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ABSTRACT

The Mio-Pliocene Combia Formation consists of pyroclastic deposits and lava flows which
were formed and emplaced under the active Late-Cenozoic geological context of the
northern Andes. Here, we present new magnetic fabric of two stratigraphical sequences of
pyroclastic rocks, the Anzé-Bolombolo (AB) section and the Metida Creek (MC) section,
and another section of lava flows, the Cerro Amarillo (CA) section. Anisotropy of magnetic
susceptibility (AMS) data of the AB section characterize flow directions from the SE,
whilst the MC succession is identified by flow directions towards the SE-ESE. These flow
patterns suggest volcanic plugs in the central Amagd Basin. These old volcanoes would
have been located in the areas of Titiribi and/or Venecia. However, according to previous
geomorphological characterizations and paleo-current studies, intrusive rocks of the
Venecia town are more likely to be the main volcanic necks in the central Area of the
Amagéd Basin. The CA section has flow directions towards the SW, characterizing
proximal volcanic vents to the section. Despite the fact that the Combia Formation may
have been affected by Late-Cenozoic deformational events recorded in the Amagéa Basin,
our AMS data only reflect flow directions. Therefore, further studies are necessary to
characterize deformations on the volcanic and volcano-clastic rocks of the Combia

Formation.



1. Introduction

Rock magnetic studies of volcanic and volcano-clastic rocks provide useful information for
paleogeographic reconstructions, basin analyses and stratigraphical correlations (Tarling
and Hrouda, 1993; Borradaile and Henry, 1997). Furthermore, mechanisms of transport-
deposition, deformational features, and location of volcanic vents of volcanic and volcano-
clastic rocks have been studied through paleomagnetic and magnetic fabric data (e.g
Elwood et al., 1982; Incoronato et al., 1983; MacDonald and Palmer, 1990; Palmer et al.,
1991; Le Pennec et al., 1998; Ort et al., 2003; Pioli et al., 2008).

The inter-Andean valley between the Western and Central Cordilleras of Colombia so
called the Cauca Depression (Fig. 1) is an area occupied by a series of Cenozoic
sedimentary basins, which were formed in an active geological context in the northern
Andes of South America (Barrero et al, 2007; Sierra and Marin-Cerén, 2011). Tectonic
processes as plate subduction and terrane accretion are involved in the geological evolution
of the sedimentary basins located in the Cauca Depression (Acosta, 1978; Alfonso et al.,

1994; Cediel et al., 2003; Sierra and Marin-Ceron, 2011).

The northern area of the Cauca Depression is occupied by the Amaga Basin (Fig. 1), which
is a sedimentary basin structurally controlled by the Cauca-Romeral Fault System and
closely located to the western boundary of the South American Plate (Sierra and Marin-
Cer6n, 2011). Important geological events in the northern Andes of South America, as the
Andean Orogeny and the Panama-Choco Block (PCB) collisional stages, are partially
recorded by deformational features of Cenozoic rocks of the Amaga Basin (Piedrahita et
al., 2017a; Piedrahita et al., 2017b). The Cenozoic rocks of the Amagé Basin include the
sedimentary infill of the basin, which consist of the Oligocene-Miocene Amaga Formation
and the Mio-Pliocene Combia Formation, and a series of Mio-Pliocene hypabyssal
intrusives which are associated with a volcanic event named Combia Event (Fig. 2)
(Grosse, 1926; Van der Hammen, 1958; Leal-Mejia et al., 2011; Montes et al., 2015; Mesa-
Garcia, 2015; Piedrahita et al., 2017a).



The deformational history of the Amaga Formation has been mainly described through rock
magnetic data. Magnetic fabric studies in the fluvial Amaga Formation characterized a
structural regime with NW-SE compression and NE-SW simple shear, which caused syn-
and post- depositional deformation in the Oligocene-Miocene Amaga Formation
(Piedrahita et al., 2017a). Additionally, paleomagnetism records from the Mio-Pliocene
Combia hypabyssal intrusives show that those rocks suffered counterclockwise rotations
about a vertical axis of 20.2°+£10.7° and local tilting (Piedrahita et al., 2017b). These rock
magnetic data characterized reactivations of the Cauca-Romeral Fault System which have
been triggered by the Late-Cenozoic interaction between the PCB and the Northern Andean
Block (NAB). Other geochronological, thermochronological and stratigraphical works (e.g.
Van der Hammen, 1958; Cediel et al., 2003; Silva et al., 2008; Restrepo-Moreno et al.,
2009; Lara et al., 2015; Montes et al., 2015) have supported those conclusions reached by
paleomagnetism and magnetic fabric data. Furthermore, those geological studies have also
identified the influence of other tectonic events, as the Andean Orogeny, over the

geological evolution of the Amagé Basin.

Despite the fact that the Cenozoic rocks of the Amagéa Basin functions as an archive of
important tectonic events occurred in the northern Andes, the Mio-Pliocene Combia
Formation, which consist of a series of volcanic and volcano-clastic rocks (Grosse, 1926;
Calle and Gonzélez, 1980), have remained as a unit whose emplacement and deformational
features have not been studied. Therefore, the locations of the volcanic vents which
generated the Combia Formation are unknown. Furthermore, the possible Mio-Pliocene
deformations of this unit, and their associations with the Late-Cenozoic geological events

which have affected the northern Andes of South America have not been analyzed.

The study of the Combia Formation can allow gaining new information related to the
geological evolution of the Amagéd Basin and the Mio-Pliocene tectonic context which
affected the northern Andes of South America. Therefore, this work seeks to identify
deformational features and/or volcanic vents of the Combia Formation through a new

dataset of magnetic fabric and magnetic mineralogy data. Our new data describes the



emplacement and flow mechanisms of the Combia Formation. Furthermore, the timing of

intracontinental deformation in the Amaga Basin can be tentatively constrained.

2. Geological framework

The Mio-Pliocene geological framework of the northern Andes of South America was
related to major Cenozoic tectonic events as the subduction of the Caribbean and Nazca
Plates beneath the South American Plate, and the collisional stages of the allochthonous
Panama-Choco Block (PCB) against the northwestern margin of the Northern Andean
Block (NAB) (Case et al., 1971; Pennington, 1981; Taboada et al., 2000; Cediel et al.,
2003; Farris et al., 2011; Villagoémez and Spikings, 2013; Farris et al., 2017).

The NAB, which is located within the South American Plate, is a geologically-
differentiated segment of the Andean Chain. This tectonic block can be divided into two
contrasted fringes with continental affinity rocks to the east and oceanic affinity rocks to
the west. The western area of the NAB includes several NNE-SSW trending terranes as the
Romeral Terrane. The basement of this terrane mainly consists of oceanic affinity rocks,
however, some areas have been described as mélange zones (Gansser, 1973; Cediel et al.,
2003). The Romeral Terrane is limited by strike-slip faults which have had several Meso-
Cenozoic reactivation periods (Ego and Sébrier, 1995; Chicangana, 2005; Vinasco and
Cordani, 2012). The eastern limit of the Romeral Terrane is the Romeral Fault, which is
characterized by separating the continental basement of the northern Andes from a series of
oceanic affinity rocks (Case et al., 1971; Chicangana, 2005). On the other hand, the western
area of the Romeral Terrane is bounded by the Cauca Fault, which is a suture zone between
Mesozoic terranes of oceanic affinity (Cediel et al., 2003). These faults are extended
between central Colombia and Ecuador and form the Cauca-Romeral Fault System (Fig. 2)

(Kammer, 1993; Cediel et al., 2003; Chicangana, 2005).

The Cauca-Romeral Fault System have had several strike-slip reactivations, with
alternating left-lateral and right-lateral motion, during the early Miocene, late Miocene,

Pleistocene and Holocene (Ego and Sébrier, 1995; Chicangana, 2005; Vinasco and Cordani,



2012). These deformational events have been related to the collisional stages of the PCB
against the northwestern corner of the South American Plate (Restrepo-Moreno et al., 2009;
Vinasco and Cordani, 2012; Piedrahita et al., 2017a; Piedrahita et al., 2017b). The PCB
consists of Meso-Cenozoic subduction-related and oceanic plateau igneous rocks (de Boer
et al., 1991; Buchs et al., 2011; Wegner et al., 2011). These rocks are separated from the
NAB through the Uramita Fault Zone, which is characterized by its transpressional
behavior and left-lateral component (Duque-Caro, 1990; Mann and Corrigan, 1990; Mann
and Kolarsky, 1995). The PCB collided with the NAB in E-SE direction during several
stages between the Paleogene and Neogene (Farris et al., 2011; Piedrahita et al., 2017a;
Farris et al., 2017). These collisional stages are associated with the closure of the Central
America seaway which connected the Atlantic and Pacific Oceans. Therefore, this tectonic
event had important oceanographic, climatic and biotic implications (Jaramillo, 2016;

O’Dea et al., 2016).
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Fig.1. Tectonic framework of the northern Andes of South America including principal
tectonic blocks, faults and the Amagé Basin.



Despite its geological repercussions, the timing of the collision of the PCB against
northwestern Colombia is still discussed. Montes et al. (2015) suggest a ~15 Ma final
collisional stage of the PCB to the northwestern area of the NAB. This hypothesis is based
on the presence of Eocene zircon crystals with “Panamanian signature” in Middle-Miocene
sedimentary rocks located within the northern Andes. On the other hand, O’Dea et al.
(2016), through a detailed review of the available oceanographic, molecular and
geochronological data, showed that a Middle-Miocene total closure of the Central America
seaway was not possible, characterizing a Pliocene-Pleistocene age for the final collisional
event of the PCB and identifying a current strain of this block over the northwestern South

American Plate (Cortés and Angelier, 2005; O’Dea et al., 2016).

The PCB collisional stages against the northwestern corner of the NAB, in addition to the
Cenozoic subduction of the Nazca Plate beneath the South American Plate, caused
mountain-building, volcanism, and reactivation periods of fault systems in the northern
Andes. A significant consequence of these major tectonic events was a series of Middle-
Late Cenozoic magmatic and volcanic episodes which include the Combia magmatism
(Duque-Caro, 1990; Cediel et al., 2003; Mesa-Garcia, 2015; Marin-Cerén et al., 2018).
This magmatic/volcanic event, characterized by subduction-related products with tholeiitic
and calc-alkaline geochemical signatures in volcanic, volcano-clastic and hypabyssal rocks
(Mesa-Garcia, 2015; Borrero and Toro-Toro, 2016; Marin-Cer6n et al., 2018), is preceded
by ~24-20 Ma igneous intrusions whose records are located to the west of the Cauca Fault.
The Mio-Pliocene interaction between the PCB and the western sector of the NAB led to an
eastward migration of that Early-Miocene (~24-20 Ma) magmatic belt to the Cauca
Depression. Thereby, the ~12-6 Ma Combia Event was generated (Duque-Caro, 1990;
Cediel et al., 2003; Marin-Cerodn et al., 2018).

The Combia event, and other consequences of the PCB accretionary stages as
intracontinental deformation and rock exhumation are partially recorded in the Amaga
Basin (Sierra and Marin-Cerdn, 2011; Piedrahita et al., 2017a). The Amagé Basin is located
in the mélange zone of the Romeral Terrane between the Central and Western Cordilleras

of Colombia (Cediel et al., 2003; Sierra and Marin-Ceron, 2011). The basement of this



basin consists of low-grade metamorphic rocks as schists and phyllites whose ages have not
been clearly assigned, therefore, they have been mapped as low-grade metamorphic rocks
with pre-Cenozoic ages. In fault contact with those metamorphic rocks, there are several
Triassic intrusives with gabbroic, dioritic and granitic compositions. Furthermore, a series
of volcanic and sedimentary Cretaceous oceanic affinity rocks as basalts, diabases and
pyroclastic rocks interlayered with cherts and siltstones are also in fault contact with the
other rocks which constitute the basement of the Amagad Basin. Several Cretaceous
intrusives also appear in this area, however, these rocks are mainly located in the adjacent
cordilleras which enclose the Amaga Basin (Fig. 2) (Grosse, 1926; Calle and Gonzalez,
1980; Calle et al., 1980; Sierra and Marin-Cerén, 2011).

The crystalline rocks of the basement of the Amaga Basin are covered by sedimentary
units, as the Amaga and Combia Formations, and intruded by the Combia hypabyssal rocks
(Fig. 2). The Amaga Formation is divided into two members, the Oligocene-Early Miocene
Lower Member and the middle to late Miocene Upper Member (Van der Hammen, 1957;
Montes et al., 2015; Piedrahita et al., 2017). Both members are constituted by sedimentary
rocks formed in fluvial environments (Silva et al., 2008). On the other hand, the Combia
Formation consists of volcanic and volcano-clastic rocks, which are split between a
volcanic member and a sedimentary member. The volcanic member of the Combia
Formation is characterized by lava flows with basaltic and andesitic compositions, and a
series of pyroclastic flows with ashes, tuffs and volcanic breccias. The sedimentary member
of the Combia Formation consists of conglomerates, sandstones and siltstones whose
source areas are the volcanic and volcano-clastic rocks of the volcanic member of this unit
(Grosse, 1926; Calle and Gonzalez, 1980). The thickness of both members of the Combia
Formation has not been clearly identified, nevertheless, Calle and Gonzalez (1980) have
described sequences of ~600m for the volcanic member and ~270m for the sedimentary

member.

The Combia event also generated a series of hypabyssal rocks whose record is in the central
and southern area of the Amaga Basin (Ramirez et al., 2006; Calle and Gonzalez, 1980;

Borrero and Toro-Toro, 2016). These rocks intrude the Amaga Formation, however, their



field relationship with the Combia Formation are not clear. Based on paleo-current analyses
and geomorphological observations, it has been thought that the Combia hypabyssal rocks
correspond to remnants of volcanic plugs in the Amaga Basin (Alvarez, 1973; Ramirez et

al., 2006).

The age of the Combia Event has been assigned through U-Pb ages and zircon and apatite
fission track ages. U-Pb ages of 7.6 + 0.2 Ma and 7.6 + 0.3 Ma for hypabyssal rocks (Leal-
Mejia, 2011) and 8.58 + 0.22 Ma, 8.55 + 0.18 Ma and 8.44 + 0.17 Ma for volcano-clastic

rocks have been found in the Combia Formation (Diaz and Cuellar, 2017).

This work study three sequences of the Combia Formation, the Anza-Bolombolo (AB)
section, the Cerro-Amarillo (CA) section and the Metida Creek (MC) section. Mesa-Garcia
(2015) provides stratigraphical, ZFT, AFT and geochemical data for these stratigraphical

successions (see below) (Fig. 4).

The MC section (~45m thick) is located in the western area of the Amaga Basin and
consists of well-dated layers of pyroclastic rocks with SW strikes and intermediate
inclinations towards the NW. Several strata have sedimentary structures as bioturbation,
ripple lamination and cross-bedding. The bottom of the MC succession is occupied by
lapilli-tuff breccias, tuffs and a subordinated layer of pyroclastic flows. The AFT ages of
these rocks range from 19.7 £ 9.5 Ma to 5.1£2.5 Ma, whilst the ZFT are between 12.14+2.0
Ma and 6.1£1.1 Ma. At the middle of the sequence, tuffs with AFT ages of 15.9+11.1 Ma
and ZFT ages between 10.1£2.1 Ma and 6.242.6 Ma, appear juxtaposed by a lapilli tuff
breccia with a ZFT age of 6.7+1.5 Ma, and a lapilli tuff with an AFT age of 8.3+3.1 Ma.
The top of the MC sequence has not been dated and is constituted by lapilli tuffs, tuffs, tuff

breccias and tuffaceous sandstones (Fig. 4a).

The CA sequence (~170m thick) is closely located to the eastern margin of the Amaga
Basin. This folded succession consists of tilted tabular layers (NS/50W) of ignimbrites at
the bottom, basalts at the middle and pyroclastic breccias at the top (Fig. 4b). The CA

succession has not been dated, in spite of this fact, a Mio-Pliocene age for the rocks of this



section has been assigned due to their tholeiitic geochemical signature and compositional
similitudes with other rocks of the Combia event (Mesa-Garcia; 2015). According to Mesa-
Garcia (2015), the CA deposits correspond to a stratovolcano which characterized an
effusive phase of the Combia Event. Therefore, volcanic products of the CA section would
have remained near the volcanic vent. Some layers of the CA section present oriented

vesicles which could be used to infer flow directions.

The AB section is the shortest sequence studied in this work and is located in the western
area of the Amagé Basin. It corresponds to a sequence of ~11m of thickness with horizontal
layers oriented towards the SW. The bottom of the AB succession is constituted by
interlayered tuffs and lapilli tuffs with AFT ages of 12.1 + 6.9. Those rocks are juxtaposed
by pyroclastic deposits which are separated between them by erosional contacts. At the top
of the AB section, there are volcanic agglomerates and breccias with AFT ages of 7.9 £ 2.1,

and undifferentiated lava flows (Fig. 4c) (Mesa-Garcia; 2015).

The Amaga Basin is affected by the Cauca-Romeral Fault System and their expressions
(Fig. 2). The different behavior and structural style of the faults belonged to this system
characterize at least two deformational events in the basin (Calle and Gonzalez, 1980;
Piedrahita et al., 2017b). The western Amaga Basin is structurally controlled by the strike-
slip Sabanalarga Fault, which is the easternmost fault trace of the Cauca Fault (Calle and
Gonzalez, 1980). The central and eastern areas of the Amagéd Basin are characterized by
NNW-SSE faults as the Cascajosa Fault, the Amaga Fault and the Piedecuesta Fault. These
faults have allegedly had normal and reverse reactivation periods (Grosse, 1926; Calle and
Gonzilez, 1980; Mejia et al., 1988). In the southern sector of the Amagé Basin, it is found
the Arma Fault, which is a NW-trending structure with oblique normal left-lateral behavior
(Acosta et al., 2007). Outside the Amagéd Basin, in the western flank of the Central
Cordillera of Colombia, the main trace of the Romeral Fault System and its easternmost
expression, the San Jeronimo Fault, are identified (Grosse, 1926). These faults have had
several strike-slip and reverse reactivation periods linked to the Meso-Cenozoic tectonic

activity of the northern Andes (Chicangana, 2005; Vinasco and Cordani, 2011).
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3. Methodology

3.1 Magnetic mineralogy

In order to test the presence of minerals whose magnetic susceptibility depends on the field
(i.e pyrrhotite) (Worm et al., 1993; Pokorny et al., 2004). We have measured the bulk
susceptibility of nine samples in fields of 2 A/m, 12.5 A/m, 25 A/m, 50 A/m, 100 A/m, 200
A/m, 300 A/m, 400 A/m and 600 A/m using a Kappabridge MFK1-FB at the the
Laboratorio de paleomagnetismo of the Universidad Eafit (Medellin, Colombia). We have
generated bulk magnetic susceptibility (k) vs field (H) curves for six (6) samples of the MC

section, two (2) samples of the CA section, and one (1) sample of the AB section.

3.2 Anisotropy of magnetic susceptibility (AMS)

For this magnetic fabric study, oriented cylindrical cores were extracted from three (3)
stratigraphical successions of the Combia Formation using a gasoline-powered portable
drill. They were obtained between 4 and 10 cores with 2.5 cm in diameter, which were
subsequently cut into specimens of 2.2 in height to yield a total of 240 standard cylindrical

specimens.

In order to obtain the AMS tensor, a sequence of 15 directional magnetic susceptibility
measurements was performed using the rotational design of Jelinek (1977). AMS
measurements were performed using a Kappabridge MFK1-FB at the Laboratorio de
paleomagnetismo of the Universidad Eafit (Medellin, Colombia). Our data was processed
with software Anisoft 4.2 (Chadima and Jelinek, 2009) and presented as mean tensor

statistics (Jelinek, 1981).

The orientation and magnitude of the three (3) main axes were determined to define the
magnetic fabric. The shape of the AMS ellipsoid was analyzed through the shape parameter
(7)), which ranges from -1 (linear magnetic fabrics) to 1 (planar magnetic fabrics) (Jelinek,

1981). The intensity of the preferred orientation of the minerals which control the magnetic

12



fabric is given by the anisotropy degree (P;) (Jelinek, 1981) and the bulk magnetic

susceptibility is expressed using the mean magnetic susceptibility (K,,) (Nagata, 1961).

Equations of the quantitative parameters used to describe AMS ellipsoids are defined as

follows:

7= [2In(K,/K>) / In(K1/K2)] — 1 (Jelinek, 1981)

P;=exp 2[(mnm)’ + (M2 m)’ + (3 m)’D"? (Jelinek, 1981)

Where n; =InK;, 02 =InK,, n3 =InK3 and nm = (1 -nz-n3)l/3

Km = (K; + K, + K3)/3 (Nagata, 1961)

4. Results
4.1 Magnetic mineralogy

Our k(H) curves and K,,-P; plot clearly distinguish two groups of data (Fig. 3a, b). The first
group is only constituted by samples from the MC section. This group of samples
characterizes k(H) curves with field-independent susceptibilities, whose values range from
2.78 x 10™ in the sample JJ2-14-4-1 to 1.80 x 10 in the sample JJ2-6-1-2 (Fig. 3a). The
K,-P; plot displays that samples from the MC section have relatively low K, and P; values.
K, values are mainly between 500 x 10 SI and 1000 x 10 SI. However, some samples of
the MC section have higher K, values which up to ~2000 x 10 SI, and lower values near
~200 x 10 SI. The highest K,, values are characterized by pyroclastic flows from the MC
section. P; values are also low, they are ranging between 1.002 and 1.060 and do not

present any relationship with K, (Fig. 3a).

The second group of data, which includes the AB and CA sections, has magnetic
susceptibility values considerably higher than the MC section. k(H) curves show a really
slight positive tendency between H and k for samples JJ1-6-1 (CA section), JJ4-2-1 (CA
ssection) and JJ2-1-17 (AB section). k values range from 2.66 x 107 (2 A/m) to 2.94 x 107

13



(600 A/m) in the sample JJ1-6-1, from 2.09 x 10 (2 A/m) to 2.09 x 10 (600 A/m) in the
sample JJ4-2-1, and from 2.17 x 107 (2 A/m) to 2.23 x 107 (600 A/m) in the sample JJ2-1-
17 (Fig. 3a). The K,,-P; plot displays low P; values for samples from CA and AB sections.
These values are between 1.007 and 1.062 and are similar to the P; values found in rocks
from the MC succession. On the other hand, K, values from the CA and AB section are
between ~15300 x 10 ST and ~38220 x 10 SI and are considerably higher than K,, values
from the MC sequence (Fig. 3b).
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4.2 Magnetic fabric

Magnetic fabric measurements characterize almost isotropic samples. Anisotropy degree
ranges from 0.02% (1.002) to 6% (1.062) and does not have any relationship with other
AMS parameters as K, or T (Fig. 3b, ¢, d). The highest P; values are identified in tuffs from
the MC and AB sections, and basalts from the CA sequence. On the other hand, the lowest
P;values belong to tuff breccias and tuffs from the MC succession and basalts from the CA

section (Fig. 3b, ¢).
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The T parameter is widely variable and does not have any relationship with other AMS
parameters as P; or Km. For the successions CA and MC, prolate, neutral and oblate fabrics
are observed, whilst for the AB section, only neutral to oblate fabrics have been
characterized. In general, a slight predominance of oblate ellipsoids can be identified for

the measured specimens (Tab.1; Fig. 3¢, d).

The MC section was sampled in 14 layers of pyroclastic flows. At the center of the section,
tuffs of the sites QM-JJ2-14, QM-JJ2-13 and have variable magnetic directional data. The
prolate fabric of the site QM-JJ2-14 has a sub-horizontal SE-trending magnetic lineation
and a sub-vertical magnetic foliation plane with NW-SE strike. The site QM-JJ2-13, which
has an oblate fabric, is characterized by an NE-trending K; with an intermediate plunge.
The magnetic foliation of this site (QM-JJ2-13) has an intermediate inclination which is
dipping towards the NW, describing a plane with NE-SW strike. Finally, the site QM-JJ2-
12 has an oblate fabric which defines a NW-trending magnetic lineation with intermediate
plunges. The magnetic foliation of this site has a NW-SE strike with an intermediate dip

towards the SW (Fig. 4a).

The prolate fabrics of the sites QM-JJ2-11 (tuffs) and QM-JJ2-10 (tuff breccia), and the
oblate fabric of the site QM-JJ2-09 (tuff breccia) are characterized by WSW to NW-
trending magnetic lineation with sub-vertical plunges at site QM-JJ2-11, and intermediate
to sub-horizontal inclinations at sites QM-JJ2-10 and QM-JJ2-09. The magnetic foliation
plane of these sites is also similar. K,,;, defines planes with NE-SW strikes and NW dips,
however, the inclination of these planes is sub-vertical at sites QM-JJ2-11 and QM-JJ2-10,
and sub-horizontal at site QM-JJ2-09 (Fig. 4a).

The sites QM-JJ2-08 (tuffaceous sandstone), QM-JJ2-07 (lapilli tuff), QM-JJ2-06
(pyroclastic flow), QM-JJ2-05 (tuff), and QM-JJ2-04 (lapilli tuff) have similar magnetic
fabrics in terms of shape and magnetic directional data. Only the site QM-JJ2-08 has a
neutral magnetic fabric, the remaining sites have oblate ellipsoids. All of these sites

describe WNW to SW trending magnetic lineations.
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Plunges of K; axis are variable and describe sub-vertical inclinations at site QM-JJ2-07,
intermediate inclinations at sites QM-JJ2-06 and QM-]J2-05, and sub-horizontal
inclinations at sites QM-JJ2-08 and QM-JJ2-04.

Magnetic foliation planes between these sites are also similar. These planes have NE-SW
strikes at sites QM-JJ2-08, QM-JJ2-07, QM-JJ2-06, QM-JJ2-05, with dips towards the NW
and intermediate inclinations. Only the site QM-JJ2-07 presents a sub-vertical magnetic

foliation plane (Fig. 4a).

The site QM-JJ2-04 is characterized by a magnetic foliation plane with a different attitude
regarding the other sites located at the top of the MC section. This site has a NW-SE
magnetic foliation plane which is dipping ~45° towards the SW (Fig. 4a).

The AB section was sampled in three layers. The site AB-JJ2-1 consists of a tuff with an
oblate fabric characterized by a sub-horizontal magnetic lineation oriented towards the NW
and a sub-horizontal magnetic foliation dipping towards the NW. The remaining sites, AB-
JJ2-2 (lapilli tuffs) and AB-JJ2-3 (pyroclastic flows), are identified by neutral magnetic
fabrics with SE-trending lineations and sub-horizontal to intermediate plunges. The
magnetic foliations of these sites have sub-horizontal to intermediate dips which are related

to awell-clustered K; axis with NW orientations (Fig. 4c).

The CA succession was sampled at 4 layers of basaltic andesites, two of these sampling
sites have oriented vesicles towards the SW, indicating flow directions from the NE. The
oblate magnetic fabric of the site CM-JJ1 and the prolate magnetic fabric of the site CM-
JJ4 are characterized by SW-trending magnetic lineations with sub-horizontal and
intermediate plunges. The site CM-JJ1has a magnetic foliation plane which is dipping
towards the SW and has a NW-SE strike. On the other hand, the site CM-JJ4 has a sub-
horizontal K,,;, which is associated with a sub-vertical magnetic foliation plane with NE-

SW strike (Fig. 4b).
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The remaining sites of the CA succession (CA-JJ3 and CA-JJ-5) are characterized by an
inversion of the susceptibility axis regarding the sites CM-JJ1 and CM-JJ4. Sites CA-JJ3
and CA-JJ5 have their K, axis with SE trends, as the magnetic lineations of the sites CM-
JJ1 and CM-JJ4. The site CA-JJ3, which has a well-defined oblate fabric, is characterized
by NW-trending sub-horizontal magnetic lineations and a magnetic foliation plane which is
dipping towards the SW and has NW-SE strike. On the other hand, the prolate fabric of the
site. CA-JJ5 has a NE-trending K; with an intermediate inclination and a sub-vertical

magnetic foliation plane with NE-SW strike (Fig. 4b).
5. Discussion

Magnetic fabric analysis of volcanic and volcano-clastic rocks highly depends on the
mineral which carries the magnetic susceptibility (Tarling and Hrouda, 1993; Cafion-Tapia
and Pikerton, 2000). We characterize two groups of data according to our A(H) curves and
K, values (Fig. 3a, b). The sampling sites of the MC section are characterized by nonfield-
dependent k(H) curves and K, values mainly between 500 x 10 SI and 1000 x 107 SI.
These features show that the samples of the MC sequence may have their magnetic
susceptibility linked to a mixture of ferromagnetic and paramagnetic minerals. On the other
hand, sampling sites of the successions AB and CA are characterized by K,, values >1000 x
10°¢ SI, which are typical K, values of ferromagnetic minerals (Rochette, 1987; Borradaile,
1988; Rochette et al., 1992; Borradaile, 2001). There is a slight positive tendency between
the applied magnetic field (H) and the bulk magnetic susceptibility (k) for samples of the
AB and CA sequences, this behavior can be attributed to the presence of minerals as
pyrrhotite, hematite or titanomagnetite (Pokorny et al., 2004). The contribution of these
minerals to the magnetic susceptibility do not generate any disturbance in the trends of the
AMS axes, however, these minerals can cause inaccurate determination on the degree of
anisotropy (Pokorny et al., 2004). We have identified low P; values for all samples,
regardless the k values, therefore, we consider that the possible presence of minerals as
pyrrhotite, hematite or titanomagnetite plays no a fundamental role in the interpretation of

our AMS data (Fig. 3).
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AMS measurements of volcanic and volcano-clastic usually exhibit scattered directions of
the mean AMS axes. Therefore, to determine flow directions of these kinds of rocks, a large
number of samples is needed and/or it is necessary to studying gathered AMS data from
successive flows whose formation and emplacement have similar conditions (Cafion-Tapia
et al., 1995; Le Pennec et al., 1998; Cafion-Tapia and Pikerton, 2000; Henry et al., 2003).
Due to the analogous lithological and geochronological features of the studied stratigraphic
successions, in addition to the similar AMS data between sites of the same section, we have

averaged the magnetic directional data of each sequence to obtain reliable results (Fig. 5).

Volcanic vents of the volcanic and volcano-clastic rocks of the Combia Formation have
remained unknown. However, volcanic plugs of this unit have to be located within the
Amaga Basin, due to the fact that in the adjacent cordilleras there are no records of Mio-

Pliocene volcanic events.

The AB succession characterizes sub-horizontal magnetic SE-trending magnetic lineations
and a sub-vertical NW-trending K;. These directions do not present corrections when tilt-
corrections are applied, due to the fact that the sequence is only dipping 3°. Usually, the
magnetic lineation is coincident with flow directions of volcano-clastic rocks (MacDonald
and Palmer, 1990; Palmer et al., 1991; Le Pennec et al., 1998). However, interactions
between magnetic grains during the flow, as rolling and saltating, can lead to orthogonal
magnetic lineations regarding the flow direction (Porreca et al., 2003; Giordano et al.,
2008). For that reason, and considering the ferromagnetic components of the AB section,
we have used K,,;, plunge direction to characterize the sense of the flow of this sequence,
following the idea of Giordano et al. (2008). Thereby, we have identified flow directions
from SE to NW at the AB section, characterizing source areas located in the central area of

the Amaga Basin (Fig. 5).

The MC succession presents WSW-trending mean magnetic lineations with an intermediate
plunge, whilst K,,;, is oriented towards the SE and has an intermediate plunge. Tilt
corrections over these data characterize sub-horizontal magnetic lineations with ENE-
WSW trends and sub-horizontal magnetic foliation planes with random strikes. For this

sequence, we have used the classical model for magnetic fabrics of volcano-clastic rocks

20



which displays that magnetic lineation is parallel to the flow direction (Elwood, 1983;
MacDonald and Palmer, 1990; Palmer et al., 1991; Le Pennec et al., 1998). We used this
statement due to the magnetic mineralogy of the samples of the MC section. K, values and
k(H) curves describe paramagnetic contributions to magnetic fabrics, effects of magnetic
interactions as rolling and saltating are not expected in a grain arrangement with
paramagnetic minerals, therefore magnetic lineation can be used as an indicator of flow
directions for rocks of the MC section. Considering the location of the MC section in the
western boundary of the Amaga Basin, flow directions from the ENE towards the WSE are

geologically possible (Fig. 5).

Considering the inferred flow directions of the AB and the MC sections, and the
lithological and geochronological similitudes between both stratigraphical sequences (Fig.
4a, c), it is possible to determine source areas for these volcano-clastic deposits in the
central area of the Amagéd Basin. Hypabyssal intrusive rocks of the Combia Event have
been thought to be old volcanic necks, due to their geomorphological features which are
similar to volcanic cones and previous paleo-current studies (Alvarez, 1983; Ramirez et al.,
2006). Based on these statements and the flow directions found for the AB and the MC
sections, we deduced that volcanic plugs of the pyroclastic rocks of the central Amaga
Basin can be placed in the area of the Venecia town, where a series of cylindrical elevations
present morphologies of old volcanoes. The area of Titiribi also has several intrusive rocks
of the Combia Event (Fig. 2). Although the intrusive bodies of the Titiribi town do not
present well-defined morphologies of volcanoes, it is not discarded that some volcanic
plugs would have been located in this area. Following this idea, remnants of volcanic necks

in the Titiribi area would have been easily eroded.

The CA section presents a geological history which differs from the origins of the AB and
MC successions. The CA sequence, which was sampled at several layers of basaltic
andesites, is expected to be close the volcanic vent, due to the fact that lava flows do not
travel long distances as pyroclastic deposits. In lava flows, K; and K, can be parallel to the
flow direction (Canon-Tapia and Pikerton, 2000). We inferred flow directions of these

basaltic andesites using oriented vesicles towards the SW. This direction is coincident with
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magnetic lineations of the CA sequence, although, in a couple of sampling sites, K, axis
defines the SW flow direction (Fig. 4b, Fig. 5). These inversions between the AMS axes are
common in “natural” lava flows, which are characterized by anisotropy degrees lower than

5%, as the P; values of the CA section (Cafion-Tapia and Pikerton, 2000).

The location of the CA section in the eastern margin of the Amagé Basin, and the AMS
directions, characterize a volcanic plug which would have been closely located to this
sequence of lavas. This observation is also corroborated by the magnetic foliation, which
characterize planes with similar attitudes to the bedding, showing that lava flows may have
flow towards the E-SE (Fig. 5). Despite these analyses related to the CA section, it is
necessary to analyze more sites to infer accurate locations for the volcanic plugs which

generated the lava flows of the Combia Event.

% C}AB Section

Geographic Q
Coordinate Titiribi
System ; s

Geographic
Coordinate
System

=

Venecia

" MC
) Section
Palcogepgraphic
ngﬁg::‘ue ~— <=%Flow directions
s f Intrusive bodies with

morphologies of volcanoes
6 @ Towns

@® Studied sections
B K, AK, @K, «Bedding

Fig. 5. Oblique aerial view of the study area presenting AMS plots and flow directions of
the AB and MC sections. Furthermore, hypabyssal intrusive rocks with geomorphological
features of volcanoes are shown. The CA section is not exhibited in this figure due to the
fact that we do not clearly identified volcanic plugs for this succession (See text).

Our AMS data characterize flow direction from three successions, however, rocks of the
Combia Formation may be records of the deformational events which affected the Amaga
Basin during the collisional stages of the PCB and the subsequent reactivation periods of
the Cauca-Romeral Fault System. However, we did not find deformational indicators on

our magnetic fabrics which can be related to the Late-Cenozoic structural behavior of the
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Amaga Basin. Magnetic foliation planes in all three sequences are quite similar to the
bedding (Fig. 4), showing that rocks of the Combia Event could be emplaced over a flat
topography in the Anzéd —Bolombolo sequence and in a steep topography for the remaining
sections. However, these facts do not exclude the possibility that the Combia Formation can
be a deformed unit. The Amaga Basin is subjected to a strike-slip structural regime which
generated rotations in vertical and horizontal axis in the hypabyssal rocks of the Combia
Event (Piedrahita et al., 2017b), therefore, further studies are needed to determine effects of

deformation on the Combia Formation.

6. Conclusions

The AB and MC sections, which correspond to pyroclastic deposits of the Combia
Formation located in the western area of the central Amagéa Basin, have their source areas
within the basin, in a locality near the hypabyssal rocks of Titiribi or Venecia. However,
according to geomorphological features and previous paleo-current studies (e.g. Alvarez,
1983; Ramirez et al., 2006), intrusive rocks of the Venecia area are more likely to be

considered as the main volcanic plugs of the central Amaga Basin.

The CA section, which was sampled at lava flows, describes flow directions towards the
SW, characterizing volcanic plugs closely placed to this section. However, more studies
and sampling locations are needed to accurately determine the volcanic vents which

generated lava flows of the CA succession.

Magnetic fabric data of the Combia Formation describe flow directions. Hence, we were
not able to detect deformation in these rocks. However, further studies are needed to
determine how the Late-Cenozoic deformational events recorded in other rocks of the

Amagaé Basin, affected the volcanic and volcano-clastic rocks of the Combia Formation.
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