, evidenciando que la extensién en el Graben
de Apaporis comenz6 al menos en el Mesoproterozoico tardio, transformando asi por
completo su significado tecténico. La interpretacion de los limites estructurales propuesta
en este capitulo estd en excelente acuerdo y proporciona una ubicacion mas precisa de
los limites tecténicos sugeridos previamente en la literatura a partir de la informacion
geoldgica y geocronoldgica disponible. Como resultado, se proporciona la primera
reconstruccion regional de rasgos estructurales de escala cortical para el noroccidente
suramericano, mejorando asi la comprension de la arquitectura tecténica regional del
Cratén Amazoénico a partir de la integracién de métodos geofisicos. El Capitulo 4 es una
version ajustada del articulo “Tectonic domains in the NW Amazonian Craton from
geophysical and geological data” (Precambrian Research, Moyano-Nieto, et al., 2022).

El Capitulo 5 presenta las conclusiones principales de la Tesis. También, a manera de
recomendaciones para trabajos posteriores, se detallan algunos otros rasgos geofisicos
puntuales, que se encuentran localizados dentro los dominios tectonicos propuestos en el
Capitulo 4, y que pueden aportar informacién adicional para entender la evolucion
geoldgica del NW del Cratébn Amazonico.






2.Métodos geofisicos de potencial aplicados a
estudios geoldgicos regionales

La investigacion para el conocimiento del modelo geolégico y evolucion tecténica en un
area de interés esta determinada por la cantidad, cubrimiento y calidad de la informacion
gue sea posible obtener para integrar y consolidar estos modelos. En este aspecto, la
informacién geofisica por métodos de campos potenciales, especificamente gravimetria y
magnetometria, juega un papel importante en la integracion de la informacion geol6gica
por cuanto permiten, a través de la visualizacidon de los contrastes en la densidad y
susceptibilidad de los materiales de la corteza terrestre, la integracién y verificacién de la
continuidad de los datos geocientificos obtenidos directamente en el terreno, ya sea en
afloramientos o mediante perforaciones.

En el presente capitulo se refieren de manera general los principios fisicos de los campos
potenciales, especialmente el gravitacional y magnético de la Tierra, asi como los
fundamentos de los métodos geofisicos que se basan en la interpretaciéon de las
variaciones de éstos. Se hace énfasis en la identificacion de variaciones o “anomalias” en
los campos potenciales como respuesta a cuerpos y/o contrastes laterales en la corteza
superior, que a su vez pueden ser asociadas a elementos de interés para estudios
geoldgicos regionales. Dentro de este mismo aspecto, se describen algunas opciones de
transformacion vy filtrado de la informacién gravimétrica y magnetométrica, que van
encaminados a generar nueva informacién o resaltar partes de esta, cuyo fin es delinear
los contrastes de las anomalias que pueden ser relacionados con estructuras de interés
geoldgico.

2.1 Campos potenciales

En cualquier punto de un medio, una unidad de masa, carga eléctrica o polo magnético
experimenta una fuerza especifica. Esta fuerza sera de atraccion en el caso del campo
gravitacional o de repulsion o atraccion cuando dos cargas eléctricas/polos magnéticos de
la misma o diferente polaridad se acercan entre si. Dichas fuerzas se entienden como
“‘campo de fuerza", que es utilizado para estimar propiedades fisicas en cualquier punto
dentro de un medio. Entre los campos fisicos mas importantes usados en geofisica, asi
como la propiedad fisica de interés, estan el gravitacional (densidad),
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magnético/magnetostatico (susceptibilidad magnética), electromagnético (conductividad
eléctrica, permitividad eléctrica y permeabilidad magnética), entre otros. (Kumar, 2008).

El analisis de campos de fuerza como el gravitacional, magnético y eléctrico, puede ser
simplificado usando el concepto de “Potencial”’. El potencial en un punto dentro de un
campo de fuerza esta definido como el trabajo realizado por la fuerza para mover una masa
desde un punto de referencia arbitrario (usualmente el infinito) hasta el punto analizado.
Este trabajo esta relacionado con la distancia entre la fuente del campo y el punto en el
gque se desea conocer el valor, independientemente del trayecto que haya tenido el cuerpo
entre el origen y el punto de observacion. (Dobrin & Savit, 1998).

Si un cuerpo es afectado o no por un campo potencial depende de las caracteristicas del
cuerpo; por ejemplo, el campo magnético afecta Unicamente a cuerpos que son
magnéticos y el gravimétrico a cuerpos que tienen masa. La gravitacion y el magnetismo
involucran la interaccion de objetos a través de los campos que los rodean, siendo el
campo gravitacional el causado por la masa del objeto y el campo magnético por su
magnetismo. (Dentith & Mudge, 2014).

El potencial es una magnitud escalar que decrece proporcionalmente con la distancia a la
fuente y es representado a través de una serie de superficies equipotenciales, en donde
cualquier punto dentro de cada superficie tiene la misma energia potencial. Por otro lado,
el campo potencial se representa a partir de las lineas de campo que, para el caso del
campo gravitacional, corresponden a los vectores (con magnitud y direccién), que se
orientan en direccion al centro de masa la fuente, formando un patrén radial que corta
perpendicularmente cada superficie equipotencial. Las lineas de campo ilustran la
direccién de movimiento de un cuerpo influenciado GUnicamente por la fuerza del campo
potencial (Figura 2-1a).

Las fuentes de los campos gravimétricos son monopolares (Figura 2-1a) y por lo tanto
siempre atraen, mientras que las fuentes de campos magnéticos y eléctricos son dipolares
(Figura 2-1b) con cargas opuestas, por lo que pueden tanto atraerse como repelerse entre
si.

Cuando existen multiples fuentes adyacentes, los campos potenciales de cada cuerpo
interactian y sus superficies equipotenciales se mezclan, entonces el campo en cualquier



12 Modelo lito-geofisico del Cratdbn Amazonico en el Oriente Colombiano a partir de
la integracion de informacién geofisica

punto correspondera a la suma vectorial de los campos potenciales asociados con cada
fuente. Esta es una caracteristica que se debe tener en cuenta para la aplicacién de
métodos de potencial en geofisica, ya que las fuentes magnéticas y gravimétricas no
existen de manera aislada y resulta muy importante la habilidad de determinar el efecto
combinado de mdltiples fuentes adyacentes.

Figura2-1: (a) llustracion del campo gravitacional y (b) magnético. (Modificado de
Dentith & Mudge, 2014)
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Por ultimo, se debe tener siempre presente el principio de multiplicidad de soluciones
(nonunigueness) cuando se trabaja con datos geofisicos y en especial con campos
potenciales. Lo anterior dado que las caracteristicas principales que describen una
anomalia, como son su longitud de onda y amplitud, pueden ser producidos por diferentes
combinaciones de nimero y localizacién de fuentes, geometria de éstas y contraste en sus
propiedades fisicas (Figura 2-2).

2.1 Gravimetria

Los métodos geofisicos gravimétrico y magnetométrico se basan en la medicién de las
variaciones espaciales en el campo gravitacional y magnético de la tierra. Para estudios
geoldgicos y regionales, el objetivo es identificar cuerpos o cambios laterales que son mas
0 menos densos 0 magnéticos que su entorno y a su vez entender algo de sus
caracteristicas fisicas y geométricas a partir de las observaciones de las irregularidades o
“anomalias” en los campos observados, que son causadas por variaciones en la densidad
y susceptibilidad magnética de las rocas y materiales que conforman la corteza terrestre.
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Figura2-2: Efecto de la combinacibn de geometria, profundidad y contraste de
propiedades fisicas en 4 tipos de fuente que generan la misma anomalia en superficie.
(Modificado de Dentith & Mudge, 2014)
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Las caracteristicas esenciales de la gravedad pueden explicarse en tres conceptos
(Dentith & Mudge, 2014):

* Masa, que es la cantidad de materia que contiene un objeto.
» Densidad, Masa contenida por unidad de volumen.

* Ecuacion de gravitacion: todos los cuerpos se atraen unos a otros con una fuerza
proporcional a sus masas, e inversamente proporcional al cuadrado de la distancia
entre sus centros de masa. La ecuacion de gravitacion se conoce como la Ley
universal de Gravitacion y es la razon por la cual los objetos son “halados” hacia la
tierra, con una fuerza F (siempre atractiva) definida para dos masas (m1 y m2) asi:

mym,

F=6—s

Donde G = 6.6726*10= Nm#kgz(Constante de gravitacion universal).
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A partir de la ecuaciéon anterior, un cuerpo (m2) localizado en la superficie de la tierra,
considerando la masa de la tierra (m,) y radio promedio de esta (r), sufrira una fuerza de
atraccion F por el campo gravimétrico terrestre, que corresponde al peso del objeto en la
tierra. De la misma ecuacion es posible establecer que la aceleracion ocasionada por la
masa de la tierra (gravedad), al nivel del mar y en el ecuador, es de 9.81 m/s?. La
aceleracion de la gravedad es la misma para cualquier objeto de cualquier masa en el
mismo punto de la tierra; sin embargo, esta aceleracion varia con la latitud y la longitud
debido a la rotacion de la tierra y variaciones en su radio y densidad de la corteza, ademas
de la elevacion sobre la superficie terrestre.

Desde el punto de vista de la aplicacién del método gravimétrico para estudios geoldgicos,
se debe anotar que los cambios en la aceleracién gravitacional producidos por cambios en
la densidad en la corteza superior (“anomalias”) son de menor amplitud comparados con
la atraccion total ejercida por la masa de la tierra (Figura 2-3). Ademas, el campo
gravitacional de la tierra no tiene papel en la produccién de anomalias corticales de interés
y es, por el contrario, una ‘“interferencia” que debe ser removida para facilitar su
visualizacion. Lo anterior contrasta con el campo magnético, cuya presencia es
fundamental para producir anomalias magnéticas. Por ejemplo, un cuerpo esférico en el
subsuelo, que tiene una densidad mayor que su entorno (contraste positivo), generara un
“exceso” de masa sobre su ubicacion y por lo tanto formara una anomalia gravimétrica
positiva (Figura 2-3).

Figura 2-3: (sup) Variacidon del componente vertical de la gravedad a lo largo de un
perfil. (inf) campo gravitacional radial de la fuente y su componente vertical. Tener en
cuenta que la intensidad del campo gravitacional de la tierra es mucho mayor que el de la
fuente, pero fue reducido como ilustracion. (Modificado de Dentith & Mudge, 2014)
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De la Figura 2-3 se puede identificar como un cuerpo con densidad diferente a su entorno
y localizado a profundidad puede ser detectado a través de su efecto en el campo
gravimétrico terrestre. También se resalta que, como la fuente gravitacional es monopolar,
la anomalia tiene una Unica polaridad (positiva 0 negativa) y su pico se centra directamente
sobre la fuente.

Una anomalia gravimétrica entonces es el resultado de remover de la gravedad observada
el efecto de un modelo que predice el valor de la gravedad normal para este punto (Jacoby
& Smilde, 2009).

2.1.1 Anomalia gravimétrica

La gravedad observada corresponde a la suma de varios componentes, tanto invariantes
como variantes en el tiempo, siendo los invariantes los de mayor magnitud. Los
componentes variantes en el tiempo son parcial o totalmente removidos durante la
adquisicion y procesamiento de los datos gravimétricos (p.ej. correccién por mareas, deriva
instrumental), mientras que los permanentes son asociados con la latitud, elevacion, masa
asociada a la topografia y anomalias de masa al interior de la tierra.

La gravedad observada (gobs) es entonces un efecto integral de los componentes
asociados a todas las masas presentes:

Yobs = Yiat T Jait + 9Boug T Ygeol
Donde,

giat: Correccion por latitud. Hace referencia al valor de la gravedad normal referida al elipsoide de
referencia, dependiente de la latitud y valor de referencia en el ecuador (gec)

glat = gEC(l + C253n2¢ - C4sen22¢)

Siendo gec=9.780237 m/sz, C2= 0.0053024, C4=0.0000058

galt: Correccion por altura. Se refiere al cambio asociado a la diferencia de altura h del punto
respecto a la superficie de referencia (geoide o elipsoide). Usualmente la elevacion por encima o
por debajo de la superficie de referencia es reducida por el gradiente vertical normal pero también
el valor promedio en la superficie elipsoidal de -0.3086 mGal/m es suficiente para areas no



16 Modelo lito-geofisico del Cratbn Amazonico en el Oriente Colombiano a partir de
la integracion de informacién geofisica

montafiosas con variaciones verticales inferiores a 1 km. La representacion de los datos
gravimétricos con esta correccion se conoce como Anomalia de aire libre:

Aire libre = 9obs — Giat T Gait

gBoug: Cambio asociado a la masa topografica; por ejemplo, la localizada entre la superficie
de la tierra y la superficie de referencia, la cual puede ejercer un efecto importante sobre el valor de
gravedad observada. Para este efecto se considera que el punto de observacion es afectado por la
masa asociada con la topografia y su valor se sustrae o adiciona segun el nivel de observacion esté
por encima o bajo el nivel del mar. La densidad cominmente asumida para esta correccién es de
2.670 kg/ms, estimada como el promedio para las rocas de la superficie (densidad de Bouguer).

La masa asociada a la topografia puede ser dividida en dos partes:

» Laplaca de Bouguer, una losa horizontal de extensién lateral infinita localizada entre el nivel
de observacion y el de referencia (Anomalia o correccién de Bouguer):

Bouguer = Aire libre — gpoug

* El relieve topogréfico respecto a la superficie plana, su efecto se reduce mediante la
correccion topogréafica (Anomalia completa de Bouguer).

Bouguer completa = Aire libre — ggoug + Jropo

Qgeo: efectos de cualquier desviacion de la gravedad normal por debajo de la superficie
fisica de medicién (no solo bajo la superficie de referencia).

La determinacion de (Jgeo representa entonces las variaciones relacionadas con la
presencia de contrastes y variaciones de densidad en el subsuelo asociadas a cuerpos de
interés geoldgico. Teniendo en cuenta lo anterior, se puede formular el calculo de la
Anomalia Gravimétrica a partir de la gravedad observada, asi:

9geol = Yobs — Ylat — Yait — YBoug

2.1.2 Densidad de las rocas

En exploracién gravimétrica, el parAmetro que se determina es la variacién local en la
densidad, ya que la densidad como propiedad fisica no es medida directamente durante el
levantamiento. La densidad puede ser medida en laboratorio a partir de muestras de
afloramiento o nlcleos de perforacion, pero aun asi factores como alteracion,
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fracturamiento o deshidratacion de la roca durante el muestreo, hace que la densidad no
sea adecuadamente conocida en situaciones de campo normales (Telford, et. al. 1990).

En la Figura 2-4 se muestran los valores de densidad de las rocas y materiales comunes
en el ambiente geologico, consistentes con el valor promedio de densidad asumido para
la corteza terrestre (2.67 g/cms). Se debe notar que los valores de densidad para las rocas
MAs comunes se encuentran restringidos en un rango muy pequefio en comparacién con
otras propiedades objeto de estudio en geofisica, como la susceptibilidad magnética y
resistividad eléctrica. De igual manera se resalta que las rocas igneas y metamorficas,
como principales componentes de la corteza terrestre, presentan rangos de densidad
similares, lo que hace practicamente imposible hacer diferencias entre éstas a partir de su
densidad Unicamente. Ademas, la densidad de la roca depende de la totalidad de su
contenido mineral y, para algunos casos relevantes como las rocas sedimentarias, su
porosidad total.

Figura 2-4: Densidad de las rocas. Modificado de Dentith & Mudge (2014)
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2.2 Magnhetometria

Si bien el método gravimétrico y el magnetométrico tienen mucho en comdn, las
caracteristicas del magnetismo lo hacen mas complejo y las variaciones en el campo
magnético terrestre son mas erraticas y sectorizadas. Esto principalmente por las
caracteristicas dipolares, direccién variable y cambios en el tiempo asociadas al campo
magnético. Las variaciones en el campo magnético resultan de factores tanto locales como
regionales haciendo del método magnetométrico una de las herramientas geofisicas mas
versatiles, si bien como todo método basado en campos potenciales, no tiene una
interpretacion Unica. (Telford, et al., 1990).

El objetivo de la exploracién magnetométrica es el investigar la geologia del subsuelo a
partir de las anomalias en el campo magnético de la tierra, resultantes de contrastes en
las propiedades magnéticas de las rocas que la componen (Kearey & Brooks, 1991). A
pesar de que la mayoria de los minerales formadores de rocas no son magnéticos, ciertos
tipos de rocas contienen minerales magnéticos en suficiente concentracion para producir
anomalias magnéticas significativas.

Con fines de entender el campo geomagnético, la tierra se pude considerar como
compuesta por tres capas (Reeves, 2005): nucleo, manto y corteza. Los procesos de
conveccion en la parte liquida del ndcleo metéalico dan origen a un campo geomagnético
complejo que, para efectos de modelacién en superficie, se puede aproximar a un dipolo
gue se asume de esta forma a un imén de barra localizado en el centro del planeta (Figura
2-5a); por su parte, el manto no tiene mayor papel en el geomagnetismo y es la interaccién
pasada y presente entre el campo geomagnético y la corteza terrestre la que da origen a
las anomalias magnéticas corticales de interés para estudios geolégicos regionales.

Se puede notar ademas que los polos magnéticos no coinciden con los polos geograficos
y ademas no son estacionarios. Los polos magnéticos se localizan en donde las lineas de
campo son verticales y su magnitud es cercana al maximo; la orientacién y magnitud del
campo varia de manera relativamente suave a lo largo del planeta, llegando a su minima
magnitud y componente vertical hacia el ecuador magnético, que tampoco coincide con el
ecuador geografico. El ecuador magnético se define entonces en donde las lineas de
campo son horizontales” (Isles & Rankin, 2013).

La naturaleza dipolar del campo magnético requiere tener especial cuidado en especificar
su direccion: el campo esta orientado verticalmente hacia abajo en el polo sur magnético,
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horizontal y apuntando al norte en el ecuador magnético y vertical y apuntando hacia arriba
en el polo norte magnético.

Figura 2-5: a) Esquema de la forma y variacion de la direccion del campo geomagnético
con la latitud. b) componentes del campo geomagnético. (Tomado de Reeves, 2005).
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El campo magnético es un vector (Figura 2-5b) que puede ser definido en cualquier punto
del planeta a partir de su magnitud F, el dngulo que hace respecto a la horizontal o
inclinacién (I = positivo hacia el norte del ecuador magnético y negativo hacia el sur) y el
angulo entre el plano vertical que contiene a F y el norte verdadero 6 declinacién (D =
positivo hacia el este y negativo hacia el oeste). Para otros estudios mas especializados
también se expresa el campo como las magnitudes de sus tres componentes ortogonales
(Reeves, 2005).

El componente relativamente estable del campo geomagnético esta descrito por un modelo
matematico desarrollado a partir de observaciones realizadas durante muchos afios en
diferentes puntos de todo el globo, este modelo es conocido como el Campo Magnético
Internacional de Referencia (IGRF. Thebault, et al, 2015). Este modelo permite calcular la
direccion y magnitud del campo magnético en cualquier punto de la Tierra e intenta
predecir los cambios seculares de éste, por lo que se actualiza cada 5 afios.
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En prospeccién magnetométrica, el IGRF representa una superficie suave de longitud de
onda amplia que se encuentra superpuesta a los rasgos de menor longitud de onda que
corresponden a las anomalias corticales de interés para estudios geoldgicos regionales.
El IGRF ademas permite establecer la magnitud y direccion del campo geomagnético para
la época de adquisicion de los datos, lo que resulta fundamental en el procesamiento de
los datos magnetométricos.

Las variaciones temporales en el campo geomagnético abarcan rangos desde segundos
hasta millones de afios y tienen un profundo efecto sobre la adquisicion y procesamiento
de los datos magnetométricos, la sustraccién del campo para obtener la anomalia de
interés y la interpretacion de las anomalias resultantes. Entre las variaciones que se deben
tener en cuenta estan: Variaciones diurnas, Micropulsaciones, Tormentas magnéticas,
variaciones seculares e inversiones del campo magnético (Reeves, 2005).

2.2.1 Magnetizacion de rocas y minerales de la corteza

Las propiedades magnéticas de cualquier material estan determinadas por los spines de
sus electrones y su posicion orbital en los dtomos, la concentracién de a4tomos o iones
magnéticos, la interaccidén entre éstos y la estructura molecular del material (Dentith &
Mudge, 2014). Para la mayoria de los 4tomos, estos efectos magnéticos se cancelan
mutuamente y el atomo resulta ser no-magnético; para otros atomos estos efectos no se
cancelan del todo, por lo que el atomo forma un dipolo que constituye una magnetizacion
espontanea del material, es decir que es magnético aln en la ausencia de un campo
inductor. De manera general, la reaccion de la estructura atdbmica de la materia ante un
campo inductor puede ser clasificada dentro de tres tipos de magnetizacion:

» Diamagnéticos. Son aquellos en donde los spines magnéticos se alinean de
manera opuesta al campo externo y tienen una leve susceptibilidad magnética
negativa (Isles & Rankin, 2013). Todos los materiales tienen un comportamiento
diamagnético muy leve, que cominmente es enmascarado por la presencia de los
otros tipos de magnetizacién. Por ejemplo, la Halita es un mineral que puede
exhibir, cuando esta presente en suficiente volumen como un diapiro, una leve
anomalia negativa en una cuenca sedimentaria, Gernigon, et., al. (2011).

+ Paramagnéticos. Son aquellos en donde los spines magnéticos se alinean con el
campo externo y tienen una leve susceptibilidad magnética positiva. Entre estos se
identifican los piroxenos, anfiboles y micas.
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* Ferromagnéticos. Son materiales en donde los dipolos estan acoplados
magnéticamente y, ante la presencia de un campo magnético externo, los dominios
se pueden alinear con el campo inductor dando un magnetismo neto, es decir que
el material se torna magnético por induccién magnética.

Cuando el campo magnético es removido, todos los dominios vuelven a su estado
inicial, pero si el campo inductor es suficientemente fuerte es posible que haya
cambios irreversibles en los dominios, resultando en un magnetismo remanente. El
material ferromagnético mas importante es el hierro, pero materiales puramente
ferromagnéticos raramente ocurren en la naturaleza.

Las propiedades magnéticas de las rocas reflejan, fundamentalmente, la distribucién de su
contenido de hierro entre especies minerales fuertemente magnéticas (6xidos/sulfuros) y
otras fases poco magnéticas (silicatos, carbonatos, etc), distribucion que depende de
factores quimicos, petroldgicos y otros de origen geolégico. Por lo tanto, mediante la
correlacion entre la composicion de minerales magnéticos, petrologia y propiedades
magnéticas de las rocas y su relacion con las anomalias magnéticas observadas, se logra
un mejor entendimiento de los factores geoldgicos que modelaron estas anomalias, lo que
lleva a mejorar la interpretacion geologica a partir de informacion de magnetometria (Clark,
1997).

2.2.2 Susceptibilidad magnética

Todas las rocas que se encuentran localizadas dentro del campo geomagnético van a
presentar algun tipo de magnetizacién inducida, la magnitud de esa magnetizacion (Ji) esta
definida por:

Ji = kF

Siendo (F) la magnitud del campo geomagnético y (k) una constante de proporcionalidad que
constituye la susceptibilidad magnética volumétrica de la roca.

Segun Jacoby & Smilde (2009), la cantidad de minerales magnéticos dentro de una roca
es una funcion de:

» Composicion quimica. Un bajo contenido de hierro se pude correlacionar con baja
susceptibilidad magnética (k), mientras que un alto contenido de hierro no
necesariamente redunda en un alto valor de k. Lo anterior dado que el contenido
de hierro depende ademéas de la especie mineral de hierro (magnético o no) que se
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forme con la rocay cualquier otro proceso subsecuente que pueda haberla alterado
o modificado en su composicién (metamorfismo, alteracion, meteorizacion, etc).

* Quimica e historia térmica y barométrica de la roca. La temperatura de
cristalizacion, factores geoquimicos, presion litostatica e hidraulica son factores que
controlan ademas la particion del hierro en especies minerales diferentes.

De la compilacién realizada a partir de miles de muestras de susceptibilidad magnética en
un amplio rango de litologias realizada por Clark (1997), se ilustran al menos tres
caracteristicas importantes (Figura 2-6):

e Para cualquier tipo de litologia, la susceptibilidad magnética abarca un rango de 2
a 4 ordenes de magnitud. Esto refleja no solo el contenido de hierro en la roca, sino
sus condiciones locales de oxidacién/sulfuracion, temperatura de formacion y otros
factores geologicos, tanto al momento de su formacion como durante eventos
subsecuentes.

e Aligual que con la densidad (Figura 2-4), hay una gran superposicién en los rangos
de susceptibilidad magnética entre la mayoria de las litologias, haciendo que
identificar una litologia en particular a partir de esta propiedad (o la intensidad de
su anomalia magnética) sea virtualmente imposible.

o Estadisticamente, hay rangos “mas comunes” de susceptibilidad magnética para
muchas litologias, siendo sus valores extremos los que muestran las variantes mas
inusuales en los parametros de formacion o alteracion subsecuente de cada tipo
de roca.
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Figura 2-6: Susceptibilidad magnética de las rocas. Modificado de Dentith & Mudge
(2014)
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2.2.3 Anomalia magnética

Todas las anomalias magnéticas causadas por las rocas se encuentran superpuestas al
campo geomagnético (IGRF) de la misma forma en que las anomalias gravimétricas se
sobren imponen al gravitacional. Para el caso magnético resulta sin embargo mucho mas
complejo ya que, a diferencia del campo gravitacional que siempre es vertical, el magnético
varia tanto en amplitud como en direccién (Kearey & Brooks, 1991). Lo anterior sumado a
las mdltiples respuestas magnéticas de los materiales ante el campo geomagnético.

Al igual que con el campo geomagnético, los campos magnéticos inducidos en las rocas
de la corteza son dipolares; por lo tanto, un perfil de intensidad de campo magnético
medido en superficie sobre un cuerpo enterrado tendra componentes positivo y negativo.
El grado de asimetria en este perfil dependera de la orientacion del cuerpo respecto al
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campo geomagnético local, asi como de la orientacién del campo geomagnético como tal.
Como resultado, el mismo cuerpo presentard un perfil de intensidad de campo magnético
diferente bajo diferentes inclinaciones de campo geomagnético (Figura 2-7).

Como se indicé anteriormente, el campo geomagnético (IGRF) se comporta como un
campo regional de baja longitud de onda y su remocién (calculado para la fecha de
adquisicion de los datos) del campo observado incrementa la resolucién de las anomalias
magnéticas asociadas a fuentes de la corteza terrestre, ademas de remover las variaciones
seculares para el caso de estudios que abarcan un amplio periodo de tiempo. De manera
similar que en gravimetria, la anomalia magnética base para trabajar en exploracion
magnetométrica es el resultado de sustraer del campo magnético observado el valor de un
modelo que predice el campo geomagnético (IGRF).

Figura 2-7: (a) Componentes de una anomalia magnética para una latitud intermedia
dentro del campo geomagnético. (b) Ejemplo de anomalia magnética sobre una esfera
magnetizada bajo campos con diferente inclinacion. (Tomado de Dentith & Mudge, 2014).
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2.3 Transformaciones y filtros aplicados en
interpretacion de gravimetria y magnetometria

De los numerales anteriores, en donde se plantearon los fundamentos de los métodos
gravimétrico magnetométrico, y con el fin de fijar los objetivos y alcances de la
interpretacion de datos geofisicos para estudios geoldgicos regionales, se deben tener
claros dos aspectos:

¢ Laanomalia en el campo contiene la suma de los campos de las multiples fuentes
presentes tanto local como regionalmente y en profundidad.

e Los métodos geofisicos gravimétrico y magnético muestran variaciones y
contrastes en la densidad y susceptibilidad magnética de las rocas y materiales del
subsuelo, no los valores absolutos de estas propiedades, por lo que estas
variaciones no pueden ser asociadas directamente a un tipo de litologia especifica
y tampoco representan necesariamente cambios litologicos.

Con el fin de realizar un mejor analisis de la informacién geofisica, la interpretacion puede
ser asistida con varios filtros o transformaciones que tienen como objetivo el resaltar
determinadas caracteristicas de los datos o, por el contrario, suprimir algunos rasgos no
deseables. Las transformaciones se entienden como procesos numéricos que generan
nuevas “versiones” de los datos, mientras que los filtros buscan realzar algunos
componentes de los datos mediante la atenuacion o supresion de otros (Jacoby & Smilde,
2009).

Dada la naturaleza de la informacion gravimétrica y magnetométrica, la mayoria de las
transformaciones y filtros resultan comunes para los dos, por lo que seran tratados
simultaneamente.

2.3.1 Filtros de frecuencia/longitud de onda

Consisten en modificar directamente el contenido de frecuencias en los datos, lo cual
resulta atil para la separacion de respuestas regionales en la informacion de campos
potenciales.

» Filtros espectrales. Los datos gravimétricos y magnetométricos contienen
variaciones en un rango determinado de frecuencias, el cual cominmente es
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continuo: las fuentes profundas o someras de gran extensién contribuyen con
longitudes de onda amplias y las fuentes someras con longitudes cortas. Es
importante notar que no es posible hacer una separacion efectiva de profundidades
especificas mediante estos filtros, debido al traslape en el espectro de frecuencia
para fuentes de diferentes profundidades. En la practica es posible diferenciar
parcialmente respuestas de fuentes someras, intermedias y profundas.

* Filtros de Continuacion. Los filtros de continuacidon hacia arriba o hacia abajo
(upward-downward), en términos fisicos transforman los datos hacia un nivel por
encima o por debajo del punto de observacion, lo que equivaldria a una mayor o
menor altura respecto al punto real de observacion del campo. Estos filtros son
posibles dado que el espectro de los campos potenciales varia de una forma
predecible con respecto a la distancia a la fuente (Figura 2-8) y su efecto se resume
en una atenuacion del efecto de las frecuencias mas altas (asociadas cominmente
con cuerpos mas pequefios y cercanos a superficie) a medida que se incrementa
matematicamente esta distancia entre fuente/receptor (upward).

Figura 2-8: Variacion de la anomalia con cambios en la distancia fuente-receptor.
Modificada de Dentith & Mudge, (2014).
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2.3.2 Gradientes/Derivadas

Los gradientes o derivadas de los campos gravitacional y magnético son mas sensibles
gue el campo magnético total y la gravedad normal a los cambios en las propiedades
fisicas del subsuelo, por lo que su aplicacién incrementa el detalle en la informacion
geofisica (Dentith & Mudge, 2014). Las derivadas resaltan las anomalias asociadas a
cuerpos someros por encima de los rasgos mas profundos (Figura 2-9a) que generan
cambios pequefios (gradientes) en el campo. Los gradientes horizontales (Figura 2-9b) y
verticales son muy sensibles a los contornos de las fuentes magnéticas y por eso se utilizan
como marcadores de borde. Mientras que la relacion entre las derivadas y la fuente es muy
simple en la gravimetria, para la magnetometria depende de la direccion de la
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magnetizacién de la fuente y es usualmente compleja y dipolar, a menos que la
magnetizacion sea vertical.

2.3.3 Senal analitica

Es la combinacion de los tres gradientes direccionales de los campos magnético o
gravimétrico para obtener el gradiente total (Nabighian, 1972):

d d d
By = |2+ (é)z + &y

Donde, f es el campo gravitacional o el magnético

La sefial analitica resulta Gtil para localizar los cuerpos causantes de las anomalias, ya que
se localiza como un pico sobre los bordes de estos (Figura 2-9c). Ademas, al ser
independiente de la inclinacién del campo magnético, funciona mejor aquellas zonas en
donde la magnetizacibn remanente o baja latitud magnética hacen mas compleja la
interpretacion de la informacion.

2.3.4 Derivada “Tilt”

Las fuentes someras, respecto de las profundas, tienen grandes amplitudes en sus
gradientes tanto vertical como horizontal en un rango que puede hacer dificil la
presentacion de la informacion. Por otro lado, las relaciones entre las derivadas de cada
tipo de fuente tienen amplitudes similares, por lo que este problema se puede abordar
dividiendo la derivada vertical por la amplitud de las derivadas horizontales totales del
campo (Dentith & Mudge, 2014). Mas aun, la relacién puede ser tratada como un angulo
aplicando su arcotangente para atenuar las amplitudes mas altas. Este valor se conoce
como la derivada “Tilt” (Miller & Singh, 1994).

TDR(x,y) = tan™!

Donde f es el campo magnético o gravitacional
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Este valor, para anomalias gravimétricas o fuentes magnetizadas, es positivo sobre la
fuente, cercano a cero en el borde y negativo por fuera, simulando asi la forma de esta con
su valor cero aproximando los contornos de la fuente (Figura 2-9d, Figura 2-10). Debido a
que el Tilt esta derivado de una relacién, tiene un rango de intensidad normalizado, lo que
significa que lleva respuesta de fuentes tanto someras como profundas, lo puede hacer un
poco dificil la interpretacion y delimitacion de las diferentes fuentes.

Figura 2-9: Resultado de la aplicacién de transformadas y filtros a la anomalia
gravimétrica asociada con una fuente cubica (e): (a) Primera derivada vertical. (b)
Gradiente horizontal total. (c) Sefial analitica. (d) Derivada Tilt. (Modificado de Dentith &
Mudge, 2014)

a) b) e)
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Figura 2-10: Modelo sintético de Anomalia magnética sobre dos prismas (a) y estimacion
de su forma mediante la aplicacion de la derivada tilt (b). Tomado de Blakely, et. al. (2016).
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2.3.5 Reduccién al polo magnético

715

(Baranov, 1964), transforma las anomalias magnéticas de naturaleza di-polar en
anomalias simples mediante la transformacion de éstas hacia el polo magnético, en donde
el campo magnético es vertical (inclinacién de 90°). Con esta trasformacion, se elimina la
distorsién ocasionada por la dipolaridad del campo magnético, teniendo como resultado
gue las anomalias se van a transformar en un Unico pico o valle localizado directamente



30 Modelo lito-geofisico del Craton Amazoénico en el Oriente Colombiano a partir de
la integracion de informacién geofisica

sobre el cuerpo que causa la perturbacion del campo magnético y puede ser
procesada/interpretada de manera similar a una anomalia gravimétrica (Figura 2-11).

[sin(I) —icos(I) X cos(D — 6)]?

L0 = 52 (@) + cos?(1a) x cos2(D — )] X [sin2 (D) + cos?(D) X cosZ(D — 0)]

Donde:
| = Inclinacion del campo geomagnético en grados respecto al horizonte,
D = Declinacién del campo geomagnético en grados azimut.

la = Amplitud de correccién de la Inclinacion geomagnética.

Figura 2-11: (a) Anomalia magnética asociada a la fuente (c) observada en el hemisferio
norte magneético. (b) Reduccion al polo de la anomalia (a).

a) b)

2.3.6 Deteccion multi-escala de bordes (Worming)

Las derivadas horizontales de los datos de campos potenciales pueden ser usadas para
mapear los bordes de cuerpos magnetizados o de alta densidad. En los dos casos, el valor
méaximo de la derivada horizontal va a estar encima de un contacto vertical (Lahti & Karinen,
2010). Para el caso de la anomalia magnética de campo total, los datos deben ser
corregidos por efecto de la inclinacién del campo magnético de la tierra y, asumiendo que
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sélo existe un campo magnético inductor, la Reduccién al Polo magnético hace que la
forma de las anomalias sea mas cercana a la posicién y geometria del cuerpo causativo.

La deteccion multiescala de bordes 6 “worming”, es una metodologia que tiene como
objetivo el trazar los contornos de los cuerpos andmalos y contrastes laterales “en
profundidad” (Isles & Rankin, 2013). Se basa en calcular continuaciones analiticas varios
niveles hacia arriba, sobre los datos magnéticos o gravimétricos, tomando en cuenta el
efecto de atenuacion de las fuentes “someras” a medida que se incrementa la altura. Como
consecuencia, los bordes de los cuerpos de grandes dimensiones van a mantener una
expresion fuerte sobre los cuerpos mas puntuales a medida que se “observan” desde una
mayor distancia. En cada continuacion hacia arriba se realiza la delimitacion de los bordes
de las fuentes en el maximo valor del gradiente horizontal (Cordell, 1979, Blakely &
Simpon, 1986), el cual se espera esté localizado cerca de los bordes de las anomalias.

El “Worming” como tal consiste en la integracién de los bordes interpretados en cada
continuacion analitica, dando una expresion de la variacion 3D de la geometria del
cuerpo/contacto en profundidad, asi como la continuidad en profundidad de estructuras
geoldgicas evidenciadas en superficie (Figura 2-12).
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Figura 2-12: Ejemplo de deteccién multiescala “worming”. a) Modelo sintético 3D con
contraste lateral de densidad en un plano inclinado y otro vertical, con imagenes del
gradiente horizontal de la anomalia de Bouguer a continuaciones analiticas de 50, 100,
150 y 200 metros hacia arriba. b) Mapa de la anomalia de Bouguer y resultados del
“‘worming” a las continuaciones analiticas analizadas. Notese la superposicion en planta
de los lineamientos (“worms”) sobre el plano vertical y el desplazamiento lateral en donde
el contraste de densidad se da en un plano inclinado. (Fuente: este trabajo).
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3.Structural signatures of the Amazonian
craton in eastern Colombia from gravity and
magnetometry data interpretation.

Geophysical interpretation of potential field data plays an important role in the integration
of geological data. Estimation of density and magnetic susceptibility variations within the
upper crust helps evaluating the continuity of geological structures in the field. In the present
study were used gravity and magnetic data in NW Amazonian Craton in Colombia. Total
horizontal gradient of the reduction to magnetic pole were used to delineate magnetic
lineaments and domains showing four zones, each with its own features. Multiscale Edge
detection (worming) of the data help delineate upper crustal structures interpreted as
tectonic boundaries that correlate with the four zones identified. 3D density and magnetic
susceptibility inversion showed high density and/or high magnetic susceptibility sources
correlated with these crustal structures. Zone (1) is located south of the Guaviare River,
with predominant NW-SE and NE-SW magnetic lineaments; zone (2), located from south
of the Guaviare River to the north, present nearly E-W magnetic lineaments and a deep E-
W edge interpreted as a possible shear zone parallel to Guaviare, Orinoco and Ventuari
rivers; zone (3) from south of the Vichada River to the north, with NE-SW and NW-SE
lineaments; N-S zone (4) cuts the zones (2) and (3), characterized by high density/magnetic
susceptibility source bounded by N-S deep edges. A more complete tectonic evolution
interpretation requires further work, but we speculate that the zone (4) could indicate an
aborted rift/collision suture and that the zone (2) is indicative of a younger deformation
event. Shear direction at (2) is not clear: geological maps show NEE-SWW right-lateral
faulting, but geophysical anomalies suggest left-lateral displacement, highlighted by left
dislocation of the Orinoco River. We also speculate that a N-S edge located at the SE of
the area can be related with the Atabapo Belt and the limit of Ventuari-Tapajés and
Rionegro geochronological provinces.

3.1 Introduction

Geoscientific research of the Amazonian Craton in Colombia involves great challenges, not
only due to its extent (nearly the 50% of the continental area of the country) and geological
complexity, but also because most of the crystalline rocks that compose it are covered by
sedimentary rocks and recent deposits (GOmez et al., 2015a; GOmez et al., 2015b; De la
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Espriella et al., 1990; Gonzalez et al., 2014; Alfonso et al., 2014; Ochoa et al., 2014). In
addition, dense vegetation coverage makes it difficult to access and identify outcrops of
cratonic rocks, making this area one of the least geologically known areas in the world
(Santos et al., 2000). Consequently, geological maps and models of the Amazonian craton
in Colombia are mostly based on the integration of rock exposures at the east of the country,
Brazil and Venezuela, and from isolated exposures within the sedimentary coverage (Galvis
et al., 1979; Bruneton et al., 1983; Lépez et al., 2010; Ochoa et al., 2014).

Colombia is located at the NW portion of the Guiana Shield (Figure 3-1), that corresponds
to the northern half of the Amazonian Craton (Santos et al., 2000; Brito, 2011; Ibanez-Mejia
et al.,, 2011; Kroonenberg, 2019; Cediel, 2019). The Guiana Shield is considered the
backstop for the progressive accretion and continental growth of NW South America from
Middle to Upper Proterozoic through to the Holocene (Cediel, 2019). Rocks of the Guiana
shield are exposed in eastern Amazonia and eastern Llanos in Colombia, being
progressively covered by younger sediments (Ordovician to Cenozoic Age) westwards to
the Andes and southwards to the Amazon River (Kroonenberg, 2019).

Geological and geochronological models for the Amazonian Craton (Figure 3-2) propose
that the craton evolved from an ancient nucleus with episodic lateral accretion of belts
and/or terranes (Barrios et al., 1985; Tassinari and Macambira, 1999; Santos et al., 2000;
Brito, 2011; Ibanez- Mejia et al, 2011; Kroonenberg, 2019). Different
tectonic/geochronological provinces or domains were delimited by the predominance of a
characteristic geochronological pattern and coherence of the ages of different geological
units (Tassinari and Macambira, 1999). Other models also integrate data from new
geochronological methods and recent geological mapping, mainly in Brazil and Guiana
(Santos et al., 2000; Kroonenberg, 2019). Geographic boundaries between provinces
complement the geochronological data with some geological and geophysical control, but
there is still debate on the exact boundaries because of inconsistency (Jackson, 1972;
Parker, 1977; VanDecar and Snieder, 1994) in age determinations (e.g., two similar
samples give different age) or the lack of reliable geological information (Tassinari and
Macambira, 1999).

The basement of the Amazonian Craton in Colombia (Figure 3-3) is formed by
Paleoproterozoic granitoids, and granitic gneisses identified as the Mitl Migmatitic complex
(Gomez et al., 2015b; Galvis et al., 1979) or Miti Complex (Celada et al., 2006; Rodriguez
et al., 2010; Lopez et al., 2010; Bonilla et al., 2016) or Cuchivero Group in Venezuela
(Hackley et al., 2005). Basement rocks were intruded by Late Proterozoic syntectonic
granites and Mesoproterozoic anorogenic granites (Kroonenberg, 2019). The most
extensive anorogenic intrusive is the Middle Proterozoic Parguaza Rapakiwi Granite
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(Hackley et al., 2005). In Colombia, the Parguaza Granite exposures are limited to the left
margin of the Orinoco River as isolated hills surrounded by recent deposits. Also, other
Parguaza-like bodies were identified to the south, intruded within rocks of the Mitd Complex
(Bruneton et al., 1983; De la Espriella et al., 1990; Bonilla et al., 2016). The Mitd Complex
is also covered by low-grade metamorphosed and non-metamorphic sandstone plateaus
and intruded by small Neoproterozoic basic and alkaline intrusions (Kroonenberg, 2019).

Figure 3-1:  Location of the study area and extension of the Amazonian Craton. Modified
from Cordani et al., 2016a

In this contribution major structural and tectonic features within the crystalline rocks of the
Amazonian Craton were identified and delineated by modelling and interpretation of
geophysical (gravity and magnetic) data. Integration of this new data with geological
information to help improve the current structural/tectonic models for this area.
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Figure 3-2: Geochronological (a) and geological provinces (b) of the Amazonian Craton.
(Modified from: Tassinari & Macambira (1999) and Santos et al. (2000), respectively).
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Figure 3-3: Regional geology (modified from Goémez et al., 2015b and Hackley et al.,
1995). Red dot: Cerro El Carajo metasandstones (Ochoa et al., 2012). Blue dot:
westernmost exposure of Parguaza Granite (Alfonso et al., 2014). Green dots:
northernmost exposure of Miti Complex (Lopez et al., 2010; Alfonso et al., 2014). See
Table 3-1 for detailed description of each unit.
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Table 3-1: Description of the geological/geochronological units for the study area

(Figure 3-3).
Name/Code Age Lithologies
Mitd Complex Paleoproterozoic Plagioclase feldspar gneisses, amphibolite, migmatites, quartzites,
quartz-gneiss and granites with variations to alaskytes and
PP-Mmgl monzonites;
Xbc Early Proterozoic Granite to granodiorite gneiss;

Basement Complex

Xcg

Cuchivero group

Early Proterozoic

Silicic intrusive rocks

Xmp

San Carlos metamorphic-
plutonic terrane

Early Proterozoic

Granite, granite gneiss, augen gneiss and pegmatite;

Xcc

Caicara Formation

Early Proterozoic

Rhyodacite to rhyolitic tuffs, porphyries, flows, dykes and
granophyre.

Xg Early Proterozoic Calc-alkaline granites
Xgu Early Proterozoic Undivided intrusive rocks
Xmo Early Proterozoic Moriche, Cinaruco and Esmeralda Formations
Xyr Early to Middle Proterozoic | Roraima Group and Pre-Roraima undivided sedimentary rocks
MP-Mmbgl Mesoproterozoic Metaconglomerates, metasandstones, quartzites, and metapelites

Roraima-La Pedrera

with low grade regional metamorphism

Formations
Ylg Middle Proterozoic Silicic intrusive rocks
Ypg/MP-Pfl Middle Proterozoic Rapakivi granite

Parguaza Granite

N1-Sc

Miocene

Conglomerates and sandstones. Poorly consolidated

QallQ-e/Q-UQ-al

Quaternary

Alluvial, eolic and terrace deposits

3.2 Geological setting

The study area corresponds to nearly 160.000 km2 of Eastern Colombia/western
Venezuela (Figure 3-3). Available geological maps for the whole area have 1:500.000 scale
for Colombia (Gomez et al., 2015b) and 1:750.000 scale for Venezuela (Hackley et al.,
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2005). In approximately 70% of the study area, rocks of the Amazon Craton are covered
by Paleozoic to Cenozoic sedimentary rocks and recent deposits.

Crystalline basement is exposed in the southern region of Figure 3-3 and to the east in
Venezuela. General characteristics of the geological units presented in Figure 3-3 are
summarized in Table 3-1.

Geological maps from other projects (Galvis et al., 1979; Bruneton et al., 1983; De la
Espriella et al., 1990) and 1:100.000 scale geological maps of the Servicio Geoldgico
Colombiano (Cardozo et al., 2009; Lépez et al., 2010; Ochoa et al., 2012; Gonzalez et al.,
2014; Alfonso et al., 2014; Ochoa et al., 2014) provide additional information like the
identification of rocks related to the Miti Complex further north of the actual maps (green
dots, Figure 3-3) (L6pez et al., 2010; Alfonso et al., 2014). Also, location of Parguaza type
granites 70 km westward from the Orinoco River (blue dot, Figure 3-3; Alfonso et al., 2014)
and the identification of the Neoproterozoic(?) “Cerro El Carajo” metasandstones (red dot,
Figure 3-3) (De la Espriella et al., 1990; Gonzalez and Pinto, 1990; Ochoa et al., 2012).

3.2.1 Geochronology and geotectonic framework

The area corresponds to the geochronological provinces of Ventuari- Tapajos (VTP) and
Rionegro-Juruena (RNJ, Figure 3-2a) (Tassinari and Macambira, 1999) or the geological
province of Rio Negro (Figure 3-2b) (Santos et al., 2000). Geochronological provinces are
defined as major zones within cratonic areas, where a characteristic geochronological
pattern predominates, and the age determinations obtained by different isotopic
methodologies for different geological units are coherent (Tassinari and Macambira, 1999).
Geological provinces are a region or area of large extent with similar features throughout
and capable of being considered as a unit (Allaby, 2013). For the Amazonian Craton,
geological provinces are areas with its own geological, structural, magmatic and isotopic
features (Santos et al., 2000). The VTP/RNJ and Rionegro provinces represent areas of
juvenile continental crust, accreted by stacking of successive magmatic arcs, probably
produced by subduction of oceanic lithosphere at the beginning of the collision between the
older provinces of the Amazonian craton and another continental mass which is now
probably part of the younger provinces and Laurentia (Tassinari and Macambira, 1999;
Santos et al., 2000; Cordani et al., 2016b; Kroonenberg, 2019). Cordani et al., 2016b also
concluded that the possible NE boundary of the RNJ province with the older VTP would be
located close to or along the international boundary between Colombia and Venezuela.
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Geophysical interpretation of the principal tectonic domains in Brazil (Gusmao and Freitas,
2014) finds that the proposed extend of the VTP is characterized by a positive NW-SE
Bouguer anomaly. Also, they concluded that its limits with the other provinces are well
defined by gravity gradients that may register the superposition of crustal fragments with
different density.

3.2.2 Structural and tectonic framework

Structural and tectonic features within the basement rocks (Gémez et al., 2019; Gémez et
al., 2015b) are scarce in Colombia due to the sedimentary coverage compared to the east
(Figure 3-4a), where more structural data are available (Hackley et al., 2005).

Graterol (2009) interpreted structural features from airborne gravity and magnetometry data
on the north and east Llanos Basin in Colombia. This interpretation suggests the presence
of structural highs and lows on the Precambrian basement, controlled by NNW-SSE normal
faults that created possible sedimentary basins (Figure 3-4b). Arminio et al. (2013)
proposed the existence of the “Mantecal Graben” (red lines, Figure 3-4c), a NNE-SSW
structure extended from Venezuela to the south into Colombia, supported by the presence
of folded Neo-Proterozoic(?) sandstones of the Cinaruco Formation exposed on the eastern
shoulder of the Graben.

Recent work of Cediel (2019) combined interpretation from multiple sources to integrate a
paleogeographic sketch map with relevant Meso and Neoproterozoic tectonostratigraphic
units for the Guyana Shield (Figure 3-4d). This sketch marks an important structure to the
NW of the area as the “Arauca Impactogen” (San Fernando Graben in Gonzalez et al.,
2017) and the Atabapo and Rionegro rifts to the SE. This work also presented a structural
sketch map of south America (blue lines, Figure 3-4c) that, for the study area, delineate
the E-W Guaviare Fault at the south and NNE-SSW normal faults that control the Mantecal
Graben, and NNW-SSE faults that control the Rionegro and Atabapo Rifts.
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Figure 3-4: Regional geology (Figure 3-3). b) Structural interpretation to the top of the
Paleozoic. (Modified from Graterol, 2009). c) Location of the Mantecal Graben (red lines,
modified from Arminio et al., 2013) and structural sketch map. (Blue lines, modified from
Cediel, 2019). d) Paleogeography sketch map with relevant Meso and Neoproterozoic
tectonostratigraphic units (Modified from Cediel, 2019).
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Figure 3-4 reflect the present-day knowledge of the geology and tectonic evolution of the
Amazonian Craton for the Colombian portion of the study area, that is supported by
regional-scale geophysical data interpretation and comparison with geological information
from nearby areas. A significant range of models have been proposed for the same
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geological region (see Figure 3-4), highlighting the still misunderstood Amazonian Craton
in the region.

3.3 Geophysical datasets and processing

Major deformation events, crustal-scale accretions and magmatic activity episodes could
potentially produce identifiable crustal heterogeneities characterized by spatial variations in
physical properties of the rocks. Gravity and magnetic methods measure lateral variations
of the Earth’s gravity and magnetic fields, sensitive to density and magnetic susceptibility
variations of the rocks within the crust. Previous studies demonstrate how potential fields
can help understand the geological setting of the Amazon Craton and other areas with
similar structural and tectonic complexity (Gusmao & Freitas, 2014; Baines et al., 2009;
Baines et al., 2010; De Castro et al., 2013; Gusmao et al., 2005; Heath et al., 2009; Isles &
Rankin, 2013; Yan et al., 2011).

A technique to process potential field data to study structures and tectonic boundaries is
the multiscale edge detection or “worming” (Horowitz et al., 2000; Heath et al., 2009;
Crawford et al., 2010; Yan et al., 2011; FitzGerald & Milligan, 2013; Kohanpour et al., 2018).
The main purpose of this technique is to locate the edges of magnetic and gravity sources
from gravity and magnetic field anomaly maps (Blakely & Simpson, 1986). The process
includes the location of points of maximum value on a map of horizontal gradient
magnitudes. These points can be joined into lines to form a 2D “pseudo-geology” image
(Heath et al., 2009). The application of these steps at multiple upward continuation levels
of the potential field data constraints the position and strength of the edges of the sources,
and the results can be interpreted in terms of the 3D architecture and depth extend of
geological structures (Yan et al., 2011). This technique could represent a compromise
between a mostly qualitative “visual inspection” and a mostly quantitative determination of
the vertical and horizontal extent of geological bodies (Hornby et al., 1999; Baines et al.,
2009; Bird, 2001; Ferreira et al., 2011; Park et al.,, 2013; Soares & Da Costa, 2013;
Gonzalez et. al., 2017; Geng et al., 2019).

3.3.1 Previous geophysical studies

Graterol (2009) calculated the depth to the top to the Paleozoic and Precambrian basement
using an inversion algorithm based on the gravitational attraction of vertical prisms.
Moyano et al. (2018) presented modelling and interpretation of regional to local magnetic
anomalies using a 3D inversion of the magnetization vector (MVI, Ellis et al., 2012). The
surface projection of the magnetic sources modelled were presented as polygons with
information about the depth to the causative magnetic body and magnetic susceptibility
cutoff from the 3D model.
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Other studies focused on qualitative interpretation of potential field maps to provide
geological information about the structure of the Amazonian Craton in the area.
Kroonenberg & Reeves (2011) analyzed available gravity and magnetic maps of the
Amazonian Craton in Colombia to delineate some major structures and basement features.
De Boorder (2019) presented a revised version of a structure in eastern Colombia named
“La Trampa Wedge” (De Boorder, 1981) supported by magnetic images presented by
Kroonenberg & Reeves (2011). In Celada et al. (2006, see appendix) the delineation of
magnetic domains and other linear features south of the area of interest are presented,
without additional geological/tectonic interpretation.

3.3.2 Geophysical datasets

Available gravity and magnetic datasets vary from low-resolution/world coverage gravity
(EIGEN 6C4, Forste et al., 2014) and magnetic anomalies (EMAG2V3, Meyer et al., 2017)
to detailed/regional coverage compilations from the Colombian Hydrocarbon Agency (ANH)
and the Colombian Geological Survey (SGC) (Graterol & Vargas, 2010; Moyano et al.,
2018).

In this study, gravity (Figure 3-5) and magnetic (Figure 3-6) datasets from EIGEN6CA4,
EMAG2V3 and the ANH that provide a comprehensive coverage of the region of interest
were used, and include the high-resolution airborne magnetic anomaly map from the SGC
(see Table 3-2) for a more complete technical specification of all datasets).
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Table 3-2: Technical specifications of the geophysical datasets used.

SOURCE TYPE DATASET SPEC. COVERAGE OF
STUDY AREA

EMAG2V3 | Satellite, ship, airborne | Data points each 4.000 meters., leveled at 4.000 meters | Complete
magnetics. altitude.

Gridded at 5x5 km cell size

EIGEN6C4 | Satellite, surface Gravity | Data points each 10.000 meters. Complete
Bouguer density: 2.67 g/cm?®

Gridded at 10x10 km cell size.

ANH Airborne/surface gravity | Variable between projects, Grid with 2.500 meters point | Gravity: Complete
& Airborne magnetics. separation and leveled at 1.200 meters altitude.
Magnetometry:
Bouguer density: 2.67 g/cm?® Partial

Gridded at 2.5x2.5 km cell size

SGC Airborne Magnetics | Distance between flight lines: 500 m to 1000 m. 100 m | Partial
/Gamma. Single project | altitude above terrain.
with multiple blocks flew
from 2013 to 2017. Gridded at 250x250 m cell size

To construct a single magnetic grid of regional coverage, dataset from ANH were upward
continued to 4.000 meters and merged with EMAG 2V3 grid, using “Gridknit” extension
provided with Oasis Montaj software(Geosoft). Merged-regional magnetic grid is presented
in Figure 3-6d.

3.3.3 Data processing and interpretation

As was pointed out above, geological, and structural models of the Amazonian craton in
the study area used mostly qualitative, based on geophysical data. This explains why the
tectonic framework of the craton itself remains under debate (Graterol, 2009; Arminio et al.,
2013; Cediel, 2019; De Boorder, 2019; Kroonenberg, 2019). Integration with previous
geological observations and well-known geophysical processing techniques (Horowitz,
2000) provide new information about the structural configuration of the basement rocks and
upper crust in the study area.
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Figure 3-5:  Gravity dataset used. a) Bouguer anomaly EIGEN 6C4; b) Bouguer anomaly
ANH
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Figure 3-6: Magnetic dataset used: a) Reduction to magnetic pole EMAG2V3; h)
Reduction to magnetic pole ANH; ¢) Reduction to magnetic pole SGC; d) Reduction to
magnetic pole of merged EMAG2V3 and ANH.
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3.3.3.1 Magnetic domains and lineaments

Qualitative interpretation of linear features and magnetic domains were performed using
the reduced to pole (RTP, Baranov, 1964) dataset of Figure 3-6¢. This magnetic dataset
has a resolution that allows to recognize linear features in the magnetic basement and to
delineate different magnetic domains. The dataset was processed to calculate the total
horizontal gradient from the RTP (Figure 3-7a). The total horizontal gradient represents the
maximum gradient in the vicinity of the observation point (Dentith & Mudge, 2014). Regions
with sharp variation and irregular features (strong gradients) are highlighted in the image;
for example, spatially coherent discontinuities will have high intensity allowing for the visual
recognition of objects and patterns of the image (Hornby et al., 1999).

The qualitative interpretation of magnetic data indicates that there are lateral variations in
the structural framework and magnetic properties of the basement rocks across the area.
These lateral variations can be grouped roughly into four “zones” (Figure 3-7b). The
southern (red) area shows predominantly NW-SE and NEE-SWW features; the central
(yellow) area has predominant NEE-SWW lineaments. These two areas are separated by
a NEE-SWW lineament that cross all the study area, that clearly cuts the continuity of the
NW-SE lineaments of the red area and that is located to the south of the Guaviare Fault
(Figure 3-4c). The northern (green) area is separated from the central (yellow) area by the
transition from mostly NEE-SWW lineaments to NE-SW/NW-SE linear features to the north
. The central parts of the middle and northern areas are crossed by a narrow strip (blue
region) with predominant N-S lineaments.

Linear features interpreted from magnetic data (Figure 3-7b) shows significant variations
across the area. In the red area, NEE-SWW linear features predominate over NW-SE
lineaments. Along the yellow area, almost all linear features have E-W to NEE-SWW trends
and on the green area lineaments are equally NW-SE and NE-SW. Non-linear features are
predominant at the east of the green area principally.

Areas with abrupt lateral changes in the frequency and/or amplitude of the horizontal
gradient were interpreted as possible changes in the distribution of the magnetization of the
basement rocks (Blakely & Simpson, 1986). These areas were delineated in different
magnetic domains (Figure 3-8), that are in many cases limited by sharp edges with strong
gradients. For example, the magnetic domains F, G, K in Figure 3-8, have a circular shape
and can be easily observed in Figure 3-7a.
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Figure 3-7:  a) Horizontal gradient of the RTP (dataset: Geological Survey of Colombia);
b) Structural zones interpreted from magnetic data.
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A remarkable domain with high gradients (“C”, Figure 3-8) that strikes N-S and extends
from about 3.5N to 5.5N and corresponds to the Blue Area in Figure 3-7b should be
highlighted. This region seems to correlate with the basement high interpreted by Graterol
(2009) (Figure 3-4b). Also, this N-S domain cuts many of the magnetic lineaments of the
central and northern zones (yellow, green, Figure 3-7b) and apparently separates two
medium to low-gradient areas (lighter colors, Figure 3-7a) marked as domains A and B in
Figure 3-8.

3.3.3.2 Multiscale edge detection “worming”

Multiscale edge detection applied to the potential field data of the study area follow the
steps described by Heath et al. (2009). First, the potential field maps (Bouguer anomaly
and Reduction to magnetic pole) were upward continued to various levels. Second, the
horizontal gradient for each level were computed and the points of maximum slope were
delineated. For the location of maxima points in the horizontal gradient grid were applied
the method presented by Blakely & Simpson (1986) that is included in the “Source Edge
Detect” extension of Oasis Montaj (Geosoft).
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Figure 3-8: Interpretation of magnetic lineaments and domains

67 W

The process described above were applied to the Bouguer anomaly grid (Figure 3-5b) and
the magnetic data of Figure 3-6a and Figure 3-6b. Upward continuation levels applied
were 2, 4, 8, 16 and 32 kilometers for gravity data and 0.5, 1, 2, 3, 4, 6, 8, 16 and 32
kilometers for magnetic data. The integrated maps are presented in Figure 3-9. It must be
pointed that the upward continuation distance does not mean a specific depth (Heath et al.,
2009).

The worms interpreted from gravity data (Figure 3-9a) delineate some structures that, by
its coherency on the multiple levels of upward continuation, can be interpreted as features
that affect the basement and may also have deep penetration into the upper crust. Some
of these features can be correlated with geological contacts in the Amazonian Craton in
Venezuela. An example is at the SE of the area (red box, Figure 3-9a) were the multiscale
edges delineate the contact of the Parguaza Granite with rocks of the Cuchivero Group and
a NE-SW normal fault reported by Hackley et al. (1995) (Figure 3-9d) and that corresponds
roughly to the eastern limit of the “Rionegro and Atabapo volcanics” tectonostratigraphic
unit of Cediel (2019) (Figure 3-4d).
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In Colombia, the most remarkable features are three parallel worms with NNW-SSE
orientation (Figure 3-9a). The central edge extends more than 200 km northward and then
bends to the W. The configuration of the edge at multiple scale visualization (Holden et al.,
2000) indicate that it can be a nearly vertical feature with a subtle inclination to the east
from 5N to the north. The edge located to the west extends between 4.2N and 5.2N and
have a subtle inclination to the west. The edge located to the east extends NNW-SSE
between 4.2N and 5.3N and then bends to the NE. This last edge has a subtle inclination
to the east on its NNW-SSE portion. These NNW-SSE worms correlate with some of the
normal faults interpreted by Graterol (2009) (Figure 3-4b) but clearly are in a different
structural direction and position from the NNE-SSW Mantecal graben (Figure 3-4c)
reported by Arminio (2013) and Cediel (2019).

Another feature of interest is a series of short, vertical, E-W edges located along 4N and
that apparently limit the extension to the south of the NNW-SSE edges described above.
This nearly E-W edge correlates with the Guaviare Fault reported by Cediel (2009) (Figure
3-4c).

Worms from magnetic data (Figure 3-9b) are more random at the “shallow” levels of
upward continuation that can be associated to shallow sources and noise. However, the
medium to “deep” boundaries show similar correlations with the gravity edges and
geological structures, like the SE limit of the Parguaza granite in Venezuela. In Colombia,
some coherency between the gravity and magnetic features is found, like the central and
northern portion of the western NNW-SSE feature that extends from 4.2N to the north-
northeast (blue box, Figure 3-9b). Also, it must be noted that the E-W feature along 4N
(Guaviare Fault) is more evident in the magnetic data.

From Figure 3-10 we emphasize that the deep, crustal penetrating features identified by
“‘worming” are closely related to the structural framework and boundaries of the domains
described in the qualitative interpretation. This correlation indicates that the linear features
and lateral variations on the magnetization of the basement rocks, associated with deep
penetrating edges interpreted from gravity and magnetic data, could also reflect boundaries
between different tectonic domains.

Figure 3-9c shows the principal boundaries identified from the joint interpretation of the
gravity and magnetic worms, and the integration of these boundaries with the qualitative
interpretation of magnetic data and available structural information are shown in Figure
3-10.
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Figure 3-9:  Worming” results on the study area. a) from gravity data; red box: worms
correlated with tectonic boundaries (see text). b) from magnetic data; blue box: example
area with correspondence between gravity and magnetic worms. c¢) principal edges
interpreted from gravity and magnetic worms; d) Regional geology from Figure 3-3.
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3.3.3.3 3D .inversion of gravity and magnetic data

3D inversion of selected gravity and magnetic datasets allows to estimate the regional
distribution of the physical properties (density and magnetic susceptibility) in the basement
rocks. Density and magnetic susceptibility models can provide valuable information to
explain the variations in the measured gravity and magnetic fields and hence to integrate a
more robust framework to the qualitative and multiscale edge detection interpretation.

For the 3D modelling of the geophysical data were used VOXI Earth Modelling (Geosoft).
A starting model of 2500x2500x500 meters cell dimension were built for density and
magnetic susceptibility (MVI) inversion. To remove high frequency anomalies related to
shallow sources, gravity data of Figure 3-5a were upward continued to 4.000 meters and
a low pass-filter of 15 kilometers wavelength was applied to the magnetic data of Figure
3-5e. Magnetic susceptibility inversion used the Magnetization Vector Inversion algorithm
(MVI) that incorporates both remanent and induced magnetization. MVI inverts jointly the
intensity and direction of magnetization, allowing the magnetization vector to vary direction
throughout the inversion area (MacLeod & Ellis, 2013). This approach has better results
understanding that non-induced magnetization plays a far more important role than
previously thought in the origin of magnetic anomalies (Ellis et al., 2012).
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Figure 3-10: Interpreted boundaries by “worming” of potential field data with magnetic
lineaments/domains and structural data of Hackley et al. (1995).
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The density distribution calculated by inversion of gravity data (Figure 3-11a) range from
2.52 g/lcm? (blue) to 2.9 g/cm?® (red/cyan). Magnetic susceptibility estimated by the
amplitude of the magnetization vector (Figure 3-11b) range from 3.7 x 10 Sl (blue) to 0.05
Sl (cyan).

Due to the limited geological information that can be used to constrain the models for a
great portion of the study area, interpretation should be addressed carefully due to the non-
uniqueness principle of the inversion of geophysical data. However, both density and
magnetic susceptibility models computed for the study area shows good correlation with
the possible geotectonic domains identified by qualitative interpretation and multiscale edge
detection.
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Figure 3-11: (a) Density model. Colorbar: Density variation from reference 2,67 g/cm3;
(b) Magnetic susceptibility model (Amplitude of the magnetization vector). Colorbar:

Magnetic susceptibility (SI).
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Figure 3-12a shows the plan view of the zones with density higher than 2,71 g/cm?3
(magenta) and lower than 2,69 g/cm? (blue). These sources are located principally at 4 to
4.3 km below the surface and shows correlation with the edges of the domains interpreted,
like the central NW-SE and eastern domains. Zones with magnetic susceptibility higher
than 0.01 SI (Figure 3-12b) also show some correlation with regional features: magnetic
sources are shallower at the NW of the area (<1 km) and deeper to the SW (~2km) and
east (>7 km). It is evident that almost all the magnetic sources are located north of the E-
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W boundary recognized in the multiscale edge detection, and that the deepest sources at
the east are limited by the easternmost NNW-SSE boundary interpreted.

Figure 3-12: a) plan view of isosurfaces around densities higher than 2,71
g/cm3(Magenta) and lower than 2,69 g/cm3 (blue); b) plan view of isosurfaces (red) around
magnetic susceptibilities higher than 0.01 SI.
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3.4 Discussion

As pointed above, the NW portion of the Amazonian Craton is one of the largest and least
known domains of Archean-Proterozoic crust in the world. To overcome that restrictions,
geophysical datasets that register the lateral variations in the earth’s gravity and magnetic
fields over the study area were used. Geophysical data were processed and interpreted to
associate the field responses with density and magnetic susceptibility variations in the
upper crust.

The most widely accepted models for the evolution Amazonian Craton (Figure 3-2) propose
that the Craton evolved from an ancient nucleus by successive accretion of younger
terrains/provinces. The Ventuari-Tapajos (VTP) and Rionegro-Juruena (RNJ)
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geochronological provinces (Tassinari & Macambira, 1999) or the Rionegro geological
province (RNP, Santos et al., 2000), represent juvenile continental crust accreted to the
older provinces by stacking of successive magmatic arcs. Cordani et al. (2016) proposes
two NW-SE belts in the Mitd Complex (Atabapo and Vaupés belts) formed by stacking of
magmatic arcs in different pulses of orogenic activity. Of these belts, the Atabapo belt
should be located at the SE of the study area, nearly parallel to the border between
Colombia and Venezuela.

Available structural interpretations and sketches for the study area (Figure 3-4) used
principally geophysical data to identify lineaments and faults in the Precambrian basement
and to delineate basement high and lows that define sedimentary basins. However, these
models did not explain the tectonic complexity and rock variability of the crystalline
basement that is evident in the areas where it is exposed. To explore this complexity,
various geophysical datasets were used (Figure 3-5) to provide an interpretation of the
structural and tectonic framework of the Amazonian Craton in the study area. The
processing techniques applied to the geophysical data were qualitative/semi-qualitative
interpretation and quantitative modelling of the distribution of the physical properties of the
upper crust.

Lineaments and magnetic domains in Colombia area were interpreted from the total
horizontal gradient of the RTP image of the higher resolution airborne magnetic data
acquired by the Geological Survey of Colombia (Figure 3-7a). This transformation of the
geophysical data allowed to enhance the sharp lateral variations of the magnetized rocks
below the almost non-magnetic sedimentary coverage. For Venezuela area geologic
structures from the map of Hackley et al. (1995) were used.

Qualitative interpretation of the main magnetic lineaments (Figure 3-7b) shows that the
study area can be divided from south to north into three zones (Southern, Central and
northern; red, yellow and green respectively). The central and northern zones are also
crossed by a fourth, narrow zone (blue) with predominant N-S lineaments. The predominant
NEE-SWW structural pattern in the central zone is different than the northern and southern
zones. Also, this central zone truncates most of the magnetic lineaments of both north
(green) and south (red) zones, so it can be proposed that the central zone reflects a later
deformation event. From this point of view, this central zone could represent a regional
NEE-SWW shear zone that extend from west of the study area to the east into Venezuela,
where some nearly E-W transverse faults are mapped (Figure 3-17). In Colombia,
1:100.000 scale geological maps register NEE-SWW left-lateral faults with normal
component located in the yellow zone (Rio Guaviare and Mataven faults) and at the SE
part of the green zone (Rio Vichada and Rio Tuparro faults).
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Magnetic domains (Figure 3-8 and Figure 3-10) can be interpreted as areas with similar
magnetic minerals content and distribution or, in a simple approximation, to the same
lithology. The domain B (Figure 3-8) is characterized by a regional magnetic low (Figure
3-6) and is partially coincident with the exposure of the Parguaza granite in Venezuela.
This domain is interpreted as the magnetic expression of rocks related with this geological
unit (Figure 3-17). It should be noted that recent geological maps (Alfonso et al., 2014)
report exposures of the Parguaza Granite to the west of this magnetic domain (blue dot,
Figure 3-3).

At the south of the area, a polygonal domain (F) has similar gradient texture of the above
mentioned. Also, it shows straight NW-SE and NEE-SWW lineaments that contrast with
the surrounding area. This domain delimitate an intrusive body identified as the “Matraca
Rapakivi Granite” (Bonilla et al., 2016; Bonilla, 2019). This correlation allows to expect that
some of the other rounded to polygonal domains (G, H, I, J, K, L) can also constitute
intrusive bodies (Figure 3-17).

Paossible boundaries identified by the multiscale edge detection technique are coherent with
the structural/tectonic domains delineated by the qualitative interpretation (Figure 3-10).
The easternmost NNW-SSE edge are coherent with the magnetic domain (B) that are
associated with the Parguaza Granite. This edge could be interpreted as the expression of
the intrusive contact of the Parguaza Granite with the basement rocks of the Craton. The
edge located at the SE of the area, that also delineate the contact of the Parguaza Granite
with the Cuchivero Group, illustrate the deep expression of this intrusive contact (red box,
Figure 3-9a).

The central and western NNW-SSE edges are associated with the boundaries of a high
density/high magnetization domain that extends from 3.5N to the North and have
predominantly N-S orientation (Figure 3-5, Figure 3-10 and Figure 3-12). This area
corresponds to the structural zone (blue zone, Figure 3-7b) that truncates the NW-SE and
NE-SW lineaments present at the east and west of the area. It is important to mention that
the NNW-SSE edges are coincident with important changes in the course of the Bita River
(Figure 3-13) that suggest tectonic control on the drainage that is also slightly present in
the Tomo and Vichada rivers.
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This NNW-SSE zone represents an important feature that clearly cuts the structural
continuity of the central and northern zones. This feature was recognized by Graterol (2009)
as a high density/high magnetic susceptibility source that forms a NNW-SSE basement
high delimited by normal faults (Figure 3-4b). Also, Arminio et al. (2013) and Cediel (2019)
proposed a NNE-SSW graben structure (Mantecal Graben, Figure 3-4c) for the same area.
The interpretation and geophysical 3D modelling presented here support the presence of
dense, magnetic source(s) within this area, as was proposed by Graterol (2009). However,
the new datasets and interpretations presented in this work allow to speculate that this
narrow NNW-SSE zone could represent a deep-penetrating/crustal scale discontinuity, like
an aborted rift with intrusion of dense, magnetic mafic bodies or a suture zone with accretion
of a volcanic arc (Figure 3-17). More work should be done in this area to investigate the
geological processes involved.

Figure 3-13: Boundaries interpreted and principal drainages of the area.
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The NNW-SSE edges mentioned above are limited to the south by an NEE-SWW edge,
located at the center of the zone with predominant NEE-SWW lineaments (yellow zone,
Figure 3-7b). This edge controls the course of the Guaviare River in Colombia and the
Orinoco and Ventuari rivers in Venezuela (Figure 3-13). This structure was reported by
Cediel (2019) as a normal fault (Guaviare Fault, Figure 3-4b). However, with the new data
obtained in the present work, it is clear that this feature corresponds to a deeper crustal
discontinuity that may produce the strong E-W orientation of the magnetic lineaments and
can be related to some transcurrent faults mapped in Colombia and Venezuela.
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Density model for the study area (Figure 3-12a) show that the edges interpreted are also
characterized by strong contrasts between high- and low-density bodies. This can be
related with the interpretation of Gusmao & Freitas (2014) that strong gravity gradients
register the superposition of crustal fragments with different densities and probably reflects
the stacking of magmatic arcs during the formation of the VTP and RNJP. Also, density and
magnetic susceptibility models of the Gawler Craton (Australia, Baines et al., 2009) shows
that major changes in the physical properties correspond with major changes in lithology
associated to the edges of major tectonic events. High magnetic sources (Figure 3-12b)
are more scattered, but its distribution and depth zonation are still coherent with the edges
interpreted.

Cross sections of the density (Figure 3-14b) and magnetic susceptibility models (Figure
3-14c) along a W-E profile show the high variation in the density and magnetic susceptibility
across the central and western NNW-SSE edges (red square) but the eastern border,
associated with the Parguaza Granite, only shows high density contrast. Similarly, the
NNE-SSW edge that follows the contact of the Parguaza Granite with the Cuchivero Group
at the SE of the area (black square) have strong density contrast but no magnetic
susceptibility expression.

The NW-SE edge located at the SE of the area parallel to the left margin of the Orinoco
River is another relevant feature by its high-density contrast and correlation with the study
of Cordani et al. (2016), that concluded that the boundary between Rionegro-Juruena and
Ventuari-Tapajés provinces will be located close to or along the Atabapo River. Also,
Gusmao & Freitas (2014) reported high-gravity gradient features near the border of the
Ventuari-Tapajds province in Brazil. The interpretation of this study locate the possible
boundary of the VTP with RNJ Provinces (Tassinary & Macambira, 1999) eastward from
the actual location (Figure 3-2a and Figure 3-17).

Depth slices from density (Figure 3-15) and magnetic susceptibility models (Figure 3-16)
at 5 km, 10 km and 15 km also show the coherence and deep penetrating character of the
edges interpreted. These edges are clearly related to major crustal features that also may
correspond to tectonic boundaries.

The direction movement of the nearly E-W edge located at 4N cannot be clearly
established: while geological maps shows dextral/normal faults that apparently control
some of the drainages of the area, it must be noted that the gravity and magnetic datasets
(Figure 3-5 and Figure 3-6) and the interpretation maps and models of the present work
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show apparent right-lateral displacement of the deep penetrating anomalies along this
boundary. Nevertheless, the emplacement of the Parguaza Granite also can be responsible

of this tectonic control on the geophysical anomalies.

Figure 3-14: Cross section along W-E profile (a, red line) of the density (b) and magnetic
susceptibility (¢) models. Red and black squares mark the relation of the models with the

boundaries interpreted (black lines).
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Figure 3-15: Depth slices of the density model of figure 5b.
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Figure 3-16: Depth slices of the magnetic susceptibility model of figure 15c
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3.5 Conclusion

The present work focused on qualitative and quantitative interpretation of gravity and
magnetic data in NE Colombia. The results suggest a complex structural and tectonic
framework on the Amazonian Craton that was not registered in the available maps and
models.

Magnetic lineaments from the total horizontal gradient of the reduction to the magnetic pole
allow to recognize four main structural zones (Figure 3-7b): (red) located south of the area
and characterized by predominant NE-SW and NW-SE lineaments; central, E-W elongated
zone (yellow), with predominant NNE-SSW lineaments; northern zone (green) with
predominant NE-SW and NW-SE lineaments and a N-S zone (blue) that cuts the green and
yellow zones.

Multiscale edge detection (“worming”) applied to gravity and magnetic data show deep
crustal penetrating discontinuities that are closely related to and delimitate the structural
zones and can represent geotectonic limits. The most remarkable are the nearly N-S edges
related with a structural zone that were interpreted as the western limit of the Parguaza
granite and an important high density/high magnetic susceptibility block that extend from
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3.5N to the north that are interpreted as a possible aborted rift or a suture zone by the
collision of a volcanic arc. Also, the E-W edge interpreted along the Guaviare River (Figure
3-13), that limit the expression of the N-S edges to the south and also controls the direction
of the Guaviare River in Colombia and Ventuari and Orinoco rivers in Venezuela, were
interpreted as a younger deformation event that affected the area. Examples of the tectonic
significance of these edges can be seen in the SE of the area where the edges are
correlated with the intrusive contact between the Parguaza Granite and basement rocks of
the Cuchivero Group.

3D density and magnetic susceptibility (MVI) inversion models show that the higher density
sources are located close to the edges interpreted. High magnetic susceptibility sources
are more scattered but shows spatial and depth distribution closely related with the edges.
This relation of high density and magnetic susceptibility distribution are coherent with the
high gravity gradients reported for the boundaries of the Ventuari-Tapajés province in Brazil
and also strong density and magnetic susceptibility variations that separate major tectonic
events in the Gawler Craton in Australia. It must be noted that the interpreted contacts of
the Parguaza Granite with basement rocks of Cuchivero/Miti Groups are characterized by
strong density contrasts but without magnetic susceptibility variations.

The NNW-SSE edge located at the SE of the area parallel to the Atabapo and Orinoco
rivers in Venezuela can be interpreted as an evidence of the limit between the Ventuari
Tapajos and Rionegro-Juruena geochronological provinces of Tassinari & Macambira
(1999) but located to the east of the actual limit. Also, this edge can reflect the expression
of the Atabapo Belt defined by Cordani et al. (2016b).

The vergence of the W-E shear zone interpreted along the Guaviare-Orinoco-Ventuari
rivers is difficult to define from geophysical data only. Regional 1:100.000 maps of the
geological survey of Colombia report a left-lateral displacement with normal component in
NEE-SWW faults that also control the main drainages of the area, but the deep penetrating
geophysical anomalies and edges interpreted for the present study suggest a right-lateral
displacement that are reflected in the apparent tectonic control of the Orinoco, Guaviare
and Ventuari rivers. On the other hand, the intrusion of the Parguaza Granite can also be
responsible of these deep structural features or maybe this pre-existing weakness zone
allowed the emplacement of the anorogenic intrusive body.
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Figure 3-17: Sketch map with main features interpreted in the present study and
transverse faults (Modified from Hackley et al., 2005)
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Interpretation of geophysical datasets with available geological information allow to identify
and delineate major structural and tectonic features within the crystalline rocks of the
Amazonian Craton (Figure 3-17) that will help to improve the current structural/tectonic
models for this area.

Further geological, structural, and geochronological investigations should be made to
define more specifically the geotectonic processes that modelled the Amazonian Craton in
the study area, but the structural framework interpreted in the present study provide new
information that helps to prioritize areas of interest.






4.Tectonic domains in the NW Amazonian
Craton from geophysical and geological
data.

The Amazonian Craton is one of the largest cratonic areas in the world. In Colombia, a
major portion of the Craton is covered by Paleozoic to Cenozoic sedimentary rocks and
recent deposits. This, in addition to the difficulty of access and dense tropical rainforest,
have made the geology of this area to remain relatively unexplored to this date. Most
accepted models for the Proterozoic evolution of the Amazonian Craton indicate that it
evolved via successive accretion of orogenic belts and crustal terranes around an ancient
nucleus, and that tectonic provinces identified in the southern half of the craton, the
Guaporé Shield, extend underneath the Amazon River Basin onto its northern exposure,
the Guiana Shield. Nevertheless, recent geologic studies in the W Guiana Shield indicate
that its evolution may have been different from the W Guaporé Shield, where these
accretionary models were formulated. In this work airborne gravity/magnetic geophysical
datasets covering the NW portion of the Amazonian Craton were used, to better elucidate
its structure and tectonic evolution. Multiscale edge detection and 3D modeling were
applied to identify and delineate major crustal discontinuities and other geological features.
Using this approach, six primary geophysical lineaments that are interpreted as possible
crustal boundaries were identified. By combining the geophysical interpretation with all the
geological, geochronologic and isotopic information available for the region, were proposed
the presence of the following tectonic domains: Ventuari-Tapajos, Rio Negro-Juruena
(which was further subdivide into Atabapo and Vaupés Belts), Apaporis Graben, and
Putumayo. Furthermore, a new U-Pb zircon crystallization age of 1227 + 8/13 Ma obtained
from volcanic rocks of the Piraparana Formation indicates that extensional tectonics along
the Apaporis Graben began at least in the late-Mesoproterozoic. This is significantly older
than previously thought, and thus entirely transforms the tectonic significance of the
Apaporis Graben structures. The interpretation of structural limits is in excellent agreement
with and provides a more accurate location for previously suggested boundaries, which
were until now only loosely constrained by the sparse geological and geochronologic
information available. This work provides the first regional reconstruction of crustal-scale
features of NW South America, improves the understanding of the regional tectonic
architecture of NW Amazonian Craton using geophysical methods.
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4.1 Introduction

The Amazonian Craton forms part of the crystalline core of the South American continent
and is divided by the Amazon River basin into two parts: the Guiana Shield in the north,
and the Guaporé or Central Brazilian Shield in the South (Almeida, et al., 1981). It is also
considered one of the largest cratonic areas in the world (Tassinari & Macambira, 1999),
and is thought to have played a key role in the assembly and evolution of Precambrian
supercontinents (Cordani et al., 2009). In Colombia, NW South America, rocks of the
Amazonian Craton extend from the Andean deformation front to the borders with Venezuela
and Brazil (Ibafiez-Mejia & Cordani, 2020), covering an area of nearly 600,000 km2.
Nevertheless, most of the Amazonian Craton in this area is covered by Paleozoic to
Cenozoic sedimentary rocks and recent deposits (Gémez et al., 2015; GOmez et al., 2019),
and basement exposures are limited to remote regions near the borders between Colombia,
Brazil and Venezuela, as isolated basement outcrops located in the central part of the area
(Figure 1).

The geology of the NW portion of the Amazonian Craton, mainly in NW Brazil and E
Colombia, remains relatively unexplored (lbafiez-Mejia & Cordani, 2020; Santos, et al.,
2000). Dense rainforest coverage, lack of roads, and difficult access to where basement
rocks are exposed, make this region one of the largest and least known domains of
Archean-Proterozoic crust in the world.

At least two models for the evolution of the Amazonian Craton indicate that it evolved by
multiple episodes of accretion of island arcs around an Archean nucleus (Barrios, et al.,
1985; Tassinari & Macambira, 1999; Santos et al., 2000; Cordani & Teixeira, 2007; Brito,
2011; Ibafiez-Mejia, et al., 2011; Kroonemberg, 2019). However, recent studies (Ibafiez-
Mejia et al., 2015, Cordani et al., 2016a, Ibafiez-Mejia & Cordani, 2020) have observed that
the geological evolution of the W Guiana Shield may have been different compared to the
W Guaporé Shield, where the Mesoproterozoic Rio Negro-Juruena, Rondonian-San
Ignacio, and Sunsas-Aguapei provinces were defined (Tassinari et al., 1996; Bettencourt
et al., 2010; Teixeira et al., 2010).

Geophysics aims to image subsurface geological structures that are not directly observable
in the field and is fundamental in the identification of otherwise cryptic geologic features (Li,
et al., 2019). Geophysical methods are sensitive to differences in the physical properties of
rocks (Dentith & Mudge, 2014), such as density (via gravimetry) and magnetic susceptibility
(via magnetometry). Interpretation of gravity and magnetic data have been successfully
applied for understanding basement structures and boundaries in other poorly exposed,
buried, or densely vegetated regions of the South American basement (e.g., De Castro et
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al., 2014; Pessano et al., 2021), and on other cratonic areas of the world (Heath, et al.,
2009. Crawford, et al., 2010).

The integration of geophysical data such as airborne gravity and magnetic measurements
enhances and extend the geological information observed in the field (Isles & Rankin,
2013). These geophysical methods provide a nearly homogeneous coverage of the
variations in gravity and magnetic properties over large areas, which in turn allow changes
in the density and magnetic susceptibility of rocks in the upper crust to be identified and
delineated (Isles & Rankin, 2013; Jacoby & Smilde, 2009).

In the present work, gqualitative and quantitative interpretation of the available geophysical
(magnetic and gravity) datasets, along with available geochronologic information, are used
to propose an integrated geophysical-geological model for the NW portion of the
Amazonian Craton in E Colombia. From this geological-geophysical integration, major
structural/tectonic boundaries are identified and propose a subdivision into five tectonic
domains, each one of these with its own structural and geological characteristics. The
observations and interpretation of the available geophysical data provide: i) a regional
model of the tectonic framework and evolution of the NW Amazonian Craton that is
informed by, and is coherent with, all available geologic and geochronologic data; and ii)
new insights into the geological evolution of this poorly known region of the South American
Precambrian basement.

4.2 Regional Geology

The Amazonian Craton in Colombia extends from the eastern flank of the Andean Cordillera
to the borders with Venezuela, Brazil, and Peru (Figure 4-1a). The westernmost part of this
region corresponds to the Llanos foothills area, where the craton is buried under a thick
sedimentary cover of the foreland Caguan-Putumayo and Llanos basins (Ibafiez-Mejia &
Cordani, 2020). Exposures of the Amazonian Craton represent only ~10 % of the whole
area and are concentrated to the east in the border with Brazil and Venezuela (Figure 1b).
The westernmost exposures are in the Araracuara high along the Caqueta River (Gémez
et al., 2015). Also, drill-core samples from wells in the Putumayo Basin near the Andean
deformation front (Ibafiez-Mejia et al., 2011) demonstrated the continuity of the Craton
under the sedimentary cover. Note that, throughout this paper, all discussions about the
ages of particular units or events refer to values obtained using U-Pb zircon geochronology
unless otherwise noted. For more details about the methods (e.g., LA-ICPMS, SIMS, TIMS)
the reader is referred to the Supplementary Materials and the original geochronologic
studies cited throughout the text.
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Figure 4-1. a: Regional extent and geotectonic framework of the Amazonian Craton
(Modified from Cordani et al., 2016b). b: Location and regional geology of the study area
(Modified from Gomez et al., 2015; GOmez et al., 2019 and Amaya et al., 2020).
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In Colombia, the Amazonian Craton is characterized by Paleoproterozoic (1.5 to 1.9 Ga)
gneisses, amphibolites, migmatites, quartzites, and granitoids grouped as the Mitu
Migmatitic Complex (Galvis et al., 1979; Gomez et al., 2015) or Miti Complex (Celada et
al., 2006; Rodriguez et al., 2010, Lopez et al., 2010; Ibafiez-Mejia & Cordani, 2020). The
highly deformed and metamorphosed units of the Mitd Complex are intruded by moderately
deformed to undeformed Mesoproterozoic granitoids, some of them with Rapakivi texture
such as the Parguaza Granite (ca. 1.4 Ga), located within Venezuela and Colombia, and
that is considered one of the largest anorogenic intrusions of the world (Bonilla et al., 2013).
In some areas, the Mitd Complex is overlain by Mesoproterozoic low-grade
metasedimentary rocks of the La Pedrera formations (Gémez et al., 2015), the Tunui Group
(Kroonemberg, 2019), volcano-sedimentary rocks of the Piraparana Formation, and
Ediacaran through Carboniferous marine sedimentary rocks. These exposures form
isolated hills and Tepuis over the flat landscape of the area.

Amaya et al. (2020) presented evidence of Mesoproterozoic (1.3 Ga) crust in the central
part of the area, near San José del Guaviare (Figure 4-1b). According to these authors,
rocks of the Guaviare Complex originated as part of bimodal magmatism on an extensional
environment associated with arc extension. The 1.3 Ga magmatism as described in the
Guaviare Complex is younger than the Mitd Complex and had not been previously
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recognized in other outcrops of the Amazonian Craton in Colombia. Younger magmatism
on the Amazonian Craton is represented by mafic intrusives and dikes of 1.18-1.22 Ga
Rb/Sr ages (Priem et al., 1982), 973 Ma (Cairio Viejita gabro; Bonilla et al., 2020), and 826
Ma K/Ar age (Vaupés 1 well) (Franks, 1988 in: Kroonemberg, 2019). Alkaline plutons of
621-634 Ma and 577.8 Ma are present in the northeastern flank of the Serrania de la
Macarena (Cafio Veinte syenite; Buchely et al., 2015) and in San Jose del Guaviare (San
José nepheline syenite; Amaya et al., 2021), respectively. A Cretaceous (102.5 Ma)
diabase was discovered on the Caqueta River near the Serrania de Araracuara by Ibafiez-
Mejia and Cordani (2020).

4.2.1 Structural features

Structural data presented in geological maps by the Colombian Geological Survey, east of
the Andean deformation front, are scarce (Figure 4-1b; see Gomez et al., 2015; GOmez et
al., 2019). In Colombia, faults and lineaments with predominant NW-SE (Caruri and
Central Guainia lineaments, Puerto Colombia Fault) and NE-SW (Mitu, Cuiari River, Cafio
Garza and Carfio Chaquita faults, Papunaua Lineament) trends have been delineated. The
N-S trending Naquén and Rio Aque faults, that limit the Serrania de Naquén, are also
identified. In the Venezuelan area (Hackley et al., 2005), the structural features identified
are more abundant and with the same NW-SE and NE-SW trends identified in Colombia.

Regional structural models of the Amazonian Craton in Colombia are based on radar (De
Boorder, 1981) and geophysical datasets integrated with available geological data (Etayo
et. al., 1983; Kroonemberg & Reeves, 2012; De Boorder, 2019, Cediel, 2019; Moyano, et
al., 2020). Figure 4-2a shows the structures interpreted in the geological terrains map of
Colombia (Etayo et al., 1983). The main structural feature in this map is the NW-SE
“Apaporis rift”, which is bound by NW-SE trending outcrops of Paleozoic strata and a NWW-
SEE structure, the Carurd Fault, that limits the Apaporis Rift to the north and extends from
the Serrania de la Macarena near the Andean foothills to Brazil. Another salient feature in
Figure 4-2 is a NE-SW structure south of the Caruru fault, known as the “La Trampa Rift”
(Etayo, et al., 1983, Cediel, 2019) or “La Trampa Wedge” (De Boorder, 1981; Kroonemberg
& Reeves, 2012; De Boorder, 2019). Figure 4-2b shows a simplified map modified from
Cediel (2019) that includes similar structures such as the “La Trampa Wedge” and a series
of NW-SE lineaments that delineate the “Guejar Impactogen” (“Apaporis Rift” in Figure
4-2a). This interpretation does not include the NW-SE Carurl fault. Regional faults
highlighted by the Cediel (2019) model include the NWW-SEE Caqueta Fault south of the
Paleozoic Araracuara range (approximately at 2°S) and the NEE-SWW Guaviare Fault
(4°N) at the northern limit of the exposures of the Amazonian Craton in Colombia.
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Figure 4-2:. Regional geology presented in Figure 4-1 and structural intepretations from:
(a) Etayo et al. (1983) and (b) Cediel (2019). Green: Paleozoic strata
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4.2.2 Geochronological provinces

Geochronological subdivisions for the evolution of the NW portion of the Amazonian Craton
in Colombia have been proposed by Tassinari & Macambira (1999), Santos et al. (2000),
Kroonemberg (2019), Ibafiez-Mejia et al. (2011), and Ibafiez-Mejia & Cordani (2020). Due
to the limited geological and geochronological information for the area, and the extensive
coverage with rainforest and sediments, tectonic boundaries and even the existence of
specific basement domains remain debated. Despite these differences, there is general
agreement that the craton in this region grew by continued collision/accretion of orogenic
belts along the western margin of an early Paleoproterozoic cratonic nucleus established
after the Transamazonian Orogeny (Ibafiez-Mejia & Cordani, 2020). This process, driven
by subduction-related processes, began at ca. 2.0 Ga and is thought to be responsible for
the formation/accretion of the Ventuari-Tapajés, Rio Negro-Juruena, and Rondonian-San

Ignacio provinces (Cordani and Teixeira, 2007).

Recent geochronological interpretations on the Amazonian Craton in Colombia and
neighboring areas (Cordani et al., 2016a; Ibafiez-Mejia & Cordani, 2020) proposed the

existence of two possible orogenic belts within the Rio Negro-Juruena Province, namely
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the Atabapo (1.84-1.72 Ga) and Vaupés (1.59-1.50 Ga) belts. Also, these studies
concluded that there is currently no geochronological data to support the presence of the
Rondonian-San Ignacio province in the Guyana Shield as defined in NW Brazil and Bolivia
(Ibafiez-Mejia & Cordani, 2020) and that the Nd-Hf isotopic nature of the basement in
Colombia and Western Venezuela indicates a greater degree of older Paleoproterozoic
crustal reworking relative to the correlative, more juvenile magmatic domains south of the
Amazon River basin. The work of Bonilla et al. (2021), on the other hand, proposed a
different geologic and tectonic history for the NW Amazonian Craton in the eastern
Colombia basement. The authors concluded that the metamorphic basement in this region
corresponds to the Rio Negro Belt (Rio Negro-Juruena province) built at the Querari
orogeny, and that the younger magmatism at 1.6-1.5 Ma and 1.4-1.3 Ma are related to post-

orogenic to anorogenic stages of the same orogeny.

From the summary presented above, it can be concluded that there is general agreement
in some elements characterizing the tectonic history of the NW Amazonian Craton, such as
the presence and general location of the suture between the Rio Negro belt/ Rio Negro-
Juruena province and the Ventuari-Tapajés province. In contrast, based on nearly the same
geological and geochronological information, other elements such as the tectonic evolution
of the Rio Negro-Juruena basement and the presence/location of boundaries with younger

geochronological provinces or terranes to the west is still under debate.

In order to resolve this debate, a clearer identification of the major crustal boundaries that
separate geological terranes in the region is key, as this will allow better correlations with
potentially correlative boundaries identified in the southern portion of the craton, as well as
allow for improved paleogeographic reconstructions with other Precambrian cratons
(Ibafiez-Mejia & Cordani, 2020).

4.3 Methods

4.3.1 Geophysical data processing and interpretation

Lateral variations of the Earth’s gravitational and magnetic fields over a region provide
estimates of the distribution of physical properties (density and magnetic susceptibility) in
the crust and upper mantle (Isles & Rankin, 2013; Jacoby & Smilde, 2009). Airborne
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geophysical data can provide coverage in large areas, which combined with field
observations can greatly enhance the ability to identify structural/tectonic boundaries,
particularly in regions were rock exposure is limited.

Here, multiscale edge detection method or “worming” (Horowitz et al., 2000; Heath et al.,
2009) were used, integrated with qualitative data interpretation and 3D modelling, to define
regional structural boundaries in the study area. Worming is based on the detection and
delineation of the edges of the sources of gravity and magnetic anomalies at multiple
upward continuation levels. Integration of the edges at multiple scales constraints the
position and vertical continuity of major geological structures. Details on data processing
and case studies can be found in Moyano & Prieto (2021) and references therein.

An example of successful application of multiscale edge detection was presented by
Horowitz et al. (2000). The authors applied multiscale edge detection on EGM96 global
geodetic gravity field, and the “worms” generated allowed to correlate global-scale tectonic
boundaries like the subduction zone in Western South America. Crawford et al. (2010)
applied worming on gravity and magnetic data across the western Australian Craton
(Western Australia) and identified four major orogen parallel features interpreted as major
faults and/or shear zones that extend to significant crustal depths. The authors interpreted
these features to be related to more ‘primary’ cratonic margin structures at depth. In another
example, Yan et al (2011) applied worming on gravity and magnetic data on the Yangtze
River metallogenic belt (China). The edges interpreted from worming allowed interpreting
the Yangtze River deep fault as a rift-valley-type fault caused by mantle upwelling, and to
delineate the fault system that controls the upward migration of mineralized fluids and
emplacement of known mineralized zones in the area.

4.3.2 Source of Geophysical Datasets

Continental-scale gravity and magnetic datasets from EIGEN-6C4 (Forste et al., 2014) and
EMAG2-V3 (Meyer, et al., 2017), and regional airborne/ground surveys compiled for the
National Hydrocarbon Agency of Colombia (ANH) (Graterol & Vargas, 2010) were
integrated to generate full coverage (2.5 km grid size) Bouguer anomaly (BA) and Total
Field anomaly (TFA) grids for the study area. Additionally, more detailed (500 m grid size)
airborne magnetic datasets for eastern Colombia from the Geological Survey of Colombia
(Moyano et al., 2018), and NW Brazil (ENCAL S.A., 1988) were used (Figure 4-3).
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Figure 4-3: (a) Bouguer anomaly (2.5 km grid size). (b) Magnetic Anomaly Reduced to
Magnetic Pole (2.5 km grid size). (c) More detailed (500 m grid size) Magnetic Anomaly
Reduced to Magnetic Pole
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4.3.3 Multiscale edge detection

Semi-quantitative interpretation of the gravity and magnetic data of figures 4a and 4b used
the multiscale edge detection procedure described by Heath et al. (2009). For this study,
upward continuation levels of the potential field data to 2, 4, 8, 16, 32, and 64 km were
applied. The total horizontal gradient of each upward continued image was calculated, and
points of maximum slope were delineated following the method of Blakely & Simpson
(1986). The edges at each continuation level were integrated in a single map for each
geophysical method (Figure 4-4a and 4-4b) allowing the identification of structures that, by
its coherence in multiple upward continued levels, suggest deep-crustal penetrating
features. Details on the orientation and correlation of the main geophysical features will be
presented next. Also, it must be noted that each upward continuation level doesn’t
represent a specific depth (Heath et al., 2009).
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Figure 4-4:

anomaly reduced to magnetic pole.
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4.3.4 U-Pb (LA-ICP-MS) zircon geochronology

Zircon crystals were concentrated using traditional magnetic and density separation
techniques. Individual grains were hand-picked under a binocular microscope, mounted in
epoxy resin, and polished to expose the interior of the grains prior to analysis. U-Pb
geochronologic determinations were conducted by laser ablation—inductively coupled
plasma—mass spectrometry (LA-ICP-MS) at the Arizona LaserChron Center (ALC), using
a Photon Machines Analyte G2 laser coupled to a Nu Plasma multicollector ICP-MS.
Instrumental bias, drift, and inter-element fractionation corrections were performed by the
standard-sample bracketing (SSB) approach, using an in-house Sri Lanka zircon crystal
with well-established ID-TIMS age of 563.5 + 3.2 Ma as primary reference material. U-Pb
analyses were performed using a laser-beam diameter of 30 um and simultaneously
measuring all Pb masses in Faraday cups. Data collection, processing, and uncertainty
calculations follow the approach of Ibafiez-Mejia et al. (2014). Mean dates discussed

throughout the text are weighted mean 207Pb/206Pb values, and uncertainties are



Capitulo 4. Tectonic domains in the NW Amazonian Craton from geophysical 77
and geological data

presented in the form +X/Y, where X is solely analytical uncertainty, and Y is the total
uncertainty that combines the analytical uncertainty, uncertainty in the ID-TIMS date of the
primary reference material, SSB normalization uncertainty, and 238U decay constant

uncertainty.

4.4 Results

4.4.1 Major structural features from geophysical data
interpretation

According to the authors and case studies referenced above (Horowitz et al., 2000;
Crawford et al., 2010; Yan et al., 2011; and references therein), the features highlighted by
the worming of the gravity and magnetic data, that show continuity in multiple continuation
levels, are considered as deep penetrating linear structures that represent major crustal
discontinuities. The discontinuities that show coherence and delineate lateral variations in
both gravity and magnetic data, thus reflecting major lateral density and/or magnetic
susceptibility variations in the upper crust, were identified in Figure 4-5 as primary
geophysical lineaments (PGL; bold black lines). Other geophysical features that also show
clear correlation in both geophysical datasets and related in its extension and orientation
with the PGL, were identified as secondary geophysical lineaments (SGL; thin dashed
lines).

Six PGL were identified (Figure 4-5): PGL1 is a prominent SW-NE feature that is located
along the western end of the study area. The remaining structures, PGL2 through PGLS6,
have predominant NW-SE orientation. Except for PGL4, which terminates to the NW
against PGL3, all other geophysical lineaments (SGL included) are truncated to the NW by
PGL1. These cross-cutting relationships between primary geophysical structures are
particularly important because they provide information about the relative timing of each
feature and hence on the geological/tectonic history of the area: PGL1 truncates PGL2,
PGL3, PGL5, and PGLS6, so it is most likely younger. Similarly, PGL3 cross-cuts PGL4, and
thus the latter must be older.

The orientation and extent of secondary lineaments (SGL) in relation with the interpreted
PGL are also of interest. West of the PGL1, secondary lineaments are scarce but with the
same NE-SW trend. Between PGL2 and PGL3, secondary lineaments have NNE-SSW and
NW-SE orientation and terminate against these primary lineaments. Between PGL4 and
PGL5, secondary lineaments are sub-parallel to these primary structures, and also
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delineate a characteristic NW-SE low magnetic anomaly (Figure 4-5b). The area comprised
between PGL5 and PGL6 exhibits NNE-SSW and E-W structures that are also truncated
by the primary structures.

Figure 4-5: Primary (PGL) and secondary (SGL) geophysical lineaments interpreted for the
study area superimposed to gravity (a) and magnetic (b) data. (b) also show the location of
the cross sections used to integrate the data.
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Similarly to previous studies (Horowitz et al., 2000; Crawford et al., 2010; Yan et al., 2011),
the present contribution interpret the geophysical features delineated by multiscale edges
as deep crustal penetrating geological features. Their spatial distribution and cross-cutting
relationships as described above can also help to better constrain tectonic domains. The
features presented in Figure 4-5 suggest that the extension of the SGL are limited by the
features interpreted as PGL, and that the general orientation of these SGL change from
one PGL to another. The clustering of the structural pattern and distribution of the
secondary geophysical features are interpreted as possible “blocks” with different
geological significance, and probably tectonic history. The PGL then could be interpreted
as major crustal features that could be considered as tectonic boundaries (Horowitz et al.,
2000; Heath et al. 2009, Fitzgerald & Milligan, 2013).

4.4.2 3D inversion of potential field data

The cross sections indicated in Figure 4-5b were used to integrate the geophysical
interpretation with available geological data. To provide a quantitative view of the lateral
and depth variation on the physical properties (density, magnetic susceptibility), 3D
inversions on a strip along each section were computed. The 3D inversion routine used
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unconstrained density and Magnetic Vector Inversion (MVI; see MacLeod & Ellis, 2013)
algorithms. For each Section indicated in Figure 4-5, a mesh with 5000x5000x500 meters
cell size and 50 kilometers depth were constructed. Figure 4-6 and Figure 4-7 show cross
sections of the calculated magnetic susceptibility and density models along the selected
profiles.

Figure 4-6: Section 1: cross sections of Magnetic susceptibility (a) and Density (b)
models. Black lines show the location of the primary geophysical structures interpreted.

a)

W PG4 _ ] _ I PGL6 _ NE

50000 0 50000 100000
D=t e ]

ers)

(meters)
0.00002 0.00013 0.00024 0.00051 0.00119 0.002276 0.00444 0.07239

I ]
Magnetic Susceptibility (SI)
b)
SW NE
PGL4 PGL5 PGL6 '

(meters)
-0.02168 -0.01063 -0.00527 -0.00170 0.00045 0.00288 0.00588 0.05578

BT |

Density (gr/icm3)

Cross Section 1 (Figure 4-6) extends from SW of the Araracuara Range to the NE. The
magnetic model (Figure 4-6a) shows clear and sharp crustal discontinuities on the location
of the PGL4, PGL5 and PGL6. Between PGL4 and PGL5, there is a low magnetic
susceptibility zone near the surface that corresponds with the NW-SE magnetic low
evidenced in the magnetic anomaly (Figure 4-5b). This low magnetic susceptibility can be
related with a basin filled with less magnetic sediments. The density model (Figure 4-6b)
also shows lateral variation associated with the primary geophysical structures. Both
models show coherence between high/low density and high/low magnetic susceptibility
zones that probably reflect variations in the composition of basement rocks. Examples of
this correlation are high magnetic susceptibility and high-density sources around PGL4 and
PGL5 and a large feature with high magnetic susceptibility and low density located to the
NE of structure 6.
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Figure 4-7:  Section 2: cross sections of Magnetic susceptibility (a) and Density (b)
models. Black lines show the location of the primary geophysical structures interpreted.
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Cross section 2 (Figure 4-7) extends from the Garzén Massif to northeasternmost
Colombia (i.e., Vichada Region). Magnetic susceptibility and density models (Figure 4-7a
and b) show lateral variations correlated with PGLs 1,3,5 and 6. As also observed in cross
section 1, there are correlations between density and magnetic susceptibility sources that
probably reflect variation in the composition of the basement rocks, like the high magnetic
susceptibility/low density source between PGL1 and PGL3 and the low density/magnetic
susceptibility source to the SW of PGL6 contrasting to the moderate magnetic
susceptibility/high density source to the NE. Another example of this correlation is the high
magnetic susceptibility and low-density source located right in between PGL3 and PGLS5,
that corresponds to the exposure of the Guaviare Complex.

4.5 Integration with other geological information

From the interpretation of the geophysical data and inversions presented above, can be
argued that: i) crustal-scale structural features/domains can be identified; and ii) that these
structures correlate with major tectonic boundaries characterizing the evolution of the NW
Amazonian Craton basement and that are supported by the existing field and
geochronologic data.

The integration of the geophysics-based interpretation with available geological information
allows to better interpret the tectonic significance of the structural limits identified in the
study region (Figure 4-8). Each domain is characterized by its own geophysical properties
and by geological and geochronological features that will be discussed (from older to
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younger) below. Figure 4-13 and Table 4-1 included number, rock type, age, analytical
method, and references of the 62 samples included in Figure 4-8

It is important to highlight that the proposed tectonic domains correspond mainly to the
delineation and interpretation of regional, crustal-scale geophysical boundaries that reflect
lateral changes in the structure and/or physical properties of the upper crust. The proposed
tectonic domain model is in good agreement with the available geological and
geochronological data and, as a model, provides hypotheses that should continue to be
tested and improved upon as more petrophysical, geological and geochronological data
become available from this poorly studied region.

4.5.1 Ventuari-Tapajos tectonic domain

Located to the east of PGL6. Basement rocks in this domain are identified as
Paleoproterozoic units of the Cuchivero Group, San Carlos metamorphic-plutonic terrane
and Basement Complex (Hackley et al., 2006), and Mesoproterozoic intrusions like the
Parguaza Granite. The Cuchivero Group represent an association of calc-alkaline granite-
gneisses and volcano-sedimentary sequences with U/Pb and Rb/Sr ages of 1.98-1.83 Ga
(Texeira et al., 2002). Tassinari & Macambira (1999) interpreted this units as part of the
1.95-1.8 Ga Ventuari-Tapajos province, a juvenile magmatic arc constructed predominant
by emplacement and differentiation of mantle-derived magmas.

This domain is interpreted as the NW portion of the Ventuari-Tapajés Province (Tassinari
& Macambira, 1999, Ibafiez-Mejia & Cordani, 2020) or the Trans-Amazonian basement
against which Rio Negro Belts were accreted (Kroonemberg, 2019, Bonilla et al., 2021). In
the Geological Map of South America (Gémez et al., 2019) the basement rocks located in
this domain are presented as older (2.05-1.6 Ga) than those to the west (1.8-1.4 Ga), so
the PGL6 can be interpreted as the boundary/suture between the Ventuari-Tapajos and Rio
Negro-Juruena geochronological provinces as presented by Ibafiez-Mejia & Cordani (2020)
and Bonilla et al. (2021).
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Figure 4-8:  Tectonic domains identified from geophysical/geological data integration and
geochronological data
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4.5.2 Atabapo Belt tectonic domain

This domain is located between PGS5 and PGS6 and shows secondary geophysical
structures with two main trends (NNE-SSW and E-W) that do not seem to continue into
neighboring tectonic domains. Basement exposures pertaining to this domain are observed
in the SE portion of the region, along the border between Colombia and Brazil, and
correspond to the late-Paleoproterozoic Miti Complex. This domain corresponds to the
broader geochronological province of Rio Negro-Juruena (Tassinari & Macambira, 1999)
or Rio Negro Belt (Kroonemberg, 2019), which locally has been associated with the 1.8-
1.74 Ga Atabapo Belt (Cordani et al., 2016a; Ibafiez-Mejia & Cordani, 2020).

The PGL5, which limits this tectonic domain to the S-SW, is correlated with NW-SE regional
features recognized by Cordani et al. (2010) and that these authors suggested represent
intra-cratonic tectonic events responsible for regional heating and associated resetting of
mica K-Ar ages and other isotope systems (e.g., Rb-Sr). Also, PGL5 can be interpreted as
the possible limit between the Atabapo and Vaupés magmatic belts of Ibafiez-Mejia &
Cordani (2020). The Figure 4-14 illustrate the location of these geological features and its
relationship with PGL5.
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4.5.3 Vaupés Belt tectonic domain

Located to the south of the Atabapo tectonic domain, and trending roughly parallel to it, lies
the Vaupes Belt tectonic domain located between PGL3 and PGL5. The basement of this
domain is exposed in isolated regions near its northern portion in the Araracuara range and
the Vaupes region along the border between Colombia and Brazil. Although rocks in this
tectonic domain are identified as part of the late-Proterozoic Mitid Complex by Gémez et al.
(2015), Cordani et al.(2016a), and Ibafiez-Mejia & Cordani (2020) proposed the existence
of a younger magmatic belt in the Rio Negro-Juruena geochronological province (Vaupés
Belt; 1.58-1.5 Ga) that likely accreted onto an already cratonized Atabapo Belt. The rough
location of the boundary between those belts, as proposed by Ibafiez-Mejia & Cordani
(2020) on the basis of existing geochronologic data, is coherent with the PGL5 that
separates the Atabapo and Vaupés belt tectonic domains proposed here.

Ibafiez-Mejia & Cordani (2020) suggest that the geological evolution of the NW portion of
the Amazonian Craton in Colombia exhibits some differences with respect to its SW portion
in Brazil and Bolivia. These authors, however, recognize a progressive younging of
basement domains towards the SW, and the presence of important magmatic episodes
related to the Atabapo and Vaupés belts. In the present work, the names Atabapo and
Vaupés Belt proposed by Cordani (2016a) and Ibafiez-Mejia & Cordani (2020) as
subdivisions within the Rio Negro-Juruena province are utilized because they correlate well
with the geophysical domains interpreted. It is important to note also that basement rocks
in the Araracuara region (Figure 4-1b) represent the westernmost exposures of the
Amazonian Craton yet identified that to date do not show evidence of metamorphism
associated with the Putumayo Orogen (lbafiez-Mejia et al., 2011).

4.5.4 Apaporis Graben tectonic domain

Located in between the Atabapo and Vaupés tectonic domains, and exhibiting a wedge-
like or triangular shape, is the Apaporis Graben domain. This domain is characterized by a
NW-SE magnetic low limited primarily by PGLs 1, 3, 4 and 5. With the horizontal gradient
of the reduction to magnetic pole (RTP) of the high-resolution magnetic data (see Figure
4-3c) and identify, inside the regional magnetic low, linear magnetic features that run sub-
parallel and orthogonal to the primary structure (Figure 4-9). These features suggest that
this domain represents a sedimentary basin filled by low susceptibility sediments and
magnetic dike-like structures and other features that can be associated with tectonic
extension during rifting. Some of these dike-like features were mapped by Etayo et al.,
(1986) as (1.2-1 Ga Rb/Sr) Mafic Vulcanites (Figure 4-9) and Mafic dikes (Galvis, 1979).
and Mafic dikes (Galvis, 1979). The Vaupés-1 well also drilled more than 1,500 m of
Mesoproterozoic sandstones, intruded by a Neoproterozoic (826 Ma K/Ar) Gabbro
(Kroonemberg, 2019). The Piraparana Formation, that outcrops at the eastern limit of this
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domain and shows a westward dipping trend, is interpreted here as part of the volcano-
sedimentary infill of this basin.

The Pira-Parana formation, presence of 1.1-1.2 Ga mafic dykes and clear uplift of the Mitu
complex to the east along a NE-SW SGL (Figure 4-9, lower left corner) define, at least with
the available geological and geochronological data, the eastern limit of the Apaporis graben
tectonic domain.

Figure 4-9:  “Apaporis Graben” tectonic domain. Geophysical structures and
geological/geochronological elements (Etayo et al., 1986; Amaya et al., 2020; Ibafiez-Mejia
& Cordani, 2020; Bonilla et al., 2020) superimposed to image of Horizontal gradient of the
RTP magnetic field and Analytical signal of the total magnetic field anomaly (Moyano et al.,
2018; CPRM, 1987).Black rectangle highlights the location of the Yaca Yaca rhyodacitic
lavas dated here using zircon U-Pb geochronology.
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In the westernmost end of this tectonic domain (limited by PSG1 and PSG3), Ibafiez-Mejia
et al. (2011) obtained an U-Pb age of 1461 + 10 Ma for the cratonic basement of the
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Serrania de la Macarena range. To the west of PGL3, Ibafiez-Mejia et al. (2011) also
identified a major Stenian-Tonian metamorphic event and proposed the name of Putumayo
Orogen to describe it. Rocks of the Serrania de la Macarena and Araracuara ranges do not
show, at least to this date, evidence of Putumayo-age metamorphism, and so the PGL3 is
interpreted here as the eastern boundary for the influence of the Putumayo orogenic event
in the region.

Recent work by Amaya et al. (2020) in the northern part of the tectonic domain documented
Mesoproterozoic (ca. 1.3 Ga) magmatism in the region, in a basement exposure they
termed the ‘Guaviare complex’(Figure 4-1 and Figure 4-8). According to Amaya et al.,
(2020), the predominant lithologies in the Guaviare complex are quartz-feldspar gneises
and quartzites (Termales Gneiss and La Rompida quartzite) and minor amphibolites (Unilla
Amphibolite). Zircon U/Pb ages for the igneous protoliths of rocks of the Guaviare complex
are 1312 + 5/11 for Termales gneiss and 1313 + 8/12 for Unilla Amphibolite. The youngest
detrital age for La Rompida quartzite is 1238 + 74 (similar to Termales gneiss and Unilla
amphibolite) with peaks at 1500 Ma, 1730 Ma, and 2680 Ma.

The magmatism of the Guaviare Complex is clearly younger in age and isotopically distinct
from older Atabapo and Vaupés belts to the east, but also slightly older than most of the
Putumayo orogen basement to the west. Amaya et al. (2020) indicated that the similarity in
the maximum depositional age of the quartzites with the igneous age of the gneisses and
amphibolite suggest that the latter contributed detrital material to nearby sedimentary
basins. Also, these authors observed that zircon-age peaks at 1500 and 1730 Ma in
metasediments correlate well with known basement ages in the Vaupés and Atabapo belts.
Finally, the authors suggested that the Guaviare Complex formed in an extensional arc
environment, possibly as part of a back-arc developed during the subduction and magmatic
arc-development phase that characterizes the early stages of the Putumayo orogenic cycle.
The age of metamorphism for the metaigneous and metasedimentary rocks of the Guaviare
Complex, however, has not been determined.

This tectonic domain identified from the inversion of geophysical data correlates well with
the previously identified ‘Apaporis Rift' structure of Etayo et al. (1983) or the ‘Guejar
Impactogen’ of Cediel (2019) (see Figure 4-2 for comparison), although the limits and
extension evidenced with the geophysical interpretation are clearly different. It is important
to mention that this tectonic domain includes most of the geological evidence of younger
(i.e., post-Putumayo) magmatism (Serrania de la Macarena, Guaviare Complex, Mafic
intrusives and dikes, Vaupés-1 well) that have been recognized in the NW Amazonian
Craton. We speculate that this domain originally developed as in intra-continental
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extensional structure (graben) within the Amazonian Craton prior to the formation of the
Rodinia supercontinent. At its inception, this structure would have been associated with
advancing subduction zones during the earliest (extensional) period of the Putumayo
Orogenic cycle (e.g., Ibafiez-Mejia et al., 2011; Cawood & Pisarevski, 2017; Ibafiez-Mejia,
2020), but later these structures may have been re-activated during the Putumayo
collisional phase and the break-up of Rodinia in the late Neoproterozoic.

4.5.5 Putumayo tectonic domain

This domain is located at the SW end of the study area, south of PSG3 and east of PSGL1.
The only Information about craton-related rocks is provided in the works of Ibafiez-Mejia et
al. (2011, 2015, 2018) (Figure 4-8 and 4-10). These authors studied cores from wells that
drilled into the basement of the Putumayo basin, and identified Rio Negro-Juruena—like
basement affected by Stenian-Tonian metamorphism for which they proposed the name of
Putumayo Orogenic cycle (1.45-0.98 Ga) for this area. The recent works of Ibafiez-Mejia &
Cordani (2020) and Ibafiez-Mejia (2020) provide recent reviews of the available geologic
evidence to conclude that the Putumayo Province, and in general the NW portion of the
Amazonian Craton, have a different geological and tectonic history compared to the SW
portion of the Craton, where the Rondonia-San Ignacio and Sunsas geochronological
provinces were originally defined (Tassinari & Macambira, 1999).

The PGL2 structure, however, is close to the SW border of the study area, so its
interpretation requires further investigation and integration with geological data to the west
of this feature once it becomes available.

4.6 New U-Pb geochronological data on Apaporis
Graben tectonic domain

Of all the tectonic domains discussed throughout this study, the evolution of the Apaporis
Graben domain is arguably the most poorly known. To better understand the temporal
history of extension along the Apaporis Graben, a sample from the Yaca-Yaca rhyodaciytic
lavas unit, interpreted by Galvis et al. (1979) as the base of the Piraparana formation (black
rectangle, Figure 4-9), was dated here using zircon U-Pb. The analysis performed were all
concordant and yield a calculated 2°’Pb/?°6Pb weighted mean age of 1227 + 8/13 Ma
(Figure 4-10).
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Figure 4-10: U-Pb concordia diagram for sample PR-3005 of Priem et al.(1982)
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It is worth noting that Priem et al. (1982) reported a whole rock Rb-Sr age of 920 + 90 Ma
for these rhyodacitic lavas. However, the isochron age obtained by Priem et al. (1982) was
based on a regression through multiple whole-rock aliquots obtained from different outcrops
of this unit, and had a low goodness of fit (i.e., MSWD= 4.4). Based on a high initial
87Sr/86Sr ratio of 0.705 and using Rb-Sr model age calculations, these authors suggested
that an extrusion age ca. 1110-1220 Ma for the rhyodacitic lavas was possible. However,
due to the absence of a 920 Ma metamorphic event in the surrounding basement rocks,
these authors concluded that isotopic rehomogenization due to metamorphism at this time
was unlikely, and thus favored the 920 + 90 Ma isochron fit as the age of eruption. The high
initial 87Sr/86Sr ratio was interpreted to reflect incorporation of radiogenic strontium derived
from older crustal material.

The new U-Pb zircon crystallization age obtained here clearly demonstrates that the Yaca-
Yaca lavas, and hence the Piraparana Formation, are significantly older than previously
thought, and that in fact pre-date the collisional phase of the Putumayo Orogenic cycle (ca.
990 Ma) by ca. 240 Myr instead of post-dating it. Considering that the Piraparana Formation
forms the base of the graben-fill sediments associated with the Apaporis domain, the new
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geochronologic results presented here allows to conclude that crustal extension along the
Apaporis Graben tectonic domain (Figure 4-9) began at least in the late-Mesoproterozoic,
thus entirely transforming its tectonic significance.

4.7 Discussion

The geophysical interpretation approach presented here, not applied to this area before,
allowed to identify six primary geophysical lineaments, interpreted as representing possible
crustal boundaries. Orientation and truncation between these major structures, combined
with the distribution of secondary geophysical features, lends further evidence that these
structures represent boundaries between geophysical domains, interpreted here as
tectonic blocks with contrasting geologic histories. 3D inversion modelling of density and
magnetic susceptibility (MVI) along selected profiles (Figure 4-6 and Figure 4-7) evidenced
the deep crustal penetrating character of these primary structures. 3D models also allowed
to identify sources with different density/magnetic susceptibility that probably reflect
variations in the petrologic nature and/or composition of the upper crust in this region.

Based on the geophysical interpretations, integrated with the available geological,
geochronologic and isotopic information, five tectonic domains, each one with characteristic
geophysical and geological features, were proposed: Ventuari-Tapajos, Atabapo Belt,
Vaupés Belt, Apaporis Graben and Putumayo (Figure 4-8). Schematic geological cross-
sections across the sections used for the geophysical data interpretation (Figure 4-6 and
Figure 4-7) are presented in Figure 4-11.

Figure 4-11: Schematic geological cross sections: 1 (a) and 2 (b).
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According to the available geological and geochronological data, and the new tectonic
framework proposed in the present work, the salient features of the geological evolution for
the area can be summarized as follows:
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¢ Formation of the Ventuari-Tapajés basement domain, against which a younger
magmatic arc (Atabapo belt) was accreted, leaving behind a suture interpreted here
as the PGL6. The name ‘Atabapo Suture’ was proposed for the PGL6 (Figure
4-12a).

e Later accretion of a younger magmatic belt (Vaupés belt) against the already
cratonized Atabapo Belt (Cordani et al., 2016a) along the PGL5. The PGL5
coincides with the location and trend of the Carura fault, and thus the name of
Caruru Suture for this boundary are porpossed (Figure 4-12b).

e An early extensional phase (Apaporis Graben) possibly associated with back-arc
opening during the early stages of the Putumayo Orogenic cycle, that affected the
Vaupés (and Atabapo?) belts. This tectonic domain is characterized by a late
Mesoproterozoic basin infill with an important volcanic component (i.e., Piraparana
Fm.) cross-cut by Neoproterozoic mafic intrusives. Some of these extensional
structures might have been reactivated during post-Putumayo times (i.e., Rodinia
breakup), leading to Neoproterozoic alkalic magmatism such as the syenites
documented in the Guaviare Complex (Amaya-Lopez, 2021) (Figure 4-12c).

e Terrain accretion and high-grade metamorphism associated with the compressional
stages of the Putumayo Orogeny. Effects of this metamorphism have not yet been
documented to the east of the PGL3, which suggests this boundary may correspond
to the Putumayo structural limit or possibly even its suture. This proposed boundary
also appears to offset the PGL4 that bounds Apaporis Graben structure to the S,
providing additional evidence that the Apaporis Graben indeed pre-dates Putumayo
collision and that it became active in the mid Mesoproterozoic (Figure 4-12d).

e Phanerozoic evolution of the NW portion of the Amazonian Craton produced the
PGLL1 that crosscuts all the other (older) terrane boundaries mentioned above. This
PGL1 currently coincides with the Andean deformation front in the south of the study
area (i.e., in the Putumayo Basin), but to the north, underneath the Llanos Basin,
can potentially represent the northwesternmost limit of the Guiana shield.

Figure 4-12: Sketch models for the tectonic evolution for NW Amazonian Craton (see
details in text). V-T: Ventuari-Tapajos; AB: Atabapo Belt; VB: Vaupés Belt; AR(GC):
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Apaporis Graben (Guaviare Complex); PP: Putumayo Province. PGL: Primary geophysical
lineament
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4.8 Conclusion

The gravimetric and magnetometric data available for eastern Colombia was interpreted
qualitatively and quantitatively, showing significant variations and lateral contrasts in the
physical properties (density, magnetic susceptibility) of the NW Amazonian Craton. These
lateral variations reveal the structural/tectonic features in a level of detail not available
before and not registered in existing regional maps and tectonic models.

Multiscale edge detection was applied for the first time to the study area, which allowed the
identification of six main geophysical lineaments. These lineaments were interpreted as
possible crustal boundaries between different geophysical domains, and use them here to
better outline tectonic domains previously identified using geochronology but whose
boundaries remained only loosely constrained due to the sparse nature of the
geochronologic data.

From the integrated interpretation of geophysical, geological, geochronological, and
isotopic information, a geological-geophysical model for the Amazonian Craton formed by
five tectonic domains: Ventuari-Tapajés, Atabapo Belt, Vaupés Belt, Apaporis Graben and
Putumayo orogen were propossed. Each one of the domains has its geophysical and
geological characteristics, which in turn allows inferring the tectonic significance of the
identified geophysical boundaries within the framework of the W Guiana Shield geology.

This study: i) provides the first regional reconstruction of crustal-scale structural features in
NW South America; ii) significantly improves the understanding of the regional tectonic
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architecture of the NW Amazonian Craton using geophysical potential field methods; and
iii) provides a testable tectonic framework that can guide future field and geochronologic
research in this region. For example, the precise location of PGL6 and PGL5 as provided
from the inversion of the geophysical data (Figure 4-8), can be utilized to design future field
and geochronologic campaigns aimed at better understanding the nature of these
boundaries and evaluating whether they in fact represent crustal-scale structural limits (i.e.,
the hypothesized Atabapo and Caruru sutures).

Although the interpretation of the geophysical limits identified here is in excellent agreement
with previously suggested boundaries that had only been loosely constrained using
geochronologic information, the geophysical/structural model allows tracing the location of
these limits more accurately. Nevertheless, further field and geochronologic work must be
done to continue evaluating the tectonic significance of the structural boundaries and
domains proposed here, and better determine their role in the construction and stabilization
of the NW South American continental platform.
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Figure 4-13. Identification of the samples used. Geochronology and other information
(coordinates, Rock type, Age, Analytical method, references, and Tectonic domain) are

presented in table 1
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Table 4-1. Geochronology and other information of the samples used and presented in

Figures 4-8 and 4-13

ID | LAT | LON Rock_type AGE (Ma) Method Reference TECT DOMAIN
0 | 092 |-7576 Orthogneiss 1602 + 16 U/Pb "AK,'lgP‘ 'ba“ez'M?g‘lg; al. (2011, Putumayo

1 | 213 | -74,56 Orthogneiss 1606 + 6 UIPb LAK/'l(S:P‘ 'ba”ez"v'ezjioal‘;; al. (2011. Putumayo

2 | -061 | -72,39 Dolerite 102.5+2.3 UiPb LAK/'l(S:P‘ Ibanez-Mejia (2014) Vaupes Belt
3 | -0,62 | -72,26 | Porph. Syenogranite 1539 + 20 U/Pb LAK/Il(S:P_ Ibanez-Mejia (2014) Vaupes Belt
4 | -0,67 | -72,09 | Foliated Syenogranite 1716 + 16 U/Pb LAK/Ié:P— Ibanez-Mejia (2014) Vaupes Belt
5 | -0,58 | -72,39 Biotite gneiss 1721 +10 U/Pb SHRIMP Cordani et al. (2016) Vaupes Belt
6 | -0,62 | -72,39 Orthogneiss 1731+ 16 U/Pb LAK/IlgP_ Ibanez-Mejia (2014) Vaupes Belt
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ID | LAT | LON Rock_type AGE (Ma) Method Reference TECT DOMAIN
7 | -0,67 | -72,09 Syenogranite 1732 + 17 U/Pb LAK)'gP_ Ibanez-Mejia et al. (2011) Vaupes Belt
8 |-017 | -72,20 Syenogranite 1756+ 8 UiPb LAK/'lgP‘ Ibanez-Mejia et al. (2011) Vaupes Belt
9 | 1,18 | -70,19 Monzogranite 1510 + 26 UiPb LAK/'lgP‘ Cordani et al. (2016) Atabapo Belt
10 | 0,04 | -67,07 | Granite with titanite 1518 + 25 U/Pb ID-TMS Santos et al. (2000) Atabapo Belt
11 | 0,80 | -69,25 Granite 1521 +13 U/Pb SHRIMP Tassinari et al. (1996) Atabapo Belt
12 | -0,58 | -70,26 Monzogranite 1530 £ 21 U/Pb LAK/:gP_ Ibanez-Mejia et al. (2011) Vaupes Belt
13 | 1,00 | -69,91 Monzogranite 1574 + 10 U/Pb LAK)'(S:P_ Ibanez-Mejia et al. (2011) Atabapo Belt
14 | -0,32 | -70,65 Syenogranite 1578 + 27 UlPb LAK/:(S:P‘ Ibanez-Mejia et al. (2011) Aé’;%"erf
15 | -1,02 | -69,76 Syenogranite 1593+ 6 UiPb LAK/'lgP‘ Ibanez-Mejia et al. (2011) Vaupes Belt
16 | 1,20 | -69,58 Quartz-diorite 1703 +7 U/Pb ID-TMS Tassinari et al. (1996) Atabapo Belt
17 | 0,96 | -69,96 | Bt-Hnbd orthogneiss 1736 £ 19 U/Pb LAK)'(S:P_ Cordani et al. (2016) Atabapo Belt
18 | 1,38 | -70,61 Bt-chl gneiss 1769 + 33 U/Pb SHRIMP Cordani et al. (2016) Atabapo Belt
19 | 1,09 | -69,35 Monzogranite 1778.8 +5.9 U/Pb SHRIMP Cordani et al. (2016) Atabapo Belt
20 | 1,46 | -68,05 Diatexite 1798 + 11 UiPb LAK/'lgP‘ Veras et al. (2018) Atabapo Belt
21 | 2,15 | -68,06 Metagranite 1813+ 19 UiPb LAK/'lgP‘ Veras et al. (2018) Atabapo Belt
22 | 0,24 | -66,65 Monzogranite 1810+ 9 U/Pb SHRIMP Santos et al. (2000) Atabapo Belt
23 | 3,23 | -68,20 mo?wtz_ggrt;iite 1500 + 15 UiPb LAK/'lgP‘ Ibanez-Mejia (2014) Atabapo Belt
24 | 3,88 | -67,93 Biotite gneiss 1501 + 10 U/Pb SHRIMP Cordani et al. (2016) Atabapo Belt
25 | 3,76 | -67,98 | Biotite monzogranite 1504 + 20 U/Pb LAK)'gP_ Ibanez-Mejia (2014) Atabapo Belt
26 | 2,98 | -68,67 Monzogranite 1507 £ 22 U/Pb SHRIMP Cordani et al. (2016) Atabapo Belt
27 | 3,46 | -67,97 | Biotite syenogranite 1509 + 14 U/Pb LAK/:gP_ Ibanez-Mejia (2014) Atabapo Belt
28 | 3,86 | -67,92 Biotite granite 1516 + 16 U/Pb LAK)'gP_ Ibanez-Mejia (2014) Atabapo Belt
29 | 2,84 | -68,64 Monzogranite 1752 +21 U/Pb LAK)'gP_ Cordani et al. (2016) Atabapo Belt
30 | 2,33 | -68,46 Tonalite 1770 + 40 UiPb LAK/'lgP‘ Cordani et al. (2016) Atabapo Belt
31 | 2,20 | -68,30 | tonalitic orthogneiss 17753 7.7 U/Pb SHRIMP Cordani et al. (2016) Atabapo Belt
32 | 3,78 | -67,63 Bt-Hnbd granite 1795 + 15 U/Pb LAK)'gP_ Ibanez-Mejia (2014) Atabapo Belt
33 | 3,66 | -67,55 Biotite granite 1795+ 18 U/Pb LAK)'gP_ Ibanez-Mejia (2014) Atabapo Belt
34 | 2,34 | -67,22 | Bt-Hnbd orthogneiss 1796.1 +3.7 U/Pb SHRIMP Cordani et al. (2016) Atabapo Belt
35 | 3,62 | -67,57 Biotite granite 1797 £ 17 U/Pb LAK/IéP— Ibanez-Mejia (2014) Atabapo Belt
36 | 4,03 | 67,70 mo%;ygfgiite 1806 + 17 upp | HATIEP- Ibanez-Mejia (2014) \4‘;’;};‘;’3'
37 | 3,80 | 67,83 | Biotite syenogranite 1810+ 16 UiPb LAK/'lgP‘ Ibanez-Mejia (2014) Atabapo Belt
38 | 373 | -66,67 Tonalite 1834 £ 18 UPb | SHRIMP Tassinari et al. (1996) \gg;‘;rs'
39 | 6,51 | 67,02 | Rapakivi granite 1388 + 13 UiPb LAK/'lgP‘ Ibanez-Mejia (2014) \42’;;‘]%’5'
40 | 513 | 68,11 | Rapakivi granite 1392+5 UlPb LAK/'lgP‘ Bonilla-Pérez et al. (2013) \g;;,?)rsl
41 | 550 | -67.67 | Rapakivi granite 1401+ 4 UlPb LAK/'lgP‘ Bonilla-Pérez et al. (2013) \42';;‘]%2
42 | 6,17 | 67,38 |  Rapakivi granite 1402 + 13 UiPb '-AK/'lgp‘ Ibanez-Mejia (2014) \4‘;’3;’]%’5'
43 | 5,24 | -67,80 Rapakivi granite 1405 + 12 U/Pb LAK)'gP_ Ibanez-Mejia (2014) \‘/I'Zr;)t;j%rsi_
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ID | LAT | LON Rock_type AGE (Ma) Method Reference TECT DOMAIN
44 | 535 | 67,60 | Rapakivi granite 1408 + 14 upp | LAICP- Ibanez-Mejia (2014) Ventuari-
MS Tapajés
45 | 694 | 66,52 Biotite granite 1424 + 21 upp | LAICP- Ibanez-Mejia (2014) Ventuari-
MS Tapajés
46 | 6,86 | -66,61 | Biotite leucogranite 1984 + 18 uph | LAICP- Ibanez-Mejia (2014) Ventuari-
MS Tapajés
. . LA-ICP- - Ventuari-
47 | 7,09 | -66,50 | Biotite monzo-granite 1989 + 21 U/Pb MS Ibanez-Mejia (2014) Tapajos
E . . LA-ICP— Maii Apaporis
48 | 3,03 | -73,87 felsic mylonite 1461 + 10 U/Pb MS Ibanez-Mejia (2011) Graben
. LA-ICP- Apaporis
49 | 3,17 | -73,89 Qz_syenite 621,7+7,5 U/Pb MS Buchely et al. (2015) Graben
R . LA-ICP- Apaporis
50 | 3,15 | -73,93 Qz_syenite 634 + 13 U/Pb MS Buchely et al. (2015) Graben
R . LA-ICP- Apaporis
51 | 2,25 | -72,89 Gneiss 1312 +5 U/Pb MS Amaya et al. (2020) Graben
S LA-ICP- Apaporis
52 | 2,12 | -72,84 Amphibolite 1313+8 U/Pb MS Amaya et al. (2020) Graben
53 | 2,89 | -70,47 Olivine-gabro 1001+59/961+61 | U/Pb LAK/'lcS:P_ Bonilla et al. 2020 Atabapo Belt
. Whole ) Apaporis
54 | 0,90 | -70,75 Augite gabro 1180 Rb/Sr Rock Priem et al. (1988) Graben
55 | 0,57 | -70,07 |  Augite-dolerite 1225 Rbigr | Whole Priem et al. (1988) Apaporis
Rock Graben
56 | 0,02 | -70,52 Diabase dyke 1180 Rbigr | Whole Priem et al. (1988) Apaporis
Rock Graben
. Whole ) Apaporis
57 | -0,17 | -70,36 Augite gabro 1200 Rb/Sr Rock Priem et al. (1988) Graben
) . LA-ICP- Apaporis
58 | 2,39 | -72,83 Nepheline Syenite 577,8 + 6,3 U/Pb MS Arango et al. (2012) Graben
59 | 2,79 | -69,28 Rapakivi granite 1343 +8 U/Pb LAK/IlgP_ Bonilla et al. (2021) Atabapo Belt
Apaporis
60 | 1,16 | -70,98 Gabro 826 + 41 KIAr | memeeeee Kroonenberg (2019) Graben
61 | 1,11 | -70,51 |  Rhyodacitic lava 1227 £ 8/13 upp | LATICP- This work Apaporis
MS Graben
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Figure 4-14. Location of PGL and SGL interpreted from geophysical data interpretation,
Tectonic lineaments (Cordani et al., 2010) and Atabapo and Vaupés belts (Ibafiez-Mejia &

Cordani, 2020).
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5.Conclusiones y Recomendaciones

5.1 Conclusiones

Se realiz6 procesamiento e interpretacién de informacién geofisica de magnetometria y
gravimetria disponible para el Craton Amazénico en Colombia, Oriente de Venezuela y
Noroccidente de Brasil. La informacién geofisica fue interpretada cualitativa y
cuantitativamente, mostrando grandes variaciones y contrastes laterales en las
propiedades fisicas (densidad, susceptibilidad magnética) de las rocas que componen el
basamento cratdnico. revelando una complejidad estructural no registrada en los mapas y
modelos descritos anteriormente.

Las metodologias de interpretacion de la informacion geofisica, aplicadas por primera vez
al area de estudio, permitieron identificar seis lineamientos geofisicos principales,
interpretados como posibles limites corticales. La orientacion y relaciones estructurales
entre estos lineamientos, combinado con otros rasgos geofisicos secundarios, son
evidencia de que estas estructuras representan limites entre dominios geofisicos
diferentes, interpretados acd como dominios tecténicos con evolucién geoldgica
contrastante. La inversion 3D de la informacion geofisica corrobord la penetracion cortical
profunda de estas estructuras geofisicas.

A partir de los lineamientos geofisicos interpretados, integrados con la informacién
geoldgica, geocronoldgica e isotdpica disponible, permitié proponer un modelo geoldgico-
geofisico para el Craton Amazoénico formado por cinco dominios tecténicos: Ventuari-
Tapajoés, Cinturén del Atabapo, Cinturén Vaupés, Rift de Apaporis y Putumayo. Cada uno
de los dominios tiene sus caracteristicas geofisicas y geoldgicas particulares, que
permitieron plantear un modelo de evolucién tecténica basado en las caracteristicas mas
relevantes de cada uno.

El aporte principal del presente trabajo al conocimiento de la porcion NW del Craton
Amazonico consiste en presentar por primera vez una reconstruccidon regional de
estructuras de escala cortical para el area, basado en la interpretacion de métodos



98 Modelo lito-geofisico del Craton Amazoénico en el Oriente Colombiano a partir de
la integracion de informacion geofisica

geofisicos integrados con datos geolégicos, geocronolégicos e isotépicos. Este modelo
geoldgico-geofisico mejora la comprension de la arquitectura tecténica regional del NW del
Craton Amazonico, soportando la presencia de algunos limites propuestos anteriormente
y permitiendo su localizacién mas precisa.

5.2 Recomendaciones

El esquema de dominios tecténicos planteado en la presente investigacion corresponde a
una integracion de la informacion geofisica y geoldgica existente y como tal tiene un
alcance regional. Se recomienda realizar investigaciones mas detalladas enfocadas en los
principales limites tectonicos presentados con el fin de validar/ajustar el modelo propuesto.

En el presente capitulo se detallan rasgos geofisicos puntuales, localizados dentro de
algunos de estos dominios tecténicos, que pueden aportar informacién adicional para
entender la evolucién geoldgica del area.

5.2.1 Respuesta magnética de las rocas sedimentarias
Proterozoicas.

Uno de los aspectos de interés es el contraste que se evidencia en las rocas meta
sedimentarias del Grupo Tunui (Kroonenberg, 2019; Bonilla et al., 2021) 6 formaciones
Roraima la Pedrera (Gémez et al., 2015), las cuales se encuentran expuestas en serranias
aisladas que resaltan sobre el relieve ondulado que caracteriza la Amazonia y Orinoquia
colombiana. Entre las serranias se resaltan las de Caranacoa y Naquen en el dominio
Tecténico Atabapo, Departamento del Guainia (Figura 5-1) y las de La Libertad y Machado
en el dominio tecténico Vaupés (Figura 5-2), ademas de otras ocurrencias pequefnas
(Kroonenberg & Reeves, 2012).

En la Serrania de Naquén las rocas sedimentarias corresponden cerca de 2000 metros de
series granodecrecientes de metaconglomerados ricos en Cuarzo, metacuarzoarenitas y
metalodolitas, estas Ultimas en ocasiones negras y localmente con contenido de pirita
(Kroonenberg, 2019). El metamorfismo de bajo grado se evidencia en la parte inferior de
la secuencia y consiste en soldamiento total de los granos en las arenita y presencia de
muscovita gruesa. Hacia la parte superior el metamorfismo no estd bien marcado o no
existe. En la Serrania de Caranacoa se encuentran al menos 1000 metros de
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conglomerados de cuarzo blanco y cuarcitas con estratificacion cruzada vy filitas hacia la
base, que descansan discordantemente sobre rocas del Complejo Mitd.

La respuesta magnética asociada a estas serranias es muy baja a nula (Figura 5-1), como
es de esperarse por el bajo o nulo contenido de minerales magnéticos asociados a las
rocas meta sedimentarias descritas.

Figura 5-1: Expresion magnética de las rocas de las serranias de Caranacoa (recuadro
rojo) y Naquén (recuadro negro).
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De igual manera, en la Serrania de La Libertad (Figura 5-2), se identifica una unidad inferior
compuesta por metacuarzoarenitas y una superior de metacuarzoarenitas con
intercalaciones de filitas, estas Ultimas compuestas principalmente por muscovita. El
contacto con el Complejo Mitd presenta pliegues de despegue asociados a cizalla (Galvis
& Ruge, 1979).
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En la Serrania de Machado, las rocas difieren en varios aspectos respecto de las anteriores
serranias. La secuencia, de 1000 metros en total, inicia con 250 metros de toba riolitica y
sélo hacia el tope de esta inician las secuencias de cuarzoarenitas. Se identifican dos
miembros: uno inferior con intercalaciones de material volcanico y horizontes enriquecidos
en silice y uno superior “cerro rojo” debido a la fuerte coloracién por presencia de hematita
y otros 6xidos de hierro, lo cual no ha sido observado en las otras serranias. En el tope de
la secuencia se describe otra unidad (Fm. Machado) la cual también tiene grandes
concentraciones de Hematita especular.

La composicién de las rocas metasedimentarias descritas en la Serrania de Machado
resulta muy importante al momento de correlacionar la respuesta magnética encontrada
en el area (Figura 5-2), en donde la informacién magnética muestra una serie de rasgos
lineales orientados NW-SE que corresponden con el rumbo de las capas sedimentarias.

Esta correspondencia entre rasgos magnéticos y la intercalacion de capas sedimentarias
con altas concentraciones de minerales magnéticos, permite interpretar que las rocas
expuestas en la Serrania de Machado tienen una continuidad lateral bastante grande,
incluso alrededor del area de la Serrania de La Libertad, como se puede evidenciar en la
Figura 5-2. En esta figura también se evidencia que esta “estratificacion” de los patrones
magnéticos continla hacia el sur y occidente de la serrania incluso mostrando un posible
cierre de una estructura sinclinal muy abierta con un cabeceo hacia el sur.

De lo anterior se encuentra que existe una respuesta magnética ligada a la composicion
de las rocas sedimentarias aflorantes en la Serrania de Machado, que esta presente en el
dominio tecténico Cinturén de Vaupés propuesto en el presente estudio. Por otro lado,
dicha respuesta magnética (¢y por lo tanto esta unidad?), no se evidencian en el dominio
Cinturén de Atabapo, méas antiguo, que esta localizado hacia el norte. Esta diferencia
composicional y de respuesta geofisica podrian indicar que esta unidad tuvo un origen y
posible evolucién geoldgica diferente.
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Figura5-2:  Expresion magnética de las rocas sedimentarias de las serranias de
Machado (recuadro negro) y La Libertad (recuadro rojo).
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5.2.2 Lineamientos magnéticos y foliacion metamorfica a lo largo
del Rio Inirida

La informacion de estructuras geolégicas asociadas a deformacion sintectdnica en rocas
del Cratén Amazénica en Colombia es muy escasa (Kroonenberg, 2019). Recientemente
Bonilla et al. (2021) presentan varios datos asociados con orientacion de bandeamientos
y milonitizacién en rocas metamorficas y orientacibn de lentes y otras estructuras
magmaticas en granitoides.

Resulta de especial interés la orientacion de este tipo de estructuras que ha sido reportada
por Bonilla et al. (2021) a lo largo del Rio Inirida (Figura 5-3), en el cual la orientacion
preferencial N80W de la foliacion metamérfica y franjas de milonitizacion resulta
claramente correlacionada con la orientacion de los lineamientos geofisicos primarios
(PGL) y secundarios (SGL) interpretados en el capitulo 3 del presente estudio.
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Figura5-3: Posible zona de cizalla interpretada entre los rios Inirida y Guaviare y
orientacion de estructuras en rocas metamoérficas e igneas.
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La orientacion de las estructuras metamorficas para esta parte del area, puede representar
un sustento geoldgico para lo que se ha interpretado en este estudio (Capitulo 3, Figura 3-
17) como una posible “zona de cizalla” orientada NEE-SWW, que parece afectar
Unicamente los dominios tectonicos mas antiguos (Ventuari-Tapajés y Cinturon de
Atabapo), ya que los lineamientos geofisicos NNE-SSW se truncan hacia el occidente
contra el PGL5 (Sutura Carurut¢,?) que se propone como limite con el dominio tecténico
Cinturén de Vaupés.
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