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ABSTRACT

Regional analysis of mud volcanoes shows the regional extension
of these processes in Northern Colombia. Mud volcanoes
are active systems with the characteristics of the underlying
sedimentary sequences on the surface, as well as the presence
of hydrocarbons. These provide information about the oil systems
and the characterization of new migration paths. New data
acquired during field geology studies, along with the evaluation
of acquired aerial images by dron, allowed observation of
variations in terms of morphology and neotectonic process, being
distinctive among mud volcanoes formed on different structural
domains. Mud volcanoes formed in basement areas without
thrust faults (Hangingwall realm of the San Jacinto Fault) are
usually circular, connected to the basement by regional faults.
Other mud volcanoes formed in older and younger deformed
belts (Footwall realm of the Sinu Fault and Footwall realm of
the San Jacinto Fault respectively) tend to have ellipsoidal
shapes, with drainage patterns that suggest local stress fields
associated with regional strike-slip movements of major faults.
The analysis of U/Pb ages in detrital zircons extracted from
mud volcanoes and outcropping sedimentary sequences in the
Colombian Caribbean, together with the analysis of foraminifera
and palynomorphs, suggest different levels of detachment.
Clay mineralogy and geochemistry indicate that mud volcanoes
formed in the backstop and the Northern part of the San Jacinto
deformed belt have sludge material from sedimentary sequences,
with contribution from continental basement rocks, while the
mud volcanoes in the central and Southern parts of the studied
area tend to show sediments from deepest stratigraphic levels,
derived from less evolved magmatic sources (dioritic basements).
Gas and water analyses from studied mud volcanoes suggest
that the old deformed belt, Paleocene accretionary wedge, and
backstop areas, have evidence of thermogenic oil systems, while
in the younger deformed belt domain, the tendency is to suggest
microbial processes.
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RESUMEN

El analisis regional de los volcanes de lodo muestra la extension
regional del fendmeno en el norte de Colombia. Los volcanes de
lodo son sistemas activos que manifiestan las caracteristicas de
las secuencias sedimentarias subyacentes en la superficie, asf
como la presencia de hidrocarburos, lo que brinda informacién
sobre los sistemas petroleros y la caracterizacion de nuevas rutas
migratorias. Los nuevos datos adquiridos durante los trabajos de
geologia de campo, junto con la adquisicién de imagenes aéreas por
dron, permitieron observar variaciones en términos de morfologia'y
procesos neotectdnicos, siendo distintivos entre volcanes de lodo
formados en diferentes dominios estructurales. Asi, los volcanes
de lodo formados en areas de basamento no afectado por fallas
inversas (Dominio del bloque colgante de la Falla de San Jacinto)
suelen ser circulares, conectados al basamento por fallas regionales,
mientras que los volcanes formados en cinturones deformados
viejos y jévenes (dominios de los bloques yacentes de las fallas de
Sind y San Jacinto respectivamente), tienden a presentar formas
elipsoidales, con patrones de drenajes que sugieren campos de
tensién local asociados a movimientos fallas rumbodeslizantes
mayores. El analisis de edades U/Pb en circones detriticos extraidos
de los volcanes de lodo y secuencias sedimentarias aflorantes en el
Caribe Colombiano, sumado al analisis de faunas de foraminiferos
y palinomorfos, sugieren niveles de despegue diversos. Los analisis
de mineralogia y geoquimica de arcilla indican que los volcanes de
lodo formados en el contrafuerte rigido y la parte norte del cinturén
deformado de San Jacinto, tienen lodos originados en secuencias
sedimentarias, con aportes de rocas de basamento continental,
mientras que los volcanes de lodo ubicados en las partes central y
sur de el drea estudiada, tienden a mostrar lodos provistos desde
niveles estratigraficos profundos derivados de fuentes igneas
menos evolucionadas (basamentos dioriticos). Los analisis de gas
y agua obtenidos de varios volcanes de lodo sugieren que el antiguo
cinturon deformado, la cufia de acrecion del Paleoceno y las areas
de contrafuerte rigido, tienen evidencias de sistemas de petréleo
termogeénico, mientras que, en el dominio del cinturén deformado
mas joven, la tendencia es a mostrar evidencias de sistemas
microbianos.
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INTRODUCTION

Mud volcanism or sedimentary volcanism is the result of the
ejection or extrusion of mud, fluids and gases (Kassi et al., 2014)
controlled by the vertical migration of overpressured and liquefied
fluids (Deville et al., 2003; Martinelli and Judd, 2004; Ceramicola,
Pareg and et al.,, 2020). It is common for the ejected products to
form deposits that consolidate around the outlet orifice, which,
based on the stacking of successive mudflows, give rise to conical
or "volcano-shaped forms” (Hedberg, 1974; Deville et al., 2006). Mud
volcanoes are interpreted as the surface expression of subsurface
mud diapir activity, which are subcompact units of mud or clay, out
of equilibrium conditions of pressure and buoyancy with respect
to their surroundings (Hedberg, 1974; Milkov, 2000; Kopf, 2002;
Satyana and Asnidar, 2008; Mazzini and Etiope, 2017). Globally,
sedimentary volcanism, specifically mud volcanism, is located in
varied tectonic settings, covering marine and continental domains,
with variable diameters and heights, as well as great diversity
in the origin of transported fluids and solids. Global comparative
studies show that mud extrusion occurs predominantly in collisional
tectonic settings, initially as a result of fluid expulsion associated
with porosity decrease by burial and later by hydrocarbon generation
(Milkov, 2000; Kopf, 2002). As can be deduced from the definitions,
the origin of mud volcanoes and mud diapirs are directly linked
to the development of overpressure zones, which can be related
to burial, tectonic, thermogenic-biogenic, and osmosis processes
(Kopf, 2002; Kassi et al., 2014), where burial and development of
petroleum systems can occur in any tectonic or depositional setting.
Inrecent decades, the study of large earthquakes on active margins
suggests that mud volcanic eruptions are a direct consequence of
compression during the phase of coseismic deformation (Jiang et
al,, 2011; Baloglanov and Mamedova, 2018) or the formation of large
period waves (Manga, Brumm and Rudolph, 2009; Bonini, Rudolph
and Manga, 2016).

In the Colombian Caribbean, there are numerous active mud
volcanoes, which are commonly mentioned in works on shale

tectonics, mud diapirism, and overpressured zone-forming
processes (Hedberg, 1974; Reed et al.,, 1990; Milkov, 2000; Kopf,
2002; Mazzini and Etiope, 2017). It has also been the subject of
study in topics such as morphology (Correa et al., 2007; Restrepo,
Ojeda and Correa, 2007; Carvajal and Mendivelso, 2017; Dill et al.,
2019; Rincon Martinez et al., 2021; Rossello, Osorio and Lépez-
Isaza, 2022), chemistry (Carvajal and Mendivelso, 2017; Dill and
Kaufhold, 2018; di Luccio et al., 2021), geophysics (Shepard, Dill
and Heezen, 1968; Bricefio and Vernette, 1992; Ghisays Ruiz et
al., 2020), biostratigraphy of ejected material (Trejos-Tamayo et
al., 2020) and natural hazards (Shepard, Dill and Heezen, 1968;
Barrera, 2001). From these studies, it is noted that the origin and
controlling mechanisms of mud volcanic activity in the Caribbean are
varied, with some models emphasizing their relationship with faults
(Reed et al., 1990; Aristizabal, Ferrari and Silva, 2009; Carvajal and
Mendivelso, 2017), organic matter content in underlying sedimentary
sequences (Gonzalez-Morales et al., 2015), or the influence of the
saltwater wedge in coastal areas (Dill and Kaufhold, 2018). However,
aspects of mud volcanism such as age, mud detachment levels,
forming mechanisms, extension, evolution, and relationship with
hydrocarbon manifestations remain poorly understood. Thus, this
work presents a synthesis of field and laboratory investigations
conducted in mud volcanoes in the Caribbean region of Colombia,
focused on the area of the Lower Magdalena Valley and Sint - San
Jacinto sedimentary basins, and the compilation of geophysical
data from the Sind and Guajira offshore basins (Figure 1). The
compendium of data obtained during this work on topics such as
geomorphology, geochemistry, geophysics, provenance, and heavy
minerals, allow us to propose scenarios of the possible rocks
from which the mud diapirs detached, the fluids they contain, the
possible mechanisms that formed the volcano or mud diapir, and
its relationship with the tectonic or sedimentary environment in
where it is located.

TECTONOSTRATIGRAPHIC FRAMEWORK

MORPHOLOGY OF THE CARIBBEAN COLOMBIA AREA

The Colombian Caribbean represents the transition from the South
American continent to the Caribbean Sea. In the continental domain
of the Colombian Caribbean, the Sierra Nevada de Santa Marta
is one of the most outstanding morphostructural elements, with
peaks higher than 4 km above sea level (a.s.l.), which is the southern
boundary of the Guajira Offshore Basin and the eastern boundary
of the Lower Magdalena Valley Basin. Another morphostructural
element of regional extension is the Serranfa del Sint and Serrania
de San Jacinto, which form the so-called Sind - San Jacinto
sedimentary basin, separating the Lower Magdalena Valley Basin
from the Sinu Offshore Basin (ANH, 2005, 2007), with heights less
than 2 km a.s.l. To the north, in the area of the La Guajira Peninsula,
hills with elevations below 1 km a.s.l. form the Serrania de Macuira
(Figure 1), as the continental boundary of the Guajira Offshore Basin
(ANH, 2007). In the offshore domain, it is possible to identify the shelf
zone, with variable amplitude from less than 1 km on the northern

flank of the Sierra Nevada de Santa Marta, to more than 75 km in
the Gulf of Morrosquillo (Figure 1).

Adjacent to the platform, the continental slope, also known as the
Caribana slope (Tabares, Soltau and Diaz, 1996), has a variable
amplitude, ranging from less than 80 km to the northwest of
the Sierra Nevada de Santa Marta, where most of the submarine
canyons are concentrated, to mare than 120 km in the Rancheria
basin area, which is the zone with the lowest number of submarine
canyons (Figure 1). The lower part of the Caribana slope is part of the
Southern Caribbean Deformed Belt (Figurel), which is characterized
by thrust belts with a northwestward tectonic advance direction
(Kellogg and Bonini, 1982; Toto and Kellogg, 1992), except in the
Magdalena Submarine Fan area, where high sedimentation rates
seem to block regional structural advance (Breen, 1989). The abyssal
plain zone in the Colombian Caribbean has been named Colombia
Basin, where depths exceed 3,500 meters below sea level (m.h.s.L),
bounded to the south by the Southern Caribbean Deformed Belt and
the Magdalena Submarine Fan, and to the northeast by the Aruba
Gap (Figure 1).
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Figure 1. Figure 1. Location map of the study area and mud volcanoes analyzed (Letter D accompanied by numbers from 1 to
18 in dark bold show the location of the mud volcanoes studied, whose names are listed in Tables 2 and 3), with location of
sedimentary basins (VIM: Lower Magdalena Basin; SSJ: Sinu - San Jacinto Basin; Sn.S.J.: Sinu - San Jacinto Basin; Sn: Sinu
offshore basin; GOF: Guajira Offshore Basin; CB: Colombia Basin) taken from (ANH, 2007), geological mapping information (dark
dotted line polygon), used in the location of mud volcanoes (Guzman and Hernandez, 1995; Guzman et al., 1998; Reyes, Barrera,
et al.,, 1998; Barrera, 2001, 2003; Clavijo and Barrera, 2002; Geotec Ltda., 2003; Guzman, Reyes and Ibafiez, 2003), trace of regional
faults are modified from Gémez et al. (2015) and in the offshore of miscellaneous jobs (Toto and Kellogg, 1992; Kellog and Vega,
1995; Corredor, Shaw and Villamil, 2003; Mantilla, 2007; Ceron-Abril, 2008; Quintero, 2012; Rincén Martinez et al., 2021). The names
of the bathymetric features (Mrr. G.: Morrosquillo Gulf), and relevant morphostructural elements (SNSM: Sierra Nevada de Santa
Marta; Sr.S: Serrania del Sinu; Sr.S.J.: Serrania de San Jacinto; Sr.T.: Serrania de Tubara; SCDB: Southern Caribbean Deformed Belt;
Sr.M: Serrania de Macuira; Sr.P.: Seerrania de Parashi) are taken from Tabares et al. (1996). Note the distribution of mud volcanoes
in the Colombian Caribbean (gray dots), and oil seeps (white dots), compiled from papers published in the onshore (Aristizabal
et al, 2009; Carvajal & Mendivelso, 2017; Herrera Atencio & Diaz Mendoza, 2018) and offshore from review of seismic programs
during this work and published papers (Shepard, Dill and Heezen, 1968; Bricefio and Vernette, 1992; Quintero, 2012; H. Mora et
al,, 2018; Rincon Martinez et al., 2021), from which the density of diapirs per cell of 25km?2 was estimated in this work (Table 4),
defining 4 blocks from south to north (thick gray lines). The ovals on the map are oriented according to the sigma 3 direction
deduced from the morphological analysis on the analyzed mud volcanoes (Table 3), useful in the deduction of regional shear
directions (in black), while the white circles show the mud volcanoes with circular shape. Symbols within ellipses and circles
refer to topographic features of the volcanoes (from Table 1). Black arrows refer to the relative motion vectors of the Caribbean
Plate with respect to the South American Plate (Mora-Paez et al., 2019).

GEOLOGY

Regionally, the Northern Colombian Caribbean zone comprises the
northernmost part of the Central and Western tectonic domains,
over which the Lower Magdalena Basin, Sinu San Jacinto Basin,
Guajira Offshore Basin, and Sinu Basin are located (ANH, 2007).
Regional geological and geochronological information from the
Northwestern Corner of South America, suggests that western
Colombia (from the Central Cordillera axis to the Pacific trench),
has been the result of a continuous process of continental growth,

by accretion of sequences related to oceanic affinity arc-crust, since
the late Paleozoic (McCourt, Aspden and Brook, 1984). Accretion
occurs along the South American continental margin, composed
mainly by continental affinity rocks formed during Mesoproterozoic
to Ordovician orogenic events (Cediel, Shaw and Caceres, 2005;
Restrepo-Pace and Cediel, 2010). This same continental growth
process has been invoked for the formation of the Colombian
Caribbean, from Early Cretaceous to Eocene, to explain the origin
of the Serrania de San Jacinto (Kennan and Pindell, 2009; Cardona
etal., 2012; Flinch and Castillo, 2015), the northwestern portion of
the Slerra Nevada de Santa Marta (Cardona et al., 2010; Villagomez
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Diaz, 2010; Bayona et al., 2012; Zuluaga and Stowell, 2012) and
western Guajira (Cardona eta (., 2009; Weber et al., 2009). From the
Oligocene to the Holocene, the Caribbean margin of Colombiainthe
Southern Caribbean Deformed Belt area and Serrania del Sind, have
grown mainly by structural stacking of accumulated sediments in
the Colombia Basin and the advance of the Magdalena Submarine
Fan (Duque-Caro, 1979; Toto and Kellogg, 1992; Corredor, Shaw and
Villamil, 2003; Cadena, Romero and Slatt, 2016).

The peripheral part of the Southern Caribbean Deformed Belt is
predominantly composed of sediments accumulated during the
Plio-Pleistocene, affected by thrust faults with NW tectonic advance
direction (Corredor, Shaw and Villamil, 2003; Rodriguez, 2020; Lépez-
Ramos et al., 2021). Towards the interior of the Southern Caribbean
Deformed Belt, a folded belt composed of thin Plio - Pleistocene
and thick Miocene to Oligocene? sequences outcropping along
the Serrania de San Jacinto and Serrania del Sinu belt is observed
(Duque-Caro, 1979; Aguilera, 2011), with numerous offshore (Bricefio
and Vernette, 1992) and onshore (Carvajal and Mendivelso, 2017)
active mud volcanoes. Published structural analyses suggest that
the large number of active mud volcanoes along the Southern
Caribbean Deformed Belt may be related to high fluid pressuresinan
area under compression (Toto and Kellogg, 1992), or by mud outflow
through vertical conduits associated with wrench faults produced

by accommodation of compressional structures (Aristizabal, Ferrari
and Silva, 2009) or extensional fractures formed on the crest of
anticlines (Quintero, 2012).

CHRONOSTRATIGRAPHIC SETTING OF THE NORTHERN
COLOMBIA BASINS

The Colombian Caribbean has a varied stratigraphic nomenclature,
suggesting important chronostratigraphic and lithostratigraphic
changes between basins such as the Lower Magdalena Valley, Sint -
San Jacinto, Sinu Offshore and Guajira Offshore (Table 1), delimiting
"terrains" with their own stratigraphic characteristics such as the so-
called Sinu Terrane, composed of sedimentary rocks accumulated
predominantly during the Oligocene, while the San Jacinto Terrane is
essentially composed of Paleocene rocks (Cediel, Shaw and Céaceres,
2005). Units such as the San Cayetano Fm. have been interpreted by
some authors as a sequence bounded by regional unconformities,
accumulated during the Paleocene (Aguilera, 2011; Laverde, 2000;
Mora et al., 2018), while other authors integrate the San Cayetano
Fm. with formahons such as Maco and Chengue (Cardona et al.,

2012; Flinch, 2003). A second sequence of regional expression,
accumulated from the late Eocene to early Oligocene, composed of
the San Jacinto and Tolu Viejo formations (Table 1), is characterized

Table 1. Correlation table of stratigraphic units for the Northern Caribbean of Colombia and the age of the sequences limited
by regional unconformities defined in this work in the Colombian Caribbean. Ages, boundaries, and names of stratigraphic
units were taken from published works (Aguilera, 2011; Biirgl, 1960; Cardona et al., 2012; thch 2003; INGEOMINAS, 2009;
Laverde, 2000; Mora et al.,, 2018; G. Rodriguez & Londofio, 2002).
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at the base by conglomeratic sandstones that grade upward to algal-
rich limestone banks and nummulites (Cardona et al., 2012; Mora et
al., 2018). A third sedimentary sequence, accumulated discordantly
in the Lower Magdalena Basin and Sinu - San Jacinto Basin, from
the early Oligocene to early Miocene, composed of formations
such as Ciénaga de Oro, Carmen, Hibacharo, Alferes and Porquero
(Table 1), is lithologically characterized by variable intercalations of
mudstones and arenites (Aguilera, 2011; Geotec Ltda., 2003; Mora et
al., 2018, 2019). Several authors consider that most of the volcanoes
and mud diapirs of the Colombian Caribbean are detached from this
sequence, as well as the regional detachment level of the Southern
Caribbean Deformed Belt thrusts (Aristizabal et al., 2009; Duque-
Caro, 1979; Flinch, 2003; Rodriguez, 2020). From the Middle Miocene
to the Holocene, significant siliciclastic sedimentation of thicknesses
greater than 4 km is registered in the Magdalena Submarine Fan
area (Ceron-Abril, 2008; J. A. Martinez et al., 2016; Basabe, 2018),
as well as in the Guajira Offshore and Sind offshore basins, while
in the Lower Magdalena Valley and Sint - San Jacinto basins they
tend to decrease in thickness, as recorded by formations such as
Sincelejo, Tubard, Corpa, Zambrano, Cerrito and Betulia -among
others- (Table 1). The rocks of the latter sequence are intensely
affected by mud volcano activity, intense deformation by mud
diapirs and regional faults both onshore (Carvajal and Mendivelso,
2017) and offshore, where additionally numerous Mass Transport
Complexes and Gravitational Gliding are observed (Leslie and Mann,
2016; Ortiz-Karpf, 2016; Naranjo-Vesga et al., 2020).

In the area of La Guajira, cartographic and stratigraphic works
(INGEOMINAS, 2009; Rodriguez & Londofio, 2002), show that
in the northern part, there are Mesozoic sedimentary rocks of
formations and groups such as Palanz, Yuruma, Cogollo, La Luna
and Guaralamai, covered discordantly by sedimentary rocks of
formations such as Macarao, Siamana, Uitpa - Jimol and Castilletes
accumulated during the Cenozoic (Table 1). Igneous activity is
reported during the Eocene, represented in the Parashi intrusive,
synchronous to the final phase of intrusion and deformation of the
Santa Marta batholith (Cardona, A. Valencia, et al., 2011; Villagomez
et al., 2011; Zuluaga and Stowell, 2012), a period in which a large
temporal hiatus is evident (Table 1). In the northern part of the
Guajira Offshore Basin, borehole-controlled seismic interpretations
suggest the presence of sedimentary sequences of Cretaceous and
Lower Paleocene - Eocene age, preserved in areas of continental
basement affected by extensional fault systems (Martinez et
al., 2016). The greatest thicknesses of sedimentary sequences
accumulated from the late Eocene to the Holocene in the Guajira
Offshare Basin, are affected locally by transtensional fault systems
(southern part of the Guajira Offshore Basin), gravity gliding and
mud diapirism (Galindo, 2016; Martinez et al., 2016).

DATA AND METHODOLOGY

DATA

The current study used more than 28,000 km of 2D reflection
seismic lines, covering the entire Sinu offshore, Guajira Offshore,
Sinu - San Jacinto and Lower Magdalena Valley basins, as well as
the Magdalena Submarine Fan. This seismic information allowed
to observe the subsurface expression of onshore and offshore mud
volcanoes, and to locate active offshore mud volcanoes (Figure 1).
We also integrated information from: a) digital elevation models
with 30 m and 12 m resolutions (150,000 km?), derived from
global databases, used to identify mud volcanoes and associated
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structures; b) geologic mapping (45,000 km?), scale 1:100,000
(Guzman and Hernandez, 1995; Guzman et al., 1998; Reyes, Barbosa,
et al., 1998; Reyes, Barrera, et al., 1998; Barrera, 2001, 2003;
Clavijo and Barrera, 2002; Geotec Ltda., 2003; Guzman, Reyes and
Ibafiez, 2003), used to obtain the location of mud volcanoes and
stratigraphic sequences affected by mud diapirism; c) more than
40,000 km?2 of bathymetric information, used in the delimitation of
offshore mud volcanoes. Additionally, radiometric dating information
using the U/Pb technique in detrital zircons from outcropping
sedimentary sequences was collected in the Sind - San Jacinto
Basin, as well as in Lower Magdalena Valley Basin, Sinti Offshore
Basin and Guajira Offshore Basin wells (Cardona, V. A. Valencia, et
al,, 2011; Cardona et al., 2012; Lara et al., 2013; Cardona and et al.,
2014; J Gémez et al., 2015; Silva-Arias et al., 2016).

The integration of all this information in a GIS environment enabled
us to select 18 sites with active mud volcanoes (Figure 1), where
the following activities were conducted: a) sampling of mud over
active chimneys, for the extraction of detrital zircons, intended to
obtain radiometric ages by isotopic techniques (U/Pb in zircons); b)
identification of heavy minerals extracted from the mud expelled
by the mud volcanoes; c) identification of clay minerals ejected
by the mud volcanoes, using XRD techniques; d) petrography of
clasts and blocks transported by the volcano to the surface; e)
identification of foraminiferal faunas, calcareous nannofossils, and
pollen transported to the surface by the mud; f) sampling of fluids
and gases to determine the type and origin of the hydrocarbons in
active mud volcano chimneys.

METHODOLOGY

The study began with a review of geological cartographic
information, including the location of mud volcanoes in the
continental domain of the Colombian Caribbean area (ANH, 2005).
Furthermore, it relied on compiled publications and reports of mud
volcanoes in the area (Guzman et al.,, 1998; Reyes, Barrera, et al.,
1998; Barrera, 2001, 2003; Geotec Ltda., 2003; Guzman, Reyes
and lbafiez, 2003; Carvajal and Mendivelso, 2017), geophysical
and tectonic studies (Shepard, Dill and Heezen, 1968; Aristizabal,
Ferrari and Silva, 2009; Dominguez et al.,, 2010; Quintero, 2012;
Bernal-Olaya, Mann and Vargas, 2016; Herrera Atencio and Diaz
Mendoza, 2018; Ghisays Ruiz et al., 2020; Rincén Martinez et al.,
2021; Rossello, Osorio and Loépez-lsaza, 2022). Subsequently,
volcanic cones were identified on the seafloor, with 2D and 3D
seismic information, bathymetry and surveys developed to identify
chimneys (Figure 1). The integration of these sources of information
provided us with a regional distribution of mud volcanism in the
onshore and offshore domains of the Colombian Caribbean area.
With the processing of digital elevation models, parameters such
as dome diameter (major and minor), and dome height, as well as
elongations, drainage layout and hills around the main crater were
calculated (Figure 2 and Table 2). This analysis allowed us to define
easily accessible locations of recent volcanic mud activity (Figure
1), where mud and fluid samples were taken to: a) obtain the age
of detrital zircons by U/Pb method to define the age of sources of
sediments crossed by the mud diapir; b) extract fluids and gas from
the active chimneys to analyse their geochemistry and postulate
process of hydrocarbon formation; c) analyse the concentration of
oxides and trace elements to identify the source of the sediments
that make up the sedimentary sequences crossed by the mud
diapirs; d) describe the micropaleontological content of mud and
clast to identify the stratigraphic levels crossed by mud volcanoes;
d) characterize the composition of the clast by petrography; e)
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Figure 2. . Average topographic profiles of the volcanoes studied in the Colombian Caribbean (extracted from Digital Elevation
Models with 12 m of resolution), with their degree of ellipticity and morphology (according to the geomophological descriptions
summarized in table 2). The images show examples of some mud volcanoes with an elongate shape (right hand images), and

asymmetrical circular shapes (upper left images).

extract heavy minerals. Mud samples were taken at the borders of
the gryphons and craters of each of the mud volcanoes, using a 50
cm penetration, 1.5 cm diameter, stainless steel, hand-operated
soil drill, extracting 150 g of sample per borehole. An average of
1,000 g of mud was taken for detrital zircons recovery, 1,000 g of
sample for preservation, 250 g for biostratigraphic analysis, 250
g for chemical analysis of elements (major, minor and trace), 100
g for spectroradiometric calibration, and samples of mud-borne
clasts for petrographic analysis. Fluid samples were collected in
5-liter containers, and gases were collected through a hood for final
separation in the laboratory by decanting and filtering.

The mineralogical characterization of the clays was conducted by
X-ray diffraction using a Rigaku Smartlab SE model equipment, which
made it possible to: a) identify the clay minerals (phyllosilicates),
and the non-clay minerals with an ordered internal structure; b)
establish the mineralogical profile and the types of mineralogies
present. Two modalities were used for this analysis: Total rock, or
bulk and clay fraction. To correlate the characteristics of the clay
minerals resulting from the burial processes to which the volcanics
were subjected, measurements of the second reflections (002) in
the spectra saturated with ethylene glycol were made to determine
the proportion of Illite in the interstratified (I/Sm) and the direct
relationship with the degree of ordering of each interstratified (R
= Reichweite). Further, analyses of major, minor and trace oxide
contents were performed on all samples.

Biostratigraphic analyses were performed in ICP laboratories
(Instituto Colombiano del Petroleo). Samples for foraminiferal
analysis were treated by the 10% hydrogen peroxide (H,0,) method
due to the quality of the material (Sohn, 1961). Once the samples
were prepared, they were sieved on 250 um, 125 um, 62.5 um
and 44 um meshes. Subsequently, foraminifera were selected
and assigned to a morphospecies to identify biozones along the
sedimentary succession. Samples for calcareous nannofossil
analysis were processed at the Geological Sample Processing
Laboratory (LPMG) of the ICP, by the simple smear method (Bown
and Young, 1998), which consists of cleaning the sample surface to
avoid contamination, disintegrating a little sample on a slide, adding
distilled water, and making a paste with a toothpick, rubbing it on the
slide surface, and drying it on a drying plate. Subsequently, they were
fixed on the surface with a coverslip, using diluted Canada balsam,
with a previously labeled plate. The samples for palynological
analysis were processed in the LPG labaoratory of the ICP, following
the protocol described in (Traverse, 2007) and the zonation was
based mainly on the criteria proposed by (Jaramillo, Rueda and
Torres, 2011), adjusting the ranges and stratigraphic positions of the
key markers or taxa, based on the most recent analyses performed
in the Colombian Caribbean offshore area.

Part of the mud volcano samples were processed to extract detrital
zircons, in which U-Pb isotope analyses were performed, carried out
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Table 2. Summary table of morphological characteristics of the 18 active mud volcanoes sampled. The numbers in the left column
correspond to the numbers of the diapirs located on the map (Fig. 1). Columns of stage, shape, and type properties are described
according to (Mazzini and Etiope, 2017). Topography is described according to topographic profiles (extracted and summarized in
the Fig. 2). Geary and Moran shape profiles are described according to cross sections extracted from autocorrelation models in the
selected mud volcano areas. Structural control and Sigma 3 columns describe the regional movements along faults, deduced from
morphoestructural analysis.

Geary Moran
profile profile .
ngcl:laio Name Stage Shape Roundness Topography  shape shape Type Sggg:;l;f\l Orsi:a%ﬂ?c i% n
autocorre- autocorre-
lation lation
DOl Lalaguna Sleeping  Plateau-Low Circular Asymmetric Cone U Bubblers
D02  LasPalomas Sleeping  Collapse Elongated Simmetric plateau U Bubblers-Clast Dextral shear 340
: Sleepi
D03 SantaCatalina /Eiﬁglgtg Sink-hole Elongated  Simmetric M U Splatters Dextral shear 320
D04 Yerbabuena Sleeping  Plateau-high Elongated  Simmetric MU u Bubblers Dextral shear 350
DO5  Elreposo Sleeping  Plateau-high Elongated  Simmetric | u Bubblers-Clast Dextral shear 350
D06  Santalucia /Séiiglcqg Conical Circular Simmetric | \% Clast rich
D07  Cafaveral Sleeping  Impact Elongated  Simmetric M Vv Splatters-Bubblers  Dextral shear 340
D08  ElRodeo Lateral Sleeping Hign plateau Elongated Simmetric MU U Splatters-Bubblers  Dextral shear 10
-multicrater
D08  ElRodeo Central Sleeping il jpkizsy Elongated  Simmetric MU U Splatters-Bubblers  Dextral shear 10
-multicrater
D09  Flamenco Sleeping  Growing Circular Simmetric M U Splatters-Bubblers
DI0  ElTesoro Sleeping  Subsiding flanks  Elongated Irregular M U Bubblers Dextral shear 330
D11  Virgendel cobre Sleeping ~ Growing Circular Asimmetric M U Bubblers
D12  Arboletes Sleeping  Plateau-Low Elongated  Asimmetric Cone U Bubblers 315
D13  Puertoescondido Sleeping  Multicrater Elongated  Asimmetric MU U Splatters 330
D14 SanJosedeMulatos Sleeping  Multicrater Elongated Szl Vv u Bubblers-Clast 315
-multicrater
DI5  ElVeintiocho Sleeping  Subsiding Croular  Irregular | R2 Splatters Blocks
-multicrater
D16  ElQlivo Sleeping  Growing Elongated ~ Simmetric M Clast rich Dextral shear 340
D17  ElTotumo Sleeping  Multicrater Circular Asimmetric N Splatters
D18  Viaal Totumo Sleeping  Multicrater Elongated ~ Asimmetric N Splatters 345

by Zirchron LLC laboratory (Tuczon, Az). Host rock samples were
also analysed by this method to compare ages with those obtained
from mud volcano samples. Samples for fission-track age analysis
in zircons were subjected to mineral separation for heavy extraction
using an electric pulse disgregator, selecting material between
25 and 500 microns in size, mounted on plates with epoxy and
subsequently polished. Cathodoluminescence images were taken
and U/Pb analyses were done with laser ablation ICP-MS, coupling a
G2 193 nm excimer laser analyzer to the mass spectrometer. The U/
Pb measurements were taken following the methodology proposed
by (Chang et al., 2006). For this work, the data and graphing of U/Pb
results and calculation of ages were adapted to the methodology
proposed by (Gehrels, 2012) selecting ages 206Pb/238U for <100Ma
and 206Pb/207Pb for >1000 Ma, applying analytical uncertainty
filters ( not higher than 10%), analysis of concord, inverse discord
and zircons of young ages (< 500 Ma). The data obtained were
statistically analyzed and plotted according to the methodology
from (Gehrels, 2012; Vermeesch, Resentini and Garzanti, 2016).
Water, oil and gas (hydrocarbon and non-hydrocarbon) samples
were extracted from the active volcanoes. The samples were treated
in the field for preservation and shipment to the ICP laboratories,
maintaining the cold chain. The results obtained were tabulated
and taken to ArcGIS, where they were visualized in the form of bar
diagrams, to observe the spatial variations of each method.

RESULTS

MORPHOLOGY

The integration of the results of the morphostructural analyses
performed in the 18 mud volcanoes visited in the field during this
project (Table 3), shows that more than 70% of the mud volcanoes
have an elongated shape, with a direction of the major axis towards
the NNE (Figure 1). Analysis of the lineaments and faults present
in the area show that the elongated mud volcanoes exhibit some
structural control, kinematically associated with dextral shear
(Figures 1 and 2). Elongated-shaped volcanoes are concentrated in
Serrania del Sind (Figure 1), while circular shapes are concentrated
in Serrania de San Jacinto and Lower Magdalena Basin (Figure
1). Morphostructural analysis shows that several of the elongate
diapirs have kinematic signs of dextral shearing, with extensional
vector direction (03), with variable azimuth between 3302 and 350°,
linked to regional thrust fault movements with dextral component
(Figures 1 and 2). Topographic profiles of diapiric domes show that
they tend to be symmetrical in the area between Cartagena and
Barranquilla, with some exceptions in volcanoes such as EL Totumo
and La Laguna, which are close to regional block boundaries (Figure
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Table 3. Summary of ages obtained from palynological and micropaleontological analyses. The numbers in the left column
correspond to the numbers of the diapirs (Table 1 and Fig. 1). Palino_young 1, bas 1, Top 2 and Bass 2 columns refers to age ranges
of the two younger palynological associations, while Paly_oldest peak 1 and 2 refers columns refers to age ranges of the two
oldest palynological associations obtained from samples recovered in mud volcanoes studied in this work. Column of Preservation
Degree describe four categories of foram shells preservation: 1) Fair to bad; 2) Fair; 3) Fair to well; 4) Well preserved. The Foram
recovery column describes the number of specimens recovered in each sample: 1) <15 specimens; 2) >15<40 specimens; 3) >40<100
speciments; 4) >100<400 specimens; 5) >400 specimens. Columns of younger and older Forams refers to the ages (younger and older)
in Ma obtained from the micropaleontologial analysis of recovered specimens.

Palin i Palin i .
M Yowg Yowg Yoy Yowg Oudest Oldost [ooms Preservatin Forams Forams
Topl Basl Top2 Bas2 Peakl  Peak2

001 LalLaguna 0 2 65 5 4 7 20
002 Las Palomas 0 56 2 2

003 Santa Catalina 0 23 ® 3

004 Yerbabuena 0 72 23 48 70 65 4 8 14
005 El Reposo 0 55 4 2

006 Santa Lucia 23 48 5 3 20 40
007 Canaveral 53 23 70 65 2 2

008 El Rodeo Lateral 4 1 20
008 El Rodeo Central 5 2 20
009 Flamenco 5 23 2 2

010 El Tesoro 0 55 4 2 20

011 Virgen del Cobre 7 12 4 3 4 20
012 Arboletes 7 12 70 65 4 4 D 20
013 Puerto Escondido 0 7 ® 2 7 20
014 San Jose de Mulatos 0 59 65 4 2 7

015 EL Veintiocho 0 23 2 2

016 El Olivo 5 23 34 2 2

017 El Totumo 0 5 65 4 3 7 40
018 Via al Totumo 11,5 161 65 2 2

2). To the south, in the Sinu area, diapiric domes tend to present
asymmetric topographic profiles (Figure 2), especially those located
near regional block-limiting faults. The status of the volcanoes
(Mazzini and Etiope, 2017) is predominantly dormant, with one in
an inactive state - Santa Lucia - and the rest of them being inactive
(Yerbabuena, Arboletes and EL Totumo).

XRD CLAY CHARACTERIZATION

The mineralogical characterization by X-Ray Diffraction (XRD) of
the sediment samples of mud volcanoes taken in the Colombian
Caribbean onshore area shows similar mineralogies at mass level,
predominantly quartz-rich clay minerals (phyllosilicates), with values
between 56% and 78%, enriched in quartz, with values between 22%
and 35%, except for sediments of EL Rodeo, El Tesoro, and Virgen del
Cobre mud volcanoes, with quartz content below 20%. In smaller
proportion, sodium feldspar and/or plagioclase are observed, which
do not exceed 8%, potassium feldspar with maximum values of 6%.
Calcite type carbonates not exceeding 5%, and Pyrite at trace level.
Among the clay minerals, characterized at the level of the fraction
smaller than 2 um, Chlorite predominates, especially in the volcanics
studied in Serrania del Sind, while Smectite predominates mainly
in the volcanics studied in the northern part between Barranquilla
and Cartagena, in Serrania de San Jacinto, Serrania de Tubard, and
Lower Magdalena Basin (Figure 3). Another clay mineral detected is
ILlite, which in subsequent treatments shows low crystallinity indices

in the southern and central part of Serrania del Sinu, increasing its
degree of crystallinity towards the north of it. The crystallinity of
kaolinite varies from 0.3t0 0.4 A °26, especially in the southern part
of the Sinu - San Jacinto basin, decreasing to 0.15 A °26 along the
Serrania de Tubard and Lower Magdalena Basin in mud volcanoes
such as El Totumo, El Veintiocho, Santa Catalina, and La Laguna
(Figure 3).

The saturation of clays with ethylene glycol shows two clear
diagenetic trends, one with very shallow burial levels and Illite
percentages between 10-40% within the interstratified I/Sm, and
the other with much higher levels, between 60-75% associated
with more advanced diagenetic states and correlatable with higher
burial conditions and temperature. Preliminary analyses suggest
the presence of several smectite phases in most of the samples,
with smectite contents ranging between 2 and 8%, a value that
was quantified in the Bulk fraction. To expand the analysis of
some of these samples, they were treated with Li. The samples
corresponding to the mud volcanoes La Laguna, Santa Catalina, El
Reposo, Yerbabuena, EL Rodeo, and Flamenco, show the presence of
two smectite phases: one of Montmorillonite type, signal remaining
at 10A, and another possibly of the Beidelite type, band between
14-17A. On the contrary, the behaviour of the samples in mud
volcanoes such as Las Palomas, Santa Lucia, Cafiaveral, Flamenco,
Rodeo Lateral, Virgen del Cobre, Arboletes, and Puerto Escondido
during treatment with Li at 300 °C and Li at 300 °C with glyceral,
evidence of the closure and permanence of a single signal at 10A,
thus confirming the presence of Montmorillonite.
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Figure 3. Location map of mud volcano samples analyzed
by XRD. The bars indicate the gercentages of the main clay
minerals obtained in each mud volcano and the numerical
values correspond to the corrected crystallinity indexes of illite.
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del Sinu (Sr. S) and southern part of the Sint - San Jacinto Basin
(SSJ), mud volcanoes tend to have higher contents of chlorite.
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INORGANIC GEOCHEMISTRY

Geochemical analyses were conducted on mud volcano samples,
obtaining 10 major and 38 minor and trace elements. The results
show variability in the content of the different oxides, with SiO, and
Al,0, being the most variable and with the highest relative contents.
The mobility and immobility of elements in the sedimentary medium
were evaluated by the construction of pairs of element scatter
plots, especially with respect to Al,O,, which is a relatively immobile
element. Some works (Amajor, 1987) used the TiO, vs Al,0, and
La/Sc versus Th/Co binary plots to distinguish between granitic
and basaltic source rocks. Applying the TiO, vs AL,O, plot (Figure
4) revealed that the studied shale extracted from mud volcanoes
define two main families: a) Family 1, characterized by a positive
linear correlation, especially from samples extracted from mud
volcanoes located in the Lower Magdalena Basin, northern part of
Serrania de San Jacinto and Serrania de Tubara (Figure 4); b) Family
2, characterized by major TiO, concentrations, describing a trend
above the positive linear correlation observed in Family 1, especially
in samples from mud volcanoes along Serranfa del Sinu (Figure 4).
The scatter plot of La/Sc versus Th/Co shows that the Family 1 of
mud volcanoes tend to have ratios of these elements above 0.7 and
0.5 respectively, while Family 2 of mud volcanoes tend to have lower
ratios (Figure 4). The scatter plot of Al,O,/P,0, vs Th/La (Figure 5)
is useful to define the proportion of terrigenous, hydrogenous and
volcaniclastic sources in marine sediments (Planke, 2005). The
analysed samples of shales showTh/La values between 0.3 and 0.4
for the mud volcanoes located along Serrania del Sinu, Serrania de
San Jacinto, and to the west of the Serrania de Tubara, while Th/La
values above 0.4 are concentrated in Serrania de Tubara and Lower
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Figure 4. Location map of mud volcano samples with analysis of major oxides (?ray and black dots) and trace elements (Lanthanum-
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Wekeil an

ercentages in bar diagrams). On the left, provenance
El-Anwar, 2013; Chen et al.,, 2016; Mitra, Chakrabarti and Shome, 2018), the black dots refer to the samples from the

iagrams of Al,O, vs TiO, and Th/Co vs La/Sc (Amajor, 1987; El-

volcanoes studied at Serrania del Sinu (Sr. S.J.), Lower Magdalena Basin (VIM) and Serrania de Tubara (Sr. T.), while the gra
dots refer to the mud volcanoes studied at Serrania del Sinu (Sr. S). Note the tendency to present genetic relationships wit
granitic-silicic rocks in the northern mud volcanoes, while to the south, they tend to basaltic sources. The bar diagrams show the
Lanthanum and Scandium content in sampled mud volcanoes, with Lanthanum predominating in the northern volcanoes and
Scandium to the south.
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Magdalena Basin (Figure 5). In contrast, the AL,0,/P,0; values show
a wide range, from 35 to 160, with no particular spatial relation to
the distribution of the mud volcanoes analyzed (Figure 5).

U/Pb AGE POPULATIONS IN DETRITAL ZIRCONS EXTRACTED
FROM MUD VOLCANOES

The processing of sediments extracted from the active gryphons
of the mud volcanoes analyzed in the Colombian Caribbean during
this work allowed the recovery of sufficient quantities of detrital
zircon crystals for U/Pb dating. These detrital zircons have been
transported to the surface by dragging during the intrusion of
overpressured mud through the sedimentary sequences. In general,
zircon recoveries were abundant, between 80 and 250 zircons,
selecting for each sample 206Pb/238Pb ages for <1,000 My and
206Pb/207Pb ages for >1,000 My. Analytical uncertainty filters
(less than 10%), concordance analysis, inverse discordance and
young zircon ages <500 My were applied to the data. All data were
statistically analyzed and represented in Probability vs. Age plots
for ages <500 My, as well as Density plotter and DZage to define
the first representative statistical population of ages. Based on this
analysis, we were able to discriminate an average of teen U/Ph age
populations for each mud sample, with crystal structure closure
ages from 1 to 1,500 My, and to extract the youngest zircon grain
age (values between 1 and 67 My). The age populations obtained
were compared with detrital zircons ages reported in Meso-Cenozoic
sequences outcropping in the Sind and San Jacinto mountain ranges
to establish possible stratigraphic levels of detachment of the mud
rising through the mud volcanoes.

The age of the youngest zircon grain extracted shows that values above
24 My tend to be found in mud extracted from mud volcanoes in the
northern part of Serrania de San Jacinto and Serrania de Tubara, while
values below 24 My are characteristic of muds recovered from near-
shore mud volcanoes, especially along Serrania del Sinti and northern

Serranfa de Tubara (Figure 6). The youngest U/Pb population age
(first relative age frequency peak) obtained from the analyzed mud
samples shows a geographic distribution similar to that observed
for the youngest zircon grains. Thus, relative frequency values above
69 My are observed along Serrania de Tubara and Serrania de San
Jacinto, north of VIM and punctually south of Serrania del Sind, in
the San José de Mulatos mud volcano (Figure 7), and lower than
69 My in the northern part of Serrania del Sind and Serrania de
Tubard (Figure 6). This geographic distribution holds when selecting
the four youngest populations of U/Pb ages (first four peaks of
relative age frequency), tending to be lower than 69 My in the mud
volcanics along the Serrania del Sind and Serrania de San Jacinto,
while towards Serrania de Tubarg, values tend to be greater than
69 My (Figure 8). A similar distribution pattern is maintained when
extracting the four oldest populations (last 4 relative age frequency
peaks), tending to present zircons with Neoproterozoic and lower
Palaeozoic ages in the Serrania de Tubard and northern Serrania
de San Jacinto zone, while in the southern Serranfa de San Jacinto
and Serrania del Sinu zone, there is a tendency to recover zircons
of Mesozoic - Cenozoic ages (Figure 8).

COINCIDENT CLUSTERING OF U/Pb AGE POPULATIONS
IN DETRITAL ZIRCONS BETWEEN MUD VOLCANOES AND
SEDIMENTARY FORMATIONS

Considering that the zircons recovered from mud volcanoes result
from the concentration of minerals during their ascension to the
surface, a comparative exercise of ages of detrital zircons from
the probable source or host rock, with those obtained in the zircons
extracted from mud volcanoes was performed. For this exercise,
we used U/Pb age values in detrital zircons from ninety samples
obtained from outcropping sedimentary formations in previous
works, along the Serrania de San Jacinto, Serranfa de Tubara
and Serranfa del Sinu (Figure 9), compiled from published works
(Cardona et al., 2009, 2012; Villagémez Diaz, 2010; Cardona, A.
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Figure 5. Left Correlation plot of Th/La trace element ratios vs. oxides (Al1203/P205) in marine sediments of the world (Planke,
2005). Polygons show typical ratios in lithologic units or tectonic regions; stars refer to average compositions obtained in
sediments accumulated in pits; circles with letters indicate ratios obtained in compositional averages of continental crust (A and
C), global sediments in subduction (B) and shales of post-Archean age (D); dark green squares refer to contents found in sediments
obtained from diapirs in northern Colombia. Map in the right side show the location of mud volcanic samples and their Th/La ratio
(diameters of the circles refer to the ratio obtained), grouped by families according to the trends observed in the graph on the left
side (sediments derived from granitic sources - acid volcanics, or from varied volcanic sources).
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Figure 6. Left side map of the location of mud volcano samples and the age of the youngest grain obtained in each one (diameter
of the circles refers to the age in Ma). Note the concentration of ages older than 24 Ma in the northern part of the studied area
(surrounded by the thick dark gray line), while ages younger than 14 Ma appear to be concentrated in mud volcanoes located in the
central and southern part of the study area (surrounded by the light gray line). Right side map of location of mud volcano samples
and the age of the youngest zircon population obtained in each (diameter of circles refers to age in Ma). Note the concentration of
a?es older than 69 Ma in the northern and southern part of the study area (surrounded by the thick dark gray line) and examples

relative probability vs Ma plot for U/Pb ages plots from samples of the Flamenco and Yerbabuena mud volcanoes (D004 and 009),
while ages younger than 53 Ma appear to be concentrated in the central part of the study area §mud volcanoes surrounded by the
light gray line) and example of probability vs Ma plot for U/Pb ages plot obtained from samples of the Arboletes mud volcano (D012).
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Figure 7. Location map of the San Jose de Mulatos mud volcano, samples from nearby outcrops and the relative frequency diagrams
of number of zircon grains vs. age plots for the 0 to 300 Ma interval result of the U/Pb analysis. Note the similarity of the 70 to 80
Ma and 250 to 300 Ma ages recovered from the mud volcano and surrounding units.
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Figure 8. Maps of mud volcanoes location and U/Pb ages of the 4 youn%est zircon grain polpulations (left side) and 4 oldest zircon
grain populations (right side), obtained from each sampled mud (bar length refers to millions of years recorded by population,
maximum recorded 480 Ma for populations on the left and 790 Ma for populations on the right). Note the concentration of ages
younger than 100 Ma in the Sinu - San Jacinto Basin (SSJ) and west of the Serrania de San Jacinto (Sr.S.J.) surrounded by the light
gray thick line, while ages older than 100 Ma seem to be concentrated in the mudstones of the volcanoes located in the Serrania

e Tubara (Sr.T.) and north of Serrania de San Jacinto (Sr.S.J.), surrounded by the dark gray thick line. Examples of probability vs

Ma plots for U/Pb ages obtained in the mud volcanoes Virgen del Cobre (DO11), Totumo and Via al Totumo (D17 and 18)

Valencia, et al., 2011; Cardona, V. A. Valencia, et al., 2011; Lara et
al,, 2013; J. Gémez et al., 2015; Silva-Arias et al., 2016; Leon et al.,
2018; Jaramillo et al., 2019; Lopez-Ramos et al,, 2021) and the
database "Map of uranium lead chronology samples from basement
and detrital samples”, a consolidated database managed by the ICP
(Instituto Colombiano del Petréleo). The ninety U/Pb age values
in detrital zircons were discriminated according to the age of the
formation from which the samples were extracted into: Cretaceous
(13 samples); Upper Paleocene - Lower Eocene (30 samples);
Middle to Upper Eocene (20 samples); Oligocene (8 samples);
Miocene - Pliocene (20 samples). The results of the selection were
represented in the form of relative frequency diagrams, trying to
reproduce the behaviour of the U/Pb ages of the detrital zircons
recovered in the sampled sedimentary sequences (Figure 9).
Similar diagrams were created for the results obtained in the mud
volcano samples, which were compared with the diagrams of the
sedimentary sequences analyzed to select, based on the best match
between diagrams, the probable stratigraphic level of detachment
of the mud volcanoes. From the comparative analysis, it is observed
that the mud volcanoes can be grouped into four groups, indicative

of stratigraphic detachments levels with different ages (Figure 9).

Group 1 of mud diapirs: U/Pb ages of detrital zircon grains recovered
from sedimentary units accumulated during the late Paleocene
- early Eocene (San Cayetano Fm.), show three main population
ranges (Figure 9): one between 80 and 130 My (Cretaceous); another

between 210 and 300 My (Permo - Triassic); a third between 500 and
1,000 My (Mesoproterozoic - Cambrian). Two of the three population
age ranges described above for sedimentary units accumulated from
the late Paleocene - early Eocene coincide with the population age
ranges obtained from zircons recovered from mud samples taken
from the Cafaveral mud volcano, south of the Serrania de Tubara
(Figure 9). This coincidence suggests that the analyzed muds
from the Canaveral mud volcano may have as a detachment level,
sediments accumulated from the late Paleocene to early Eocene.

Group 2 of mud diapirs: The sedimentary units accumulated
during the middle - late Eocene (Maco, Chengue and San Jacinto
formations), which rest discordantly over sedimentary units of the
late Paleocene - early Eocene (San Cayetano Formation), contain
detrital zircons, whose U/Pb ages can be grouped into three
population ranges (Figure 9): one between 65 and 90 My (Late
Cretaceous); other with ages between 180 and 320 My (Permo-
Triassic); a third population with ages between 510 and 970 My
(Neoproterozoic - Cambrian). These three age populations are also
present in detrital zircons analyzed by the U/Pb method from mud
volcanoes such as EL Rodeo (Central and Lateral) located southwest
of the Serrania de Tubara and Santa Lucia to the north of the Serrania
de San Jacinto. This coincidence suggests that the mudstones from
El Rodeo (Central and Lateral) and Santa Lucia mud volcanoes are
derived from sedimentary sequences accumulated from the middle
- late Eocene (Figure 9).
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Figure 9. Age plots of the 4 youngest populations of detrital zircons, obtained in sedimentary sequences accumulated in the Lower
Magdalena (VIM) and Sinu - San Jacinto (SSJ) basins in the left column, and in samples recovered from the studied mud volcanoes
in the right columns, grouped according to similarity of the ages of the e3-e4 zircon populations: Late Paleocene to early Eocene
(Canaveral volcano); e5-e7: Middle to late Eocene (El Rodeo and Santa Lucia volcanoes); E3: Oligocene (volcanoes El Tesoro, El
Veintiocho, La Laguna, Santa Catalina, Virgen del Cobre and Yerbabuena); N1 - Q2: Miocene to Quaternary (volcanoes Arboletes,
Olivo, Reposo, Flmanco, Palomas, Puerto Escondido, Mulatos, El Totumo). Location of mud volcanoes classified according to
their possible stratigraphic detachment level (map in the bottom right side) and location of samples with ages obtained through
analysis of detrital zircons, using U/Pb technique from published works (Villagémez Diaz, 2010; Cardona et al., 2012; Lara et al,,
2013; J. Gémez et al., 2015; Ledn et al., 2018) and own analysis of this project.
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Group 3 of mud diapirs: The detrital zircons extracted from
sedimentary formations accumulated during the Oligocene (Cienaga
de Oro and Carmen shale), show three main U/Pb age populations:
one population between 75 and 85 My (Late Cretaceous);
another population between 150 and 280 My (Permo-Traissic);
a third population with values ranging between 640 and 980 My
(Neoproterozoic). These three populations of zircon ages coincide
with those obtained from zircons recovered from mud volcanoes
such as El Tesoro (north of the Serrania del Sinu), EL Veintiocho
(central part of the Lower Magdalena Basin), La Laguna (north
of the Serrania de Tubard), Santa Catalina (western flank of the
Serrania de Tubard), Virgen del Cobre (south of the Serrania del
Sinu), and Yerbabuena (western flank of the Serrania de Tubara).
This caoincidence suggests that the mud expelled by these mud
volcanoes may be detached from sedimentary sequences of
Oligocene age (Figure 9).

Group 4 of mud diapirs: The sedimentary formations accumulated
during the Miocene and Quaternary in the area of Serrania de San
Jacinto, Serranfa del Sinu, and Serrania de Tubard (correspond
with the Campano, Pavo, Floresanto, Pajuil, Mofitos, Morrocoy - EL
Pantano, Arenas Monas, Borqueles, Porquero, Sincelejo and Betulia
formations), contain detrital zircons with ages that allow defining
three main populations: a population of very young zircons, with
values between 5 and 90 My (Late Cretaceous - Late Miocene); a
second population of zircons with ages between 160 and 230 My
(Permo-Triassic); a third population of zircons with ages between
315 and 915 My (Early Carboniferous - Neoproterozoic). The ages
of zircons recovered in samples from mud volcanoes such as
Arboletes - Puerto Escondido (western flank of Serrania del Sinu),
San José de Mulatos (central part of the Serrania del Sinu), EL Olivo
- El Reposo - Flamento (western flank of the Serrania de Tubard)
and Las Palomas - ELl Totumo - via El Totumo (north of the Serrania
de Tubard), coincide with the age ranges defined in the three age
populations defined in the sedimentary sequences accumulated

during the Neogene in the study area. This suggests that these mud
volcanoes, detached from sedimentary sequences, accumulated
during the Neogene (Figure 9).

MICROPALEONTOLOGICAL AND PALYNOLOGICAL AGES

Samples collected from mud volcanoes contain foraminifera
(planktanic and benthic) and palynomorphs that, like zircons, were
dragged during the intrusion of the mud to the surface through
sedimentary sequences. Thus, the ages inferred by the presence
of these foraminifera and palynomorphs reflect the age of the
sedimentary sequences crossed by the mud to the surface, and
compare with the ages of the mud volcano clusters previously
discussed in the analysis by coincident clustering of U/Pb age
populations in detrital zircons.

Of the 18 volcanoes analyzed, 14 showed sufficient recovery
for dating by planktonic foraminifera, and 6 samples show a
recovery mostly of benthic foraminifera. Preservation of planktonic
foraminifera s fair to good, with low percentages of broken, deformed
or pyritized shells; only one sample (Santa Catalina volcano) has
a high percentage of deformed shells. The preservation of benthic
foraminifera is fair to good, with low percentages of broken,
deformed or pyritized shells. The planktonic foraminifera recovered
suggest that the Totumo volcano muds contain Plio-Pleistocene
age faunas, while volcanoes such as El Reposo, Yerbabuena, and
San Joseé de Mulatos contain faunas of middle to late Miocene age
(Figure 10). Other volcanoes such as Virgen del Cobre, Arboletes,
Santa Catalina, EL Tesoro, El Rodeo (central), and Puerto Escondido
contain planktonic foraminiferal faunas in their muds, predominantly
of early to middle Miocene age (Figure 10). Samples from El Rodeo
(lateral) and La Laguna volcanoes contain planktonic foraminiferal
faunas of Oligocene age, while Santa Lucfa and Olivo volcanoes
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Figure 10. Graph of ages of younger zircon recovered in samples from the mud volcanoes studied (left column). Ages of planktonic
foraminiferal, benthic, nannofossil and palynological faunal peaks recovered from sampled mud volcano samples (Rigth columns).
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have faunas of Eocene age (Figure 10). The benthic foraminiferal
faunas from Virgen del Cobre, El Reposo, San José de Mulatos, EL
Rodeo (Central and Lateral), El Totumo, Santa Catalina, Arboletes,
El Tesoro, and Puerto Escondido volcanoes show predominantly
early to middle Miocene ages (Figure 10). The analysis of calcareous
nannofossils shows faunas of predominantly Plio-Pleistocene ages in
volcanoes such as EL Rodeo (Central), Arboletes, and Santa Catalina,
while in volcanoes such as Yerbabuena, San José de Mulatos, and
Puerto Escondido, they show predominantly Miocene ages (Figure
10). Volcanoes such as El Reposo, La Laguna, Santa Lucia, and El
Olivo, show faunas of Eocene-Oligocene age, while in volcanoes such
as El Rodeo (Lateral) and Virgen del Cobre, faunas of Cretaceous
age were recovered (Figure 10).

Of the 22 diapir samples analyzed, 3 samples were sterile in
palynomorphs (Santa Lucia and El Rodeo Lateral - Central). Considering
the oldest record of pollen recorded in each mud volcano, it is observed
that volcanoes such as Las Palomas, Santa Catalina, Santa Lucia,
Canaveral, EL Tesoro, and San José de Mulatos, may be transporting
mud from Paleocene - Eocene sequences (Figure 10), while volcanoes
such as Flamenco, El Veintiocho, and EL Olivo transport muds from the
Lower Miocene (Figure 10). Volcanoes such as Arboletes, Virgen del
Cobre, and Via al Totumo, present palynological records suggesting
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contributions from upper Miocene units, while volcanoes such as
Yerbabuena and El Reposo are from the upper Miocene (Figure
10). Pliocene palynological records are present in volcanoes such
as La Laguna and El Totumo (Figure 10). Samples from volcanoes
such as Virgen del Cobre, Yerbabuena, Cafaveral, Arboletes, Puerto
Escondido, EL Totumo (road and volcano), and San José de Mulatos,
show Cretaceous-Paleocene palynomorphs (Figure 10).

WATER GEOCHEMISTRY

Water samples extracted from mud volcanoes were subjected to
geochemical (anions and cations) and isotopic (6'°0 y 8D) analyses
to determine their diagenetic or meteoric origin (Table 5). Water
samples taken from marshes, rivers, coast and salt dewatering ponds
were used to establish a local meteoric water line to then contrast it
with the global meteoric line (Figure 11). The relationship between
8180 vs 8D values of water recovered from mud volcanoes (at active
taps) tends to be linearly negative, except for Las Palomas and
Virgen del Cobre volcanoes, which show a marked trend toward the
local meteoric water baseline (Figure 11). The range of §®0 values
in volcanoes showing a linear relationship varies between 0 and 8,
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Figure 11. [sotopic §®0 vs 8D correlation of water samples recovered from Colombian Caribbean mud volcanoes (center) and
their relationship to similar isotopic analyses at other mud volcanoes in the southern Caspian Basin (P, D, B), Java (L), Italy (V, O),
Antilles (trend line) and Colombian Caribbean (numbers 1 to 9 in circles), compiled from various studies (Geoffroy, 2005; Madonia
et al,, 2011; Aqustawijaya et al,, 2017; Mazzini and Etiope, 2017; di Luccio et al., 2021). Note the families of mud volcanoes in the
Caribbean of Colombia, according to their position above (trend 1 defined by mud volcanoes in black box), or below (trend 2 defined
by mud volcanoes in gray box) the regional trend of Antillean mud volcanoes. On the left, the same trends expressed by the
relationship between the difference in stable 6180 isotope values and the Local Meteoric Water Baseline (LMWL) and Cl- content
in mg/l, where dashed black lines refer to trend 1 of mud volcanoes with high initial Cl- content éblack squares in the diagram and

map), and the dashed gray lines refer to trend 2 of mud volcanoes with low initial Cl content

gray squares in the diagram and

map). Data source are recorded in Table 5 for the mud volcanoes sampled during this work.
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while 8D varies between 0 and -20 (Figure 11). The isotopic analyses
of water samples obtained from mud volcanoes were compared with
global and local trend lines of meteoric water, which allowed us to
identify their offset as a function of §'®0 (Figure 11). The isotopic
lag obtained between the local meteoric water line and each water
sample recovered from the mud volcanoes was compared with the
Cl- anion content, showing two negative linear trends (trends 1 and
2), as the 880 isotopic lag value increases with respect to the local
meteoric water line, while the Cl- concentration decreases (Figure
11). Trend 1 is formed by volcanoes such as Santa Catalina, Virgen
del Cobre, Las Palomas, El Rodeo, and Cafiaveral, where the initial
chloride concentration before expelling diagenetic waters (value
projected to the 8'°0, isotopic lag value of zero), varies between
12000 and 14000 mg/l (Figure 11). Trend 2, formed by volcanoes
such as Puerto Escondido, EL Olivo, Yerbabuena, Flamenco, and EL
Tesoro, is characterized by initial chloride concentrations between
8,500 and 7,000 mg/l before expelling diagenetic waters.

MOLECULAR AND ISOTOPIC COMPOSITION OF
NATURAL GAS

From the compositional results of the 14 mud volcanoes sampled,
10 volcanoes showed significant values of gases associated with
thermogenic processes (Figure 12): La Laguna, Las Palomas, Santa
Catalina, Yerbabuena, El Reposo, Cafaveral, El Rodeo, Flamenco,
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Figure 12. Left upper diagram 6"C, vs 6"*Cco,, bottom diagram 6%C: vs &pc,, and their relationshiﬁ
2018). Primary microbial natural gas, generated by the activity on an organic precursor of t

Virgen del Cobre, and Puerto Escondido. The major element
composition of the hydrocarbon-associated gases in these samples
is largely dominated by methane, with a significant CO, content.
In contrast, samples from the Santa Lucia, ELl Tesoro, Arboletes,
and San José de Mulatos volcanoes showed low concentration of
hydrocarbons, and an overall composition of N, 77.9% and O, 21.8%,
values very close to the compositional reference for atmospheric
gases (Figure 12). The results of the main element composition of the
natural gases show a higher concentration of methane, which may
be related to the fractionation of hydrocarbons during the vertical
migration process. Therefore, the gas analyses focus on the isotopy
that was measured especially in methane and CO,. At large, methane
is the gaseous compound found in the highest percentage, above
80%, followed by non-hydrocarbon gases such as carbon dioxide
(CO,), nitrogen (N,), and some other elements in smaller proportions
such as C,-C; and noble gases, mainly He. Methane can be produced
by thermal cracking processes of organic matter at temperatures
above 100°C or it can be generated, in a less studied process, by
microbial activity using CO, reduction or acetate fermentation as the
mechanism to generate this methane (Milkov and Etiope, 2018). The
results obtained show a wide range of origins and processes involved
in the emanation of this natural gas through the mud diapir. In four of
the samples, an origin associated with the primary microbial activity
is suggested (El Reposo, Las Palomas, Yerbabuena, and El Rodeo
volcanoes), with §,,C, values between -65 and -60%o and negative
CQO, values (Figure 12). In three of the samples (Santa Catalina,
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by CO2; R= COz reduction. Thermogenic natural gas of different stages of maturity: EM= early maturity gas; OA= gases associated
with an oil; LM= gases associated with a late maturity. Volcanoes: 1= La Laguna; 2= Las Palomas; 3= Santa Catalina; 4= Yerbabuena;
5= El Reposo; 7= Cafiaveral; 8= El Rodeo; 9= Flamenco; 11= Virgen del Cobre; 13= Puerto Escondido. Right, distribution map of mud
volcanoes and their classification according to CO; isotopic origin analysis. Data sources are recorded in Table 6 for the mud

volcanoes sampled during this work.
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Puerto Escondido, and Cafaveral mud volcanoes), a thermogenic
originis suggested to an early maturation window, with the addition
of secondary microbial gases (Milkov, 2011, 2018), given 8,,C, values
between -60 and -45%, as well as positive CO, values (Figure 12). A
clear example of these processes is that of the Cafaveral volcano,
where two samples from the same volcano, extracted from different
emanation centers, have the same thermal maturity with different
biodegradation processes. The samples from Virgen del Cobre, La
Laguna, Caflaveral, and Flamenco volcanoes show a clear linear
maturity trend, until reaching the middle methane gas window,
associated with oil, in a late maturity stage until the beginning of the
gas generation window (Figure 12), reflecting the degree of maturity
of the source rock producing this methane.

DISTRIBUTION OF MUD VOLCANISM AND THEIR
MORPHOLOGY IN THE COLOMBIAN CARIBBEAN

Mud volcanism in the Colombian Caribbean has a wide distribution in
the maritime and continental domains. The compilation of geological
and geomorphological cartographic data in the continental domain
(Guzman et al., 1998; Reyes, Barbosa, et al.,, 1998; Barrera, 2001,
Clavijo and Barrera, 2002; Geotec Ltda., 2003; Guzman, Reyes and
Ibafiez, 2003; ANH, 2005; Carvajal and Mendivelso, 2017), allows
estimating the presence of more than 80 identified mud volcanoes,
which may be higher, considering the dense vegetation by sectors
in northern Colombia, while in the maritime domain, geological
and bathymetric research works (Shepard, Dill and Heezen, 1968;
Avristizabal, Ferrari and Silva, 2009; Dominguez et al., 2010; Quintero,
2012; Bernal-Olaya, Mann and Vargas, 2016; Herrera Atencio and
Diaz Mendoza, 2018; Rincon Martinez et al., 2021), together with
available seismic information, suggest the presence of more than
200 mud volcanoes (Figure 1). The inventory of mud volcanoes
shows that, despite their large number, their distributionin northern
Colombia is not homogeneous, differentiating 4 large blocks
according to their occurrence per 25 km? (Figure 1), each one with
different extensions, heights and ellipticities (Table 4):

Block 1 of mud volcanoes: This block is located along the Serrania
del Sint and the southern part of the Sint offshore basin, occupying
an area of approximately 10,000 km? (Figure 2 and Table 4). The

Ecopetrol

Table 4. Main morphological characteristics of the mud
volcanoes (MV) that compose the four blocks with the highest
number of volcanoes by 25km? cells (see blocks distribution
in Figure 1).

PARAMETER Blockl Block2 Block3 Block4
BLOCK AREA km? 10000 17300 11200 8100
NUMBER OF MV/25 km? 0,009 0,07 0,025 0,025
MAX 24,81 30,73 20,98 26,55
AREA MIN 013 021 0,35 017
km? MEAN 3,59 1,45 28 51
DESV.EST 523 9,09 4,84 6,45
MAX 37 56 62 51
ELIPTICITY MIN 0,05 0,03 003 0,02
% MEAN 15 25 23 16
DESV. ESTMAX 11 17 13 16
MAX 426 238 400 342
HEIGHT MIN 11 20 6 3
. MEAN 118 116 149 71
DESV.ES 99 65 65 73

presence of mud volcanoes in this block tends to be low (0.009
mud volcanoes/25 km?), with an average area per mud volcano of
3.59 km?, with average ellipticity values of 15% (slightly elliptical)
and morphologically prominent over the terrain, averaging 118 m
(Table 4).

Block 2 of mud volcanoes: The extension of this block is 17,300
km? (the largest area affected by mud volcanoes in the Colombian
Caribbean), covering the northern part of the Sinu offshore
basin, north of the Serrania del Sint and the western flank of
the Serrania de Tubara (Figure 1 and Table 4). This block shows
the highest presence of mud volcanoes in the studied area (0.07
volcanoes/25km?), with average areas per mud volcano of 1.45 km?
(relatively small), average ellipticity of 25% (significant ellipticity)
and heights above ground averaging 116 m (similar to those of
block 1).

Table 5. Data of isotopic §®0 vs 86D in water samples recovered from Colombian Caribbean mud volcanoes for this work (see
Figure 11 for graphic relationships). The mud volcanoes column refers to the number of the analized mud volcano (Names of mud

volcanoes in Tables 2 and 3 and location in Figure 1).

Cl- mg/l dD d180 Iscs)thc:[f)tos M2
146 16 11 2 8
5864,00 9 087 31 48
8122,00 8 o 19 2%
5142,00 63 432 63 20
4042,00 14 419 71 20
2%
1706,00 13 018 8 20
93 169 4 20
508500 97 613 4 20
2925,00 a1 767 84 25
3847,00 28 206 101 31
500100 34 207 35 49
727400 41 256 4 4
112,00 73 312 5 56

Ic cc HL/Sml  HL/Sm2 VOL‘&’IAUI?OES
06 03 10 75 1
08 03 10 65 2
07 03 20 75 3
1 03 20 75 4
05 03 25 75 5
07 03 35 75 6
04 04 20 65 7
06 03 30 70 8
05 03 20 75 8
05 03 20 75 9
06 03 15 70 10
06 03 11
05 03 30 75 12
06 04 40 75 13
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Block 3 of mud volcanoes: With an extension similar to that of block
1 of mud volcanoes (11,200 km?), it is located in the southern and
central part of the Guajira offshore basin and the northern part of
the Serrania de Tubara (Figure 1 and Table 4), with an intermediate
occurrence of mud volcanoes (0.025 mud volcanoes/25 km?), with an
average area per mud volcano of 2.8 km? (relatively small), average
ellipticity of 23% (significant ellipticity), and heights above ground
averaging 149 m.

Block 4 of mud volcanoes: This block is located north of the Guajira
Peninsula, in the offshore domain, with an area of 8,100 km? (Figure
1 and Table 4), with a similar occurrence of mud volcanoes to those
recorded in Block 3 (0.025 mud volcanoes/25 km?), characterized by
mud volcano buildings with large areas (5.1 km? on average), mean
ellipticity values of 16% (slightly elliptical), and heights above the
ground averaging 71 m.

DISCUSSION

CLAY MINERALOGY, OXIDE, AND TRACE ELEMENT
CONCENTRATIONS AS INDICATORS OF PROVENANCE OF
SEDIMENTARY SEQUENCE'S CROSSED BY MUD VOLCANOES

The results of compositional analysis of the total minerals and XRD
in clays, suggest the presence of two families of mud volcanoes
(Figures 3 and 13): Family one, located along the Serrania del Sind,
in which the Chlorite fraction is predominant, low crystallinity
indexes in Illite and high crystallinity indexes in Kaolinite (varies
between 0.3 to 0.4 A °26); Family two, located along the Serrania
de San Jacinto, Serrania de Tubara, and the VIM basin, in which
Smectite predominates, Chlorite fraction decreases, the index
of Illite crystallinity increases, and the Kaolinite crystallinity
indexes (up to 0.15 A °26) decrease. The crystallinity index in Ilites
is commonly used as an indicator of incipient metamorphism,
decreasing its crystallinity as metamorphism increases (Clauer and
Chaudhuri, 1995; Jaboyedoff et al., 2001), as well as the presence
of Chlorite that can be interpreted as a result of deep diagenetic
processes - incipient metamorphic, detrital from metamorphic
sources or by alteration of mafic minerals such as pyroxene and
olivine (Hillier, 1993; Clauer and Chaudhuri, 1995; Wu et al., 2019;
Fulignati, 2020). The increase in the crystallinity index of kaolinite
has been considered an indicator of its origin linked to alteration
processes under high-temperature conditions (e.g. hydrothermal),
while its decrease suggests an origin linked to weathering processes
(Oluwadebi, 2015; Saha, H. M. Selim Reza and Kanti Roy, 2020).

In the Cenozoic sedimentary sequences outcropping in the Serrania
del Sinu, as well as those drilled by exploratory hydrocarbon wells
in the VIM basin, no low-grade metamorphism or sedimentary rocks
affected by deep diagenetic processes have been reported. However,
the presence of conglomeratic levels is frequent, especially from
formations accumulated at the end of the Paleocene (San Cayetano
Fm.) and during the Eocene (Maco, Chengue and San Jacinto
formations), which are rich in pebbles and cobbles of igneous rocks of
variable composition and degree of alteration, as well as low-grade
metamorphic rocks (Cardona et al.,, 2012; Silva-Arias et al., 2016;
J. Mora et al., 2018). Therefore, considerate is likely that the high
contents of Chlorite and Ilite with a low degree of crystallization,
and high crystallization indexes of Kaolinite, present in the mud
volcanoes sampled along the Serrania del Sind (Family one), come
from Cenozoic sedimentary sequences rich in these clay minerals
in detrital form. Isotopic analyses on gases such as CO, recovered

from the different mud volcanoes analyzed along the Serrania del
Sint show a clear mixture of gases of microbial to early thermogenic
origin (Figure 12), consistent with the low degree of maturity of
the organic matter recovered from the drilling of exploratory wells
(Aguilera, 2011). Thus, it can be suggested that the Chlorite and Ilite
with a low degree of crystallinity present in the volcanic muds of the
Serrania del Sinu, and the high crystallinity index of Kaolinite (Family
one) have not been the result of deep diagenetic processes, incipient
metamorphism of the formations crossed by the volcanic muds or
hydrothermal activity, but reflect the composition of the detritus
accumulated during the Cenozoic in the area from metamorphic
or igneous sources rich in pyroxenes and amphiboles, little altered,
common lithologies in the edges of the Cauca - Patia basin (Central
and Western Cordilleras). The same process of mud dragging is
suggested for the area of mud volcanoes located along the Serrania
de San Jacinto and Serrania de Tubara (Family two), but the decrease
in Chlorite, the increase in the degree of crystallinity of Ilite, and
the low crystallinity indexes of the Kaolinite, suggest that the
detritus accumulated during the Cenozoic in those areas, came from
massifs exposed to weathering, poor in pyroxenes and amphiboles.
Analyses of clay minerals extracted from EL Totumo volcano, show
that kaolinite and its varieties, have not undergone burial processes
greater than 1 km (Dill and Kaufhold, 2018), suggesting that the
detachment rock is not very deep (probably Miocene).

Other clay minerals extracted from the samples of mud volcanoes in
the northern part of the Serranfa de San Jacinto, Serrania de Tubara
and VIM basin (Family Two) are Montmorillonite and Beidelite. The
presence of Montmorillonite is considered an indicator of volcanic
or hydrothermal weathered sediment sources (Yamada et al., 1991);
however, the presence of Beidelite is rarer, mainly associated with
mica alteration (Fesharaki et al., 2007). Thus, it can be considered
that the mud expelled by the mud volcanoes in the northern part of
Serrania de San Jacinto, Serrania de Tubara and VIM basin (Family
two), crossed and dragged sedimentary sequences with detritus
from areas composed of altered volcanic or metamorphic rocks,
such as those exposed in the Santander cratonic massifs and
along the Cordillera Central. This is consistent with the significant
smectite values recorded in Family Two of mud volcanoes (Figure
3), as well as along the Upper Magdalena Valley, in sediments of
the Honda Fm, which reflect the high input of sediments from active
igneous volcanic centers, developed during the Miocene along the
Cordillera Central (Laguna et al., 2008). The oxide concentration
ratios in the analyzed mud samples as TiO, and Al,0, (Figure 4),
seem to confirm the grouping of mud volcanics into the two families
discussed above. Thus, TiO, concentrations tend to be higher than
AL,0, concentrations in the mud volcanics along the Serrania del
Sinu (Family one), while it tends to be reversed in the mud volcanics
sampled in the northern part of the Serrania de San Jacinto, Serrania
de Tubarg, and VIM basin (Family two). On the other hand, the ratios
of trace element concentrations such as Th/Co and La/Sc (Figure
4), tend to be low in the mud volcanoes along the Serrania del Sint
(Family one), while they increase in the mud volcanoes along the
Serrania de San Jacinto, Serrania de Tubara, and VIM basin (Family
two). Comparison of oxide ratios and trace element concentrations
obtained in this work, with geochemical characterization studies of
clays (Amajor, 1987; El-Wekeil and El-Anwar, 2013; Chen et al., 2016;
Mitra, Chakrabarti and Shome, 2018), suggest that TiO, vs Al,O, and
Th/Co vs La/Sc ratios are similar to those observed in Family One
mud volcanoes, are characteristic of sediments from source areas
composed of basaltic rocks, whereas ratios similar to those observed
in Family two mud volcanoes suggest sediment sources from areas
composed mainly of granitic rocks (Figure 4). Global studies of the
Th/Lt ratio in marine sediments and basaltic arcs (Planke, 2005)
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Figure 13. Chronostratigraphic sketch of possible detachment levels of the mud ejected by the mud volcanoes studied in the
Colombian Caribbean (left column refer to the chronostratigraphic time scale), based on the recoveries of detrital zircon families
(outcropping formations in the area and recovered from the mud volcanoes) and microfauna's (planktonic, benthic, nannofossils
and pollen). The results obtained in the analysis of relevant clay minerals, evidence of gas-oil and its origin, deformation of the
volcanic cone by regional strike slip displacements, height of the volcanic cone, and position of the sample in the volcanic system
(central or lateral) are included. Note the position of the Bullerengue-1 gas condensate well producer level in the Lower Magdalena
Basin (VIM). Note that the mud volcanoes in the Sint Fault Footwall Realm (Sinu basin area - Sn) mainly detach from Oligocene to
Miocene stratigraphic levels, in the San Jacinto Footwall Realm from Early Paleocene - Eocene and some volcanoes from Neogene
stratigraphic levels (Serrania de Tubard - Sr.T. and Serrania del Sinu - Sr. S.) and along the San Jacinto Hangingwall Realm from
Cretaceous and Oligocene stratigraphic levels (Lower Magdalena Basin - VIM and Serrania de San Jacinto - Sr.S.J.)

suggest that values lower than 0.4, such as those observed in mud
volcanoes of Family one and part of Family Two (Figure 5), are
characteristic of sediments from metalliferous sedimentary sources
or from volcanic arcs with significant basaltic input. Furthermore,
the remaining mud volcanoes of Family two (Serrania de Tubara and
VIM basin), with values higher than 0.4, would indicate sedimentary
origins from sources rich in terrigenous sediments or volcanic arcs
formed in subduction margins with high sedimentary contribution
(Figures 4 and 5). Therefore, it can be argued that Family One mud
volcanoes cut and drag sediments from formations whose source
areas were composed of basaltic rocks (such as outcrops along
the Western Cordillera), whereas Family Two mud volcanoes cut
and drag sediments from formations whose source areas were

composed by granitic - magmatic volcanic arcs rocks (like the
outcrops in the Santander massifs and Central Cordillera).

U/Pb AGES IN ZIRCONS AS INDICATOR OF PROVENANCE OF
SEDIMENTARY SEQUENCE'S CROSSED BY MUD VOLCANOES

U/Pb ages obtained from detrital zircon crystals recovered from
the mud volcanoes analyzed for this work (youngest zircon grain,
youngest population age, four youngest populations of ages, and four
oldest age populations), suggest that the sedimentary sequences
crossed by the mud volcanoes of Family one and part of Family
two (southern Serrania de San Jacinto) had sedimentary input
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from the Upper Miocene - Pleistocene, Lower Miocene, Eocene,
and Cretaceous igneous or metamorphic massifs (Figures 6 and 8).
The same approach for family two of the mud volcanoes (northern
Serrania de San Jacinto, Serrania de Tubara, and VIM basin) suggests
that the sedimentary sequences crossed by the mud volcanoes
had Paleocene-Cretaceous, Triassic-Jurassic, lower Paleozoic and
Neoproterozoic sedimentary input from igneous or metamorphic
massifs (Figures. 6 and 8).

The zircon ages obtained in the San José de Mulatos mud volcano
(74 Ma single peak), seem to correspond to a particular zircon
enrichment event. Samples from lower to middle Miocene outcrops
of the Campano, Pavo, and Floresanto formations, near to the Uraba
Gulf (around the mud volcano), persistently show large zircon
content (more than 40 grains), with preferential ages between 74
to 78 Ma (Figure 7). Thus, it can be considered that the San José de
Mulatos mud volcano crosses predominantly Miocene stratigraphic
sequences, which received sedimentary input from igneous or
metamorphic sources of Cretaceous age (Figure 7).

PROPOSED REGIONAL REALMS OF NORTHERN COLOMBIA
MUD VOLCANOES.

Few works use micropaleontological or palynological recovery
to define the possible levels of detachment of mud volcanoes in
Colombia (Trejos-Tamayo et al., 2020), and those that include detrital
zircon ages are not available. Rather, more works concentrate on
geochemical analyses of mud and fluids in an attempt to explain the
genesis of the phenomenon (Carvajal and Mendivelso, 2017; Dill and
Kaufhold, 2018; di Luccio et al., 2021). Nonetheless, mud volcanoes
can take off several kilometers deep, being considered as windows
through which samples of the traversed rocks emerge (Sautkin et
al., 2003). Thus, the results of the U/Pb ages in detrital zircons, the
recovery of faunas (micropaleontology and palynology), and the
geochemical characterization of the samples analyzed in this work
suggest the age and composition of the formations from those that
detached or were crossed by the mud that formed the volcanoes
in the Caribbean of Colombia. Thus, it is possible to establish three
large domains of mud volcanism, bounded by regional thrust faults
in northern Colombia, such as Sind and San Jacinto (Figure 9).
According to their structural position with respect to these large
faults, the proposed domains of the mud volcanoes are: a) Footwall
realm of the Sinu Fault; b) Footwall realm of the San Jacinto Fault;
¢) Hangingwall realm of the San Jacinto Fault.

Sinu Fault Footwall Realm:

This realm is located to the west of the Sinu Fault (which includes
the southern extension of the Sinud basin), composed of mud
volcanoes such as Virgen del Cobre, which, according to the
U/Pb age of the detrital zircons recovered in this work, detached
from Oligocene sedimentary sequences, to mud volcanoes such
as Arboletes, which seem to be detached from Lower Miocene to
Quaternary sedimentary sequences (Figures 13 and 14). The ages
of the recovered foraminiferal faunas (planktonic and benthic),
nannofossils and palynology support these detachment ages
(early to middle Miocene), except for the Cretaceous nannofossil
recovery from the Virgen del Cobre volcano (Table 3 and Figure
10). Considering that the U/Pb age of the zircons recovered in this
volcano, as well as that of the detrital zircons of the outcropping
formations, is predominantly Cretaceous (Figure 7), it is possible
to consider that the recovered nannofossils are the reflection
of reworked sediments of this age, accumulated in Oligocene —
Miocene sequences and expelled by the mud volcano currently.
These ages are consistent with published studies, which suggest
a good correlation between biostratigraphic ages from samples
of the Arboletes volcano, and the lower Miocene bedrock (Trejos-
Tamayo et al., 2020).

San Jacinto Fault Footwall Realm:

The area bounded between the Sint and San Jacinto faults define
this realm, involving the Serrania del Sinu, the Serrania de San
Jacinto, and the Serrania de Tubard. The U/Pb ages obtained from
detrital zircons (Figures 6 to 9), jointly with the oldest ages obtained
from pollen, planktonic-benthic foraminifera, and calcareous
nanofossils recovery (Table 3 and Figure 10), suggest four main
levels of detachment for the mud volcanoes studied in this realm:

a) Paleocene - Eocene detachment level, of mud volcanoes such
as El Tesoro, Canaveral, and Las Palomas (Figure 13), of which
the El Tesoro volcano, despite being born in Neogene sedimentary
sequences, crosses Paleocene-Eocene rocks in the hangingwall
of a regional thrust (Figure 14). The relationships between the
biostratigraphic ages of the mudstones of EL Tesoro mud volcano
(San Antero) and the bed rock also suggest an Eocene age for the
detachment level (Trejos-Tamayo et al., 2020).

b) Middle to upper Eocene detachment level of mud volcanoes such
as ELRodeo, EL Reposo, and EL Olivo (Figure 13), based mainly on the
oldest ages obtained from calcareous nanofossils. Only the EL Rodeo
volcano (central and lateral craters) shows U/Pb ages in detrital
zircons related to middle to upper Eocene sedimentary sequences,
while the EL Reposo and EL Olivo volcanoes show detrital zircons
with U/Pb ages related to Miocene sedimentary sequences (Figures
9, 10 and 13). It is interesting to note that the EL Olivo volcano is
located less than 2 km away from the Las Palomas volcano, whose
level of detachment is interpreted to be from the middle Paleocene
to lower Eocene (Figure 13), suggesting that despite their proximity,
the mud volcanoes can come from different detachment levels,
either due to the existence of multiple overpressure levels in the
same sector, or due to shale allokinesis. This is also true in the El
Reposo - Yerbabuena mud volcanoes area, which separation is less
than 5 km, where seismic data suggest a basal level of mid-Eocene
detachment for the former, which migrates towards the west, up to
Oligocene detachment levels for the second (Figures 13 and 14). In
this context, it is likely that the micropaleontological, palynological,
and detrital ages of the zircons reflect the allokinetic processes of
the shales as generators of some mud volcanoes of the Serrania de
San Jacinto and Serrania de Tubara.

c) A probable Oligocene detachment level of mud volcanoes such
as Lalaguna, Santa Catalina, and Yerbabuena, can be inferred from
comparisons of U/Pb ages in detrital zircons from their shales with
zircons recovered from host rocks, as well as contributions from
Lower Miocene sequences, according to micropaleontological
studies and palynological ages (Figure 13). As previously mentioned,
the Yerbabuena mud volcano seems to be the expression of a local
shale allokinetic process related to the El Reposo volcano, while
the Santa Catalina and La Laguna volcanoes, according to the
morphostructural analysis, suggest that the dextral movement of
regional faults such as Clemencia and San Jacinto, respectively
(Figures 1 and 2), can control the expulsion of shales from Oligocene
levels.

d) The youngest stratigraphic level of mud volcano detachment
in this area is of Miocene age, from which the mud volcanoes ELl
Totumo, Flamenco, Puerto Escondido, and San José de Mulatos
apparently originate (Figure 13). Clay mineralogy analysis suggests
that volcanoes such as EL Totumo and Flamenco eject mud from
sequences buried less than 1 km away, while Puerto Escondido and
San José de Mulatos come from deeper sedimentary sequences,
whose predominant age is the Miocene. This interpretation is
consistent with the expression that these volcanoes have in adjacent
seismic lines (Figure 14), as well as the biostratigraphic ages from
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Figure 14. Distribution map of mud volcanoes and seismic expression of some of the volcanoes studied in this work. Seismic
lines were acquired during the O&G exploration activities conducted by the ANH and private exploration companies in northern
Colombia during the last 4 decades. Note that mud volcanoes in the San Jacinto Hangingwall Realm, suggest a clear relation with
faults that affect the basement of the Lower Magdalena Basin (Seismic line A) or above Late Cretaceous - Paleogene sedimentary
sequences affected by overpressure processes (Seismic line B). In the San Jacinto Footwall Realm, the seismic lines reveal that
mud volcanoes occur near thrust faults (Seismic line C), cross a thrust fault plane (Seismic line D), suggest and alloquinetic
movement of the mud (Seismic line E), or vertical movement from deeper levels (Seismic line F). The Arboletes mud volcano (and
probably the Virgen del Cobre mud volcano) reflect the interaction between the San Jacinto and Sinu Footwall Realms, developed
near large thrust fault planes affecting mainly Miocene to Quaternary sedimentary sequences (Seismic line G).
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samples from the Puerto Escondido volcano (Trejos-Tamayo et al.,
2020) and XRD analysis of clays from the El Totumo mud volcano

(Dill and Kaufhold, 2018).

San Jacinto Fault Hangingwall Realm:

Only two volcanoes in this sector were analyzed, Santa Lucia, and El
Veintiocho (the most continental mud diapiric expression recorded
in northern Colombia), both circular, expelling clasts and splashes.
Of these volcanoes, Santa Lucia appears to be detached from the
Paleocene-Eocene age sequences, according to the U/Pb age of the
youngest zircon grain, as well as the age of planktonic foraminifera
and calcareous nannofossils (Figure 10). The EL Veintiocho mud
volcano, on the other hand, appears to be detached from Oligocene
sequences, according to the oldest pollen record analyzed and the
U/Pb age of the youngest zircon grain (Figures 9, 10 and 13). Seismic
reflection profiles show that the EL Veintiocho mud volcanism occurs
inalessthan 1.5 km sedimentary thicknesses (Figure 14), over traces
of normal faults affecting a basement considered of continental
affinity (Cediel, Shaw and Caceres, 2005), covered by sedimentary
sequences with ages from Oligocene to Quaternary (J. Mora et al.,
2018), consistent with the ages recorded in the circon grains analyzed
by U/Pb method, and palynological recovery obtained from the mud
volcano samples. To the north, seismic information, combined with
geological cartography and regional basin studies (Mora et al., 2018),
suggest that the Santa Lucia mud volcano detach from the middle
Paleocene to the lower Eocene stratigraphic sequences, without
ruling out contributions from Cretaceous sedimentary sequences
(Figure 14). This is consistent with U/Pb ages of detrital zircons,
as well as with micropaleontological and palynological recoveries
obtained from mud volcano samples (Figures 9, 10 and 13). It is
worth mentioning that on the western flank of the Santa Lucia mud
volcano, there are isolated carbonate blocks, over 3 m in diameter,
surrounded by very sheared mudstones, suggesting their expulsion
from the subsurface. Micropaleontological ages obtained from these
blocks suggest a middle Eocene age, as well as the presence of
algal rhodoliths, which are common in Eocene formations such as
the Maco. Fluid analysis in the shale deformed by the Santa Lucia
mud volcano shows high organic matter content, very similar to
those observed in several Cretaceous localities in the Colombian
Caribbean (Gonzalez-Penagos, 2019).

FLUIDS AND GASES

The origin of the waters expelled by mud volcanoes is not easy to
identify, as their ascent occurs through conduit systems, which
pass through various geological formations with different formation
waters. Isotopic analyses of waters recovered from mud volcanoes
(Mazzini and Etiope, 2017), suggest three origins: a) fresh/marine
water trapped mechanically during rapid burial periods; b) waters
expelled during diagenesis of clay minerals (perhaps the most
important source of water in mud volcanoes); ¢) shallow meteoric
waters (isotopically trending towards the global meteoric water
baseline). The 80 vs 8D ratio for the mud volcano samples analyzed
in this study show a clear negative linear trend, with values that
are characteristic of formation waters (Figure 11 and Table 5).
Comparison with isotopic results obtained in other mud volcanoes
around the world allows us to pose scenarios about the formation
processes of the waters in these structures.

Comparative analysis of 80 vs 8D isotope ratios obtained in mud
volcanoes from the southern Caspian Basin, Java, Italy, West
Indies and Colombian Caribbean (Figure 11 and Table 5), suggest
diagenetic origins from clay minerals at depths greater than 3 km
(Martinelli and Judd, 2004; Madonia et al., 2011; Agustawijaya et

al.,, 2017; Mazzini and Etiope, 2017; di Luccio et al., 2021); however,
volcanoes in the Caspian area, usually have much lower 8D values
(between -20 %00 and -60%o00) and does not have a negative linear
relationship as it occurs in the other mud volcanoes (Figure 11 and
Table 5). Unlike the mud volcanoes of Java, Italy, and the West Indies,
the Caspian mud volcanoes are subjected to a high sedimentation
rate of about 2.4 km/Ma, burying Oligo-Miocene sequences to
depths of more than 10 km. This extreme burial may result in high
diagenetic conditions on clay sequences, and allow the expulsion of
diagenetic waters with higher isotopic differentiation. In the case of
the Caribbean mud volcanoes of Colombia, it is observed that they
coincide, in general, with the regional trend of the West Indies, as
well as with the Lusi volcano in Java, except for the La Laguna and
Virgen del Cobre mud volcanoes, which have a marked tendency to
approach the global meteoric water line (Figure 11 and Table 5). Itis
likely that their proximity to regional faults on the coastline allows
infiltration of meteoric water and seawater wedge, affecting the
original hydrogeochemical signal.

It is striking that the volcanoes studied in the Colombian Caribbean
seem to separate into two families (trends 1 and 2), one of which
tends to be below the isotopic trend marked by the Antillean
volcanoes and the other above (Figure 11 and Table 5). Comparing
these families with the previously proposed detachment levels for
the Colombian Caribbean, it is observed that volcanoes with 8'¢0 vs
8D ratios, above the regional trend for West Indian volcanoes, match
volcanoes with stratigraphic detachment from Neogene-Quaternary
sedimentary sequences, except for the Yerbabuena, Tesoro and
Olivo volcanoes, while volcanoes with %0 vs 8D ratios below this
trend probably have detachment levels from Paleogene sequences
(Figures 11y 13). The Yerbabuena volcano shows %0 vs 8D isotope
ratios above the regional trend for West Indian volcanoes (Figure
11 and Table 5); however, it shows evidence of mud from Oligocene
sequences. This volcano is less than 5 km from the mud volcano
El Reposo, which shows evidence of muds from the Eocene and its
8'0 vs 8D isotopic ratio is below the West Indian trend line (Figures
11 and 13). Seismic information shows that both volcanoes may be
connected (Figure 14), suggesting two levels of hydric enrichment,
one Paleogene (which would feed EL Reposo volcano), and the other
Neogene (which would feed Yerbabuena volcano), with contributions
of mud from older (Eocene - Oligocene) detachment levels.

El Tesoro volcano presents the highest 8'®0 values, very similar to
those reported in Java and Italy (Figure 11 and Table 5); however, it
evidences mud transporting from Paleocene - Eocene sequences.
Previously, it was observed that this volcano is in the hangingwall of
areverse fault - very close to the trace - in contact with Paleocene-
Eocene sequences over Neogene sequences (Figure 14). Thus,
it can be considered that the El Tesoro mud volcano transports
materials from Paleocene-Eocene sequences of the hangingwall,
thanks to the injection of fluids from the Miocene sequences in the
underlying block. In this scenario, the isotopic composition of the
analyzed waters would not represent the fluids of the hangingwall
(Paleogene sequences), representing the waters expelled from
the foot wall (Neogene sequences). EL Olivo volcano is similar to
El Tesoro volcano, with isotopic signatures of water expelled from
Neogene stratigraphic sequences, but with evidence of Eocene
detachment (Figure 13). There is no evidence of faults that would
allow enriching the volcano mud with fluids from Oligo-Miocene
sequences. However, less than 2 km away is the El Totumo volcano,
which detaches from Miocene sedimentary sequences (Figure 13),
suggesting the presence of 2 nearby detachment levels, which
enrich muds from older sequences (Eocene) with fluids from
younger sequences (Miocene), with §'°0 vs 8D isotope ratios above
the regional trend of mud volcanoes in the Antilles.

Despite the low Cl- contents obtained in this study (between 2000
and 8000 mg/l), compared to the values from previous works in
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the area (di Luccio et al., 2021), their correlation with the difference
between the &0 value and the local meteoric water line, allows
discriminating the families defined above (Figure 11 and Table
5). This suggests that trend 1 presents higher initial Cl- contents
before the diagenesis (>12000 mg/l)starts, while trend 2 presents
lower Cl- content (< 9000 mg/l). This anionic-isotopic relationship
seems to confirm the presence of two levels of diagenetic water
expulsion, at different stages of thermal maturity, evidenced by
different volumes of expelled water. Some volcanoes do not respond
to these trends, such as Santa Catalina (Paleogene detachment and
initial Cl- contents <9000 mg/l) and Virgen del Cobre (Paleogene
detachment with initial Cl- contents >12000), which are very close
to regional faults such as Clemencia and Uramita respectively. It is
possible that faults such as Clemencia, allow the expulsion of mud
from Paleogene sequences, enriched with diagenetic waters of the
Neogene, less rich in Cl-.

The Virgen del Cobre volcano is a particular case, because the
sedimentation in the Serranfa del Siné and Sinud occurs during
the last 20 Ma (Lopez, 2019; Lépez-Ramos et al,, 2021), making
impossible the contribution of trend 2 of fluids from Paleocene or
Eocene sedimentary sequences. However, this volcano is located
10 km from the Uramita Fault, the tectonic boundary between the
Panama block and the South American northwest (Vargas, Duran
and et.al.,, 2005; Wagner et al., 2017), with dips exceeding 3 km
and decollement at more than 7 km depth, involving basement
of oceanic nature (Flinch, 2003; Garzdn, 2012). Considering the
regional character of the Uramita Fault, it is possible to consider
that fluids resulting from the transformation of clay minerals
along the decollement allow the expulsion of poorly chlorinated
waters and little isotopic dephasing. The low Cl- contents obtained
in this study compared to previous studies (di Luccio et al., 2021),
may be related to factors such as sampling site (tap, crater, pool),
prevailing meteorological conditions (prolonged summer periods
vs. winter seasons) and water preservation processes (Mazzini and
Etiope, 2017).

The molecular and isotopic compositional analyses of the methane
recovered in the mud volcanoes appear to come from petroleum
systems at various degrees of maturity, as deduced from the results
obtained in the CO, analyses, suggesting that each mud volcano is
a surface manifestation of a petroleum system in the subsurface
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(Figure 12 and Table 6). Thus, when observing the spatial distribution
of the mud volcanoes grouped according to CO, origin, there is a
clear tendency to present evidence of hydrocarbons associated
with late mature petroleum systems along the Serrania de San
Jacinto, while along Serrania del Sinu, there are petroleum systems
that vary between biogenic and early thermogenic (Figure 12 and
Table 6). Lastly, in the Sinu basin area, data are only presented in
the Virgen del Cobre mud volcano, which indicates a tendency to
gases associated with petroleum systems in a window of early oil
generation (Figure 12 and Table 6). At some points in the Sinti Basin,
sediment samples have been recovered in submarine chimneys, by
piston core, with gases of thermogenic origin, very close to the trace
of frontal faults of the South Caribbean deformed belt (Sanabria and
Ramirez, 2018). In some convergent margins, the presence of gases
and fluids of thermogenic origin have been reported along regional
faults, with deep detachments, associated with the progressive
increase in temperature and pressure undergone by sediments when
entering the regional detachment zones at more than 10 km depth
(Lutz et al., 2004; Lopez-Ramos, 2016). Thus, it can be considered
that the gases emanated by the Virgen del Cobre volcano may be
the expression of thermogenic petroleum systems developed along
deep detachments of regional faults such as the Uramita Fault.
Although there are no gas or fluid samples, EL Olivo and Santa
Lucia volcanoes show evidence of hydrocarbons in blocks expelled
through the craters (Figure 12 and Table 6). The origin of hydrogen
in the gases analyzed is still to be studied , since the proximity to
regional faults and basements of oceanic nature provide optimal
conditions for migration of abiogenic hydrogen to the surface.

CONTROLLING MECHANISM OF MUD VOLCANISM IN THE
COLOMBIAN CARIBBEAN

There is evidence of mud volcanoes in the maritime and continental
domains of northern Colombia (Figure 1). Seismic reflection profiles
and bathymetric information, as well as satellite images and high-
resolution digital global elevation models, allow us to define the
location and basic morphological characteristics such as area,
ellipticity, and height of the volcanoes (Table 1). The integration
of the mud volcano data allowed us to distinguish 4 blocks with
different morphological characteristics. It is observed that in the
marine domain, the most frontal and central part of the Sinu

Table 6. Data of isotopic 613C1 vs §13C0O2 in gas samples recovered from Colombian Caribbean mud volcanoes for this work (see
Fig. 12 for graphic relationships). The mud volcanoes column refers to the number of the analized mud volcano (Names of mud

volcanoes in Tables 2 and 3 and location in Fig. 1).

Sample H, O,+Ar CO, N, CO C C GCH, C GCH, iC, nC, iC, nC, GCg 6%, &%, &DC, 6°CO,
Name ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm  ppm %o % % %o
D09 nd 233000 640 639600 nd 126600 nd 147 nd nd nd nd 1 nd 18 -380 142 81
DOl nd 237200 1200 918700 nd 142700 17 178 nd nd nd nd nd nd 21 -528 185 -90
D-02 nd 217300 500 751400 nd 30800 nd 30 nd nd nd nd nd nd 11 -620 204 -121
D03 nd 70000 7000 222600 nd 699700 572 nd 95 nd 23 B 3 nd 38 583 -534 211 35
D-04 nd 208400 700 760800 nd 30100 nd 14 nd nd nd nd nd nd 12 -610 185 -105
D05 nd 127800 1900 434000 nd 436000 256 nd 6 nd nd nd nd nd 33 -655 -360 -194 -149
D-07 nd 179700 1700 653400 nd 165000 187 nd 13 nd nd nd nd nd 19 -485 182 13
D078 nd 201300 510 729600 nd 68600 nd 9 nd nd nd nd nd nd 13 -479 182 51
D08 nd 215100 440 778200 nd 6280 nd 20 nd nd nd nd nd nd 7 591 -189

D-088 nd 154500 1900 561800 nd 281800 nd nd nd nd nd nd nd nd 21 -BL5 193 62
D-13 nd 22200 17500 65600 nd 894600 106 nd 11 nd nd nd nd nd nd  -558 190 103
D1l nd 177600 2800 629100 nd 190400 57 nd 5 nd nd nd nd 2 2 -568 184 -141
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basin has the lowest quantity of mud volcanoes per cell of 25 km?
(the boundary between blocks 1 and 2), as well as the Magdalena
Submarine Fan and the southern part of the Guajira Offshore basin
(Figure 1).

The Magdalena Submarine Fan zone is affected by some faults and
is characterised by the greatest sedimentary thicknesses in the
Colombian Caribbean, exceeding 5 km of sediments accumulated
during the last 5 Ma (Lépez, 2019; Lépez-Ramos et al., 2021). One
of the mechanisms that form mud volcanoes is the overpressure
produced in thick, rapidly deposited sedimentary sequences,
especially muddy ones (Kopf, 2002; Jiang et al., 2011; Kassi et
al., 2014); however, along the Magdalena Submarine Fan, the
presence of mud volcanoes is not noticeable. It is likely that the
large presence of mud, coupled with the rapid advance of the
Magdalena Submarine Fan over the Caribbean Basin, avoid the
generation of weak zones through which fluids migrate to the
surface, preventing the formation of mud volcanoes. The central
zone of the Sint basin is characterized by thicknesses smaller than
those recorded in the Magdalena Submarine Fan, accumulated over
a longer period of time, affected by complex thrust systems, with a
regional detachment that can exceed 8 km depth under the South
American margin (Corredor, Shaw and Villamil, 2003; Flinch and
Castillo, 2015; Rodriguez, 2020).

Compressional zones with geometry and lithology similar to that
of the Sinu basin have been studied in the Canadian Pacific margin,
the eastern Mediterranean, and Barbados, suggesting that in this
type of prism, areas with a predominantly compressive component
develop, where there is an equilibrium between lithostatic and fluid
pressure along the decollement, decreasing the formation of mud
volcanoes or the leak of fluids to the surface in these zones (Tobin
et al., 1993). As the compressional component decreases, and the
strike-slip component increases, the lithostatic vs. fluid equilibrium
is lost, especially by the formation of transfer faults, or by their
contact with the basement backstop, allowing fluids to leak to
the surface (Tobin et al., 1993; Camerlenghi et al., 1995; Chamot-
Rooke, Rabaute and Kreemer, 2005). Thus, blocks 1 and 2 (south
of the Magdalena Submarine Fan and the entire Sinu basin and
Serrania del Sinu), may be the expression of the contact between
the deformed sedimentary prism (Sinu Fault Footwall Realm)
and the rigid backstop (San Jacinto Footwall and Hangingwall
Realm), as well as the transition from net compression zones
to stress partitioning (blocks 2 and 3), relieving overpressures in
regional detachment zones. In such conditions, a large number of
volcanoes/25km? may occur outside the areas of net compression,
with mud volcanoes whose areas tend to be small (little expulsion
of material to the surface), variable ellipticity, controlled by their
proximity to faults with strike-slip components, and relatively high
volcanic edifices (Table 1). Block 3, with a high number of mud
volcanoes/25km?, located mainly in the San Jacinto Hangingwall
Realm, is affected by important strike-slip faults such as Oca, with
important values of ellipticity and heights of the volcanic edifices,
similar to those observed in Block 2 (Table 1), confirming that the
increase in ellipticity of the mud volcanoes is linked to the increase of
the strike-slip component in regional faults. A topic to be developed
in further studies is the relationship between mud volcano activity
and the occurrence of seismic events in the Caribbean, especially
in block 1 of mud volcanoes, due to its proximity to the collision
zone of the Panama Arc against the NW corner of South America.

The central zone of the Guajira Offshore basin is characterized by
thick sedimentary sequences accumulated during the Miocene -
Pliocene, over the rigid backstop zone (San Jacinto Hangingwall

Realm), trapped in intraslope basins (Ramirez et al., 2015). It is
possible that being retained in an area of the rigid backstop, faults
that allow the escape of fluids, or the formation of compressive
structures, are not present. Block 4 of mud volcanoes (San
Jacinto Hangingwall Realm), located in the northern part of the
Guajira Offshore basin, presents the smallest area of exposure
(greater volume of expelled mud), with an intermediate number of
volcanoes/25km?, a higher average area than all those analyzed in
other blocks, little ellipticity and relatively low (Table 1). Most of
these volcanoes are formed on regional gravity gliding zones, along
which, through normal faults in the extensional domain or reverse
faults in the compressional domain, allow the outflow of fluids to
the surface, developing chimney and diapir systems (W. Martinez
etal, 2016). In margins such as Nigeria, where large gravity gliding
develops seismic information suggests that in the transition between
the translational domain of the block to the compressive domain of
the slide, the seismic reflection interval velocities tend to form an
upward ramp that when passing the detachment level of the slide,
decreases again, indicating that there is a zone of overpressure in the
compressive part of the gravity slide (Albertz, Beaumont and Ings,
2010). Thus, a mechanism that may be controlling the formation and
distribution of mud volcanoes in the offshore of the upper Guajira
may be linked to the development of gravitational landslides.

OIL POTENTIAL

Areas with mud volcanoes were particularly attractive for
hydrocarbon exploration, resulting in abundant oil and gas production
in the South Caspian Basin, but prematurely abandoned worldwide,
due to difficulties in drilling areas with overpressured shales, with
abundant gas in the system, and reservoirs dispersed in thick mud
sequences (Hedberg, 1974). The comprehensive analysis of mud
volcanoes allows us to propose mechanisms that have controlled
them in the maritime and continental domains of northern Colombia.
Thanks to the identification of these mechanisms, as well as the
possible rocks from which they take off, and the sedimentary
sequences they cross, added to the geochemical results of extracted
fluids and gases, it is likely that thermogenic petroleum systems
may be present in the area, hidden or affected by the overpressure
conditions that generate mud volcanism. Mud volcanoes such
as Santa Lucia show in the transported blocks, hydrocarbons of
thermogenic origin, as well as the hosted rock expelled to the
surface by the overpressure. This mud volcano occurs just south
of the Perdices and Bullerengue hydrocarbon fields, composed of
condensate oil and rich gas (Figure 13), which are characterized
by overpressure zones in Mio-Oligocene units. It is possible to
deduce, based on the bio and geochronological recoveries obtained
in the muds and carbonate blocks of the Santa Lucia volcano, that
Paleogene (Eocene) sedimentary sequences, close to Miocene -
Oligocene overpressure zones, were detached and brought to the
surface, forming the mud volcanic system. Blocks transported by
the mud to the surface have evidence of liquid hydrocarbons, as
well as mud extracts, with geochemical signatures similar to the
Cretaceous of the Cansona Fm. (Gonzalez-Penagos, 2019). These
evidences allow us to state that the mud volcanics in the VIM and
Serrania de San Jacinto (San Jacinto Hangingwall and Footwall
Realms), present evidence of petroleum systems associated with
liquid thermogenic hydrocarbons, produced from Cretaceous rocks
and stored in siliciclastic and calcareous Paleocene and Eocene
reservoirs. Zones adjacent to large faults in Serrania del Sinu, show
gases and liquid hydrocarbons of thermogenic origin, probably
associated with leaks through volcanic mud systems, of fluids
generated at great depths, or through faults, allowing the partial
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filling of Miocene and Pliocene reservoirs as revealed by exploratory
wells such as Cordoba-1 (Sind Footwall Realm). Zones with thinner
thicknesses in the Sind basin area tend to preserve gases of biogenic
origin, as reported by numerous exploratory wells such as Kronos-1,
Glaucus-1, Fuerte-1 and Uvero-1 (Sinu Footwall Realm).

CONCLUSIONS

The regional diapir analysis shows the extent of the mud volcanic
phenomenon in northern Colombia. The field study, with the
acquisition of information of varying resolutions, allowed observing
variations in terms of morphology and recent deformational
processes, distinctive among volcanoes formed in different
structural domains. Thus, volcanoes formed in the Lower Magdalena
Basin are generally circular, connected to basement faults or
regional thrusts, while volcanoes formed in the Serrania de San
Jacinto and Sinu basins tend to present ellipsoidal shapes, with gully
and drainage patterns that suggest the development of local stress
fields associated with dextrolateral movements of major faults.

The clay minerals and geochemical analyses indicate that the
volcanoes located in the Lower Magdalena Basin and the northern
part of Serrania de San Jacinto contains mudstones that originated
in sedimentary sequences with contributions from highly evolved
continental basement, while the volcanoes in the central and the
southern part of the studied area tend to show signs of sedimentary
sources rich in minerals from magmatically less evolved areas. The
U/Pb age relationships of zircons, micropaleontology and pollen
suggest that the mud volcanoes have different levels of stratigraphic

Ecopetrol

detachment: (a) from Paleocene - Eocene sequences, the Santa
Lucia, Las Palomas, Cafaveral, and El Tesoro mud volcanoes; (b)
from middle to upper Eocene sequences, the El Olivo, EL Reposo,
and El Rodeo mud volcanoes; ¢) from Oligocene sequences, the mud
volcanoes El Veintiocho, La Laguna, Santa Catalina, Yerbabuena, and
Virgen del Cobre; d) from Neogene sequences, the mud volcanoes EL
Totumo, Flamenco, Puerto Escondido, Mulatos, and Arboletes. These
proposed levels coincide with the results obtained in the isotopic
analysis of water recovered from the gryphons of mud volcanoes
and their anionic content. However, volcanoes such as Virgen del
Cobre, Santa Catalina, El Tesoro and EL Olivo, present processes
of enrichment of somewhat chlorinated waters, because of their
proximity to regional faults or shallower detachment levels.

The distribution and morphological characteristics of mud volcanoes
in the Caribbean suggest various processes that form overpressure
zones and mud volcanism. Much of the Southern Caribbean
Deformed Belt is controlled by stress partitioning between the
Caribbean and South American plates, as well as anincrease in the
strike-slip component of major faults, while in the northern part of
the Guajira Offshore basin, mud volcanism appears to be controlled
by the development of regional gravity instabilities. Volcanism in the
Lower Magdalena Basin appears to be linked to fault traces affecting
the basement of the area.

Gas and water analyses suggest that the older Paleocene belts
and the rigid backstop area have evidence of fluids and gases
from predominantly thermogenic petroleum systems, while in the
younger deformed belt domain, the tendency is to have microbial
petroleum systems.

This work has been the result of joint research projects between the Vice-Presidency of Exploration of Ecopetrol and the Colombian
Petroleum Institute. We thank both entities for their support to the execution of these projects, as well as the project leaders

and laboratories that participated in them.
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