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ARTICLE INFO ABSTRACT

Article history:

New detrital zircon-fission track (ZFT) and magnetic fabric data are presented to constrain the time of deposition,
provenance and deformation of the of Lower and Upper members of the Amagéa Formation in the Amaga Basin.
The Amaga Basin is located in the northern Andes, between the Western and Central Cordilleras of Colombia. The
Amaga Formation was deposited in a transpressive geodynamic context and is allegedly synchronous with tec-
tonic events such as the Andean orogeny and the Panama-Choco Block collision with the northwestern South
American Plate. Detrital ZFT data confirm an Oligocene age for the Lower Member and a middle-Miocene age
for the Upper Member of the Amaga Formation. In addition to constraining the depositional age, the ZFT data pre-
sented in this study also reflect Paleocene-Eocene, late to early Oligocene and late to middle Miocene cooling in
sediment source areas mainly located in the Central and Western Cordilleras of Colombia. These ages can be as-
sociated with regional exhumation events in the central and northern Andes of South America. Collisional stages
of the Panama-Choco Block against northwestern South America, subduction of the Farallon-Nazca Plate and
strike-slip reactivation periods of the Cauca-Romeral fault system, caused NW-SE compression and NE-SW sim-
ple shear in the Amaga Basin. This deformational regime, identified by magnetic fabric data, induces syn- and
post-depositional deformation over the Amaga Formation.
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1. Introduction

The Cenozoic tectonic evolution of the northern Andes is mainly as-
sociated with the interaction between the South American, Caribbean
and Farallon-Nazca plates, and the accretion of several tectonic blocks
and terranes to the northwestern margin of the Northern Andean
Block (NAB) (Cediel et al., 2003; Montes et al., 2005; Villagémez et al.,
2011; Villagomez and Spikings, 2013). Subduction of the Farallon-
Nazca and Caribbean plates beneath the South American Plate, the
Eocene accretion of oceanic terranes (Kerr et al., 1997; Cediel et al.,
2003; Echeverri et al.,, 2015) and the collision of the Panama-Choco
Block (PCB) against the NAB (Coates et al., 2004; Farris et al., 2011;
Montes et al., 2015; O'Dea et al,, 2016), caused orogenesis and deforma-
tion in the northern Andes (Taboada et al., 2000; Cediel et al., 2003;
Cortés and Angelier, 2005; Montes et al., 2005; Parra et al., 2009a;
Parra et al., 2009b; Restrepo-Moreno et al., 2009; Farris et al., 2011;
Villagémez et al., 2011; Villagémez and Spikings, 2013; Mora et al.,
2015).
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The events mentioned above occurred simultaneously with the
formation of sedimentary basins along the Cauca depression, which
is located in the inter-Andean valley between the Central and West-
ern Cordilleras of Colombia (Fig. 1; Barrero et al., 2007; Sierra and
Marin-Cerén, 2011). Those basins are called the Amaga - Cauca -
Patia (ACP) Basins and their evolution is linked to the Cenozoic tec-
tonic activity of the northern Andes (Acosta, 1978; Alfonso et al.,
1994; Sierra and Marin-Cer6n, 2011). The Amaga Basin is located in
the northern part of the ACP Basins, close to the boundary between
the NAB and the PCB (Fig. 1). This basin was formed in a continuously
transpressive geodynamic context, linked to strike-slip reactivation
periods of the Cauca-Romeral fault system, causing syn- and post-
depositional deformation (Sierra and Marin-Cerén, 2011). The
Amaga Formation, which constitutes part of the sedimentary infill
of the Amagd Basin, was first determined to be of Paleogene to
Neogene in age (Grosse, 1926; Van der Hammen, 1958). Given the
location of the Amaga Basin between the Western and Central Cor-
dilleras and the structural control of the Cauca-Romeral fault system
on the basin evolution, the Amaga Formation functions as an archive
of the Cenozoic tectonic events that occurred in this part of the
northern Andes.
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faults, the Romeral Terrane, the inter-Andean Amaga Basin and the possible source areas of the

Amaga Formation (Cediel et al., 2003; Suter et al., 2008; Sierra and Marin- Cerdn, 2011; Villagémez and Spikings, 2013). The Quebradagrande and Cajamarca complexes are located along

the Romeral Terrane and Central Cordillera respectively.

The Cenozoic geological context of the northern Andes, and the
location of the Amaga Basin, favored the deformation of the Amaga
Formation in several deformational events (Sierra and Marin-
Cerén, 2011). Those deformational events are evidenced by multiple
Cenozoic reactivation periods of the Cauca-Romeral fault system
(Sierra, 1994; Chicangana, 2005), as well as the presence of minor
strike-slip, reverse and normal faults in the central part of the
Amaga Basin (Grosse, 1926; Calle and Gonzalez, 1980). Despite
these observations, the deformational features of the Amaga Forma-
tion are not well described. The information related to the deforma-
tion of this unit is restricted to field observations and mapping which
show that the deposition of the Amaga Formation was synorogenic
and affected by deformation (Calle and Gonzélez, 1980; Van der
Hammen, 1958).

In this study, we present zircon fission-track (ZFT)
thermochronological data of detrital zircon, from the same strati-
graphic sections for which we have anisotropy of magnetic
susceptibility (AMS) data. We pretend to study syn- and post-
depositional deformation of the Amaga Formation. AMS and ZFT
are very common methods in the study of sedimentary successions
deposited in active tectonic settings (Gallagher et al., 1998;
Aubourg et al., 2004; Bernet et al., 2006; Robion et al., 2007; Soto
et al.,, 2009; Oliva-Urcia et al., 2013; Garcia-Lasanta et al., 2014).
Our anisotropy of magnetic susceptibility data is supported by
thermomagnetic curves. The combination of techniques, which we
presented in this work, allows us to gain new information on Ceno-
zoic tectonic events in the northern Andes in terms of source area
exhumation, timing of deposition in the basin and intracontinental
deformation.

2. Geological setting
2.1. Regional geology

The Cenozoic tectonic framework of the northern Andes is related to
the interaction between the Caribbean, Farallon-Nazca and South
American plates (Fig. 1). The Nazca Plate is a result of the split of the
Farallon Plate at ~23 Ma (Lonsdale, 2005). The oceanic Farallon-Nazca
Plate was subducted beneath the western margin of the continental
South American plate since the Mesozoic (e.g. Pindell and Kennan,
2009). During the Cretaceous, the Caribbean plate began an eastward
migration to its current position north of the South American plate. All
this generated re-activation of early Mesozoic or older faults, exhuma-
tion of rocks and important deformation in the northern Andes (Case
et al., 1971; Pennington, 1981; Taboada et al., 2000; Montes et al.,
2005; Parra et al., 2009a; Villagémez and Spikings, 2013).

The interactions between the South American, Caribbean and
Farallon-Nazca plates favored the accretion of tectonic blocks and ter-
ranes to the northwestern margin of the Northern Andean Block (NAB).
The NAB is a tectonic block located within the northwestern South
American Plate. This tectonic block has been recognized as a distinct geo-
logical segment of the Andean Cordillera (Gansser, 1973; Cediel et al.,
2003). Terranes of oceanic affinity and the NNW-SSE and NNE-SSW
trending Cauca and Romeral strike-slip faults characterize the western
part of the NAB (Fig. 1; Ego and Sébrier, 1995; Cediel et al., 2003). The
Cauca fault limits the so-called Romeral Terrane, which consists of oceanic
affinity rocks and mélange zones (Cediel et al., 2003). The Cauca fault is a
suture zone with a right-lateral component, that separates the Romeral
Terrane from the Dagiia-Pifion Terrane, which is another terrane of
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oceanic affinity (Ego and Sébrier, 1995; Cediel et al., 2003). The Cauca
fault activity is linked to the Romeral fault (Kammer, 1993; Ego and
Sébrier, 1995), which constitutes the eastern boundary of the Romeral
Terrane (Cediel et al., 2003). The Romeral fault separates oceanic crustal
rocks from the continental rocks of the Central Cordillera of Colombian
(Case et al., 1971; Chicangana, 2005). Ego and Sébrier (1995) confirmed
aright lateral component for the Romeral fault. However, different reacti-
vation periods of this fault during the Early Cretaceous, Late Cretaceous,
Eocene, early Miocene, late Miocene, Pleistocene and Holocene, with al-
ternating left-lateral and right-lateral motion, have been documented
(Hutchings et al., 1981; Sierra, 1994; Chicangana, 2005; Cortés and
Angelier, 2005; Sierra et al.,, 2012; Vinasco and Cordani, 2012). Of partic-
ular importance in this respect are the late Eocene accretion of an oceanic
terrane (Kerr et al., 1997; Cediel et al., 2003; Echeverri et al., 2015) and
late Oligocene to Mio-Pliocene (?) collision of the Panama-Choco Block
(PCB) against the NAB (Coates et al., 2004; Farris et al., 2011; Montes
et al, 2015; O'Dea et al., 2016).

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; Montes et al., 2012). Towards the northwest, this block is
bounded by the Canal fracture zone (Lowrie et al.,, 1982; de Boer et al.,
1991), which separates the PCB and the Chorotega Block (Fig. 1). In its
southeastern area, the PCB borders the northwestern margin of South
America along the Uramita fault zone (Fig. 1), which is characterized
by its transpressional behavior and left-lateral component
(Duque-Caro, 1990; Mann and Corrigan, 1990; Mann and Kolarsky,
1995). The PCB was accreted in E-SE direction to the northwestern mar-
gin of the NAB (Duque-Caro, 1990; Cortés and Angelier, 2005; Suter et al,,
2008). The PCB collision and the continuous plate interactions in the
northern Andes are evidenced by intracontinental deformation and sev-
eral orogenic pulses with different exhumation rates (Taboada et al.,
2000; Parra et al., 2009a; Restrepo-Moreno et al., 2009; Villagémez
et al,, 2011; Villagémez and Spikings, 2013; Mora et al., 2015).

In the northern Andes, different exhumation pulses have been doc-
umented in the three mountain ranges which constitute the Andean
Cordillera in Colombia. The Eastern Cordillera of Colombia has a base-
ment of Precambrian and Paleozoic metamorphic and igneous rocks,
covered by Paleozoic to Mesozoic sedimentary successions (Gonzalez
et al., 1988). The Central Cordillera of Colombia consists of Precambrian
high-grade metamorphic rocks, in contact with Paleozoic-Jurassic low-
medium grade metamorphic rocks (Restrepo and Toussaint, 1988;
Maya and Gonzélez, 1995; Blanco-Quintero et al., 2014). All these meta-
morphic rocks were intruded by Permo-Triassic and Meso-Cenozoic ig-
neous plutons (Gonzalez et al., 1988; Cediel et al., 2003). The Western
Cordillera of Colombia is characterized by Meso-Cenozoic allochtho-
nous oceanic rocks, such as marine sediments and basaltic rocks.
These rocks were intruded by Cenozoic igneous rocks and covered by
volcanic successions (Gonzalez et al., 1988). Several sedimentary basins,
between the Colombian cordilleras, are located in the Magdalena River
valley between the Eastern and Central Cordilleras and the Cauca de-
pression between the Western and Central Cordilleras (Barrero et al.,
2007). The ACP Basins are located in the so-called Cauca depression.
The Amaga Basin is located in the northern region of the ACP Basins
(Fig. 1) and is separated from the Cauca-Patia Basins by the Armenia al-
luvial Fan. The west and east limits of the Amaga Basin are given by the
Cauca and Romeral faults, respectively (Sierra and Marin-Cerén, 2011).
The sedimentary infill of the Amaga Basin, which was deposited in a
transpressive regime, can be a record of the exhumation of the Western
and Central Cordilleras of Colombia (Silva et al., 2008; Sierra and
Marin-Cerén, 2011), as well as a marker of the accretion of the PCB
against the NAB (Montes et al., 2015).

2.2. Local geology

The Amaga Basin is located in a mélange zone. Therefore, the base-
ment of this basin consists of Triassic igneous and low-grade

metamorphic rocks, which are in fault contact with Cretaceous rocks
of oceanic affinity (Cediel et al., 2003; Sierra and Marin-Cerén, 2011).
The Cretaceous oceanic affinity rocks, found in the Amaga Basin, belong
to the Quebradagrande Complex. The Quebradagrande Complex con-
sists of basalts, diabases and pyroclastic rocks, which are interlayered
with cherts and siltstones (Calle and Gonzalez, 1980). The
Quebradagrande Complex was accreted to the western margin of the
Northern Andean Block (NAB) during the Jurassic-Early Cretaceous
(Cediel et al., 2003; Villagémez and Spikings, 2013). These rocks of oce-
anic affinity are in fault contact with low-grade metamorphic rocks such
as phyllites and schists of the possibly Cretaceous Arquia Complex
(Gonzalez, 2001; Ruiz-Jiménez et al., 2012; Rodriguez and Arango,
2013). However, the age and lithostratigraphy of these rocks are not
clearly determined, as Calle et al. (1980) mapped these rocks as
Paleozoic-Jurassic low-grade metamorphic rocks of the Cajamarca Com-
plex (Maya and Gonzalez, 1995; Blanco-Quintero et al., 2014). The low-
grade metamorphic rocks of the Amaga Basin basement are also in fault
contact with Triassic igneous intrusive rocks belonging to the Pueblito
Diorite and Romeral Gabbros (Fig. 2b) (Rodriguez-Jimenez, 2010).

The Amaga Formation, which is divided into a Lower and an Upper
Member (Silva et al., 2008; Sierra and Marin-Cerén, 2011), was suppos-
edly deposited from the Paleogene to the Neogene (Grosse, 1926; Van
der Hammen, 1958; Ramirez et al., 2015). New palynological data in
the northern Amaga Basin (Fig. 2a) suggest an Eocene-Miocene age of
the Amaga Formation (Ramirez et al., 2015), whereas zircon U-Pb data
indicate an Oligocene-early Miocene age for the Lower Member and a
Middle Miocene age for the Upper Member of the Amaga Formation
(Montes et al., 2015). The inconsistencies between the palynological
and geochronological data, and the absence of geochronological infor-
mation in other parts of the Amaga Basin show that the age of the
Amaga Formation is not well known so far throughout the basin.

The Lower Member of the Amaga Formation (~294 m thick) was de-
posited in a continental fluvial environment of braided river systems
with coarse-grained sandstones and conglomerates at the base bottom
of the Albania and Excarbon sections (Fig. 3; Sierra et al., 2004; Silva
et al., 2008). Subsequently, the deposition of the Lower Member was as-
sociated with meandering rivers, with fine-grained lithofacies associa-
tions of well-sorted sub-litharenites with high quartz content, massive
gray siltstones, and coal layers (Silva et al, 2008; Sierra and
Marin-Cerdn, 2011). These rocks are observed in the Albania, Palomos
and Excarbon sections, however, there are no clear correlations be-
tween these different stratigraphic sections (Fig. 3; Silva et al., 2008).
Petrographic studies in sandstones of the Lower Member of the
Amaga Formation show moderately-sorted and well-sorted medium-
grained sandstones, which consist of polycrystalline and monocrystal-
line quartz, K-feldspar, plagioclase, metamorphic and plutonic rock
fragments, and accessory minerals such as mica, amphibole, chlorite,
pyroxene, apatite, zircon, garnet and rutile (Silva et al., 2008). These
petrographic studies suggest that the source areas of the Lower Member
of the Amaga Formation were in the Central and Western Cordilleras of
Colombia, as well as, basement rock outcrops in the Amaga Basin
(Grosse, 1926; Sierra et al., 2004; Silva et al., 2008; Sierra and
Marin-Cerén, 2011).

The Upper Member of the Amaga Formation (~228 m thick) is char-
acterized by exhibiting meandering river lithofacies at the bottom of the
Venecia section, with interlayered mudstones and sandstones (Fig. 3).
However, the depositional environment of the Upper Member changed
to braided river environments with massive sandstones at the top of the
Venecia section and the Cinco and Crisol sections (Silva et al., 2008). The
Cinco section deposits are stratigraphically above the Venecia section
and is overlain by the Crisol section deposits (Fig. 3; Sierra et al.,
2004). The Upper Member of the Amagéa Formation is characterized by
lithic wackes, feldspathic litharenites and siltstones of reddish and
greenish colors (Sierra and Marin-Cerén, 2011). The source areas of
the Upper Member are mainly placed in the Central and Western
Cordilleras of Colombia (Sierra et al., 2004; Silva et al., 2008; Sierra
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Fig. 2. (a) Schematic map of the Amaga Basin. (b) Geological map of the study area (Grosse, 1926; Calle et al., 1980) including sampling sites used in this study and ages of Mio-Pliocene

hypabyssal rocks (MacDonald, 1980; Leal-Mejia, 2011).

and Marin-Cerén, 2011). However, Lara et al. (2015) and Montes et al.
(2015) postulated that the rocks of the Upper Member may also have
contributions of sediments from the PCB. Sandstones of the Upper
Member consist of polycrystalline and monocrystalline quartz, K-
feldspar, plagioclase, and metamorphic and plutonic rock fragments.
The main compositional difference, between the sandstones of the
Lower Member and the sandstones of the Upper Member of the
Amaga Formation is the presence of sedimentary and volcaniclastic
rock fragments in sandstones of the Upper Member of the Amaga For-
mation. Accessory minerals as magnetite, illmenite, apatite, zircon, gar-
net, pyroxene and amphibole were also described (Silva et al., 2008).

The Amaga Formation is overlain by the Mio-Pliocene Combia For-
mation. This unit consists of pyroclastic and volcanic rocks related to
the volcanic Combia event (Grosse, 1926; Calle and Gonzélez, 1980;
Toro et al., 1999). The Combia event also has in its record hypabyssal
rocks, which intrude the sedimentary rocks of the Amaga Basin
(Fig. 2b) (MacDonald, 1980; Restrepo et al., 1981; Leal-Mejia, 2011).

The structural geology of the Amaga Basin is controlled by the
Cauca-Romeral fault system. The most important fault in the Amaga
Basin is the Sabanalarga strike-slip fault, which is located in the western
sector of the study area and is identified by its Quaternary activity (Calle
and Gonzalez, 1980). In the central part of the study area, there are ob-
served the Cascajosa normal fault and the Quirimara reverse fault
(Fig. 2b; Grosse, 1926; Murillo, 1998). Finally, the eastern sector of the
central Amaga Basin is characterized by the Amagé and Piedecuesta re-
verse faults (Grosse, 1926; Calle and Gonzalez, 1980; Mejia et al., 1988).
The structural style of the previously mentioned faults suggests several
deformation events in the Amaga Basin (Grosse, 1926; Calle and
Gonzalez, 1980; Sierra and Marin-Cerén, 2011; Piedrahita et al., in
press).

Local ductile deformation in the Amaga Basin is evidenced by folds
such as the Venecia syncline, which is the only mapped fold in the
study area and has a fold axis parallel to the NNW trend of the faults
(Fig. 2b). There are also minor folds in the study area, but they have
not been mapped due to their small extension therefore their character-
istics are unknown (Calle and Gonzalez, 1980). The deformational activ-
ity in the study area is also demonstrated by rotation of Mio-Pliocene
intrusive rocks of the Combia event (MacDonald, 1980; MacDonald
etal., 1996; Piedrahita et al,, in press). Paleomagnetic and magnetic fab-
ric studies of these hypabyssal rocks show that the igneous rocks intrud-
ed some layers of the Amaga Formation which had already been
deformed, whilst other areas of the Amaga Formation were deformed
post-intrusion (Piedrahita et al,, in press).

3. Methods
3.1. Zircon fission track (ZFT)

Zircon fission-track (ZFT) dating is a well-established low-
temperature thermochronology method, and fission-track analysis of
detrital zircon has become a standard technique for studying sediment
provenance, thermal history of rocks, long-term continental denudation
and other geological processes (e.g. Hurford and Carter, 1991; Bernet
and Garver, 2005). Fission tracks are produced by spontaneous fission
of 228U, 225U and 232Th isotopes (Price and Walker, 1963; Fleischer
etal,, 1975). However, the contribution from 2°U and 2*’Th is negligible
and only the accumulation of fission-tracks from 238U is relevant
(Wagner and Van den Haute, 1992). Particularly in sediment prove-
nance and stratigraphic studies, the apparent ZFT cooling ages are
interpreted in terms of cooling below the closure temperature of the
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fission-track system (e.g. Bernet and Garver, 2005; Reiners and
Brandon, 2006). The closure temperature depends on the cooling rate,
and for zircons also on the amount of accumulated radiation damage
(Reiners and Brandon, 2006). For natural zircons in orogenic settings
with common cooling rates on the order of 15 °C/Myr, the ZFT closure
temperature is about 240 + 20 °C (Brandon et al., 1998; Bernet, 2009).

Because detrital zircons in sedimentary rocks were derived from a
variety of source rocks, with different cooling histories, it is possible to
detect multiple grain age components or peaks in detrital grain age

distributions by peak fitting (Galbraith and Green, 1990). The deter-
mined peak ages can be interpreted in terms of provenance, reflecting
the cooling history of specific source areas (e.g. Bernet et al., 2004,
2006, 2009). Furthermore, the youngest age peak of a sample can be
used as a first order estimate of the depositional age of the sampled
rocks in the absence of post-depositional thermal resetting (Bernet
and Garver, 2005). For additional information on fission-track dating,
the interested reader can consult Wagner and Van den Haute (1992),
Gallagher et al. (1998) or Tagami (2005).

For this study, about seven kilograms of sample were crushed and
sieved. Zircons from fractions between 100 and 150 pm were separated
from crushed rocks using density and magnetic separation techniques.
Zircons were mounted in Teflon sheets, polished and etched in a solu-
tion of NaOH + KOH (11.2 g of KOH and 8 g of NaOH) at a constant tem-
perature of 228 °C (Gleadow, 1981). Because we used the external
detector method, grain mounts were covered with Kapton sheets as ex-
ternal detectors, and irradiated at the ORPHEE Saclay reactor (France),
with a nominal fluence of 5 x 10'> neutrons/cm?. Neutron fluency
was monitored using CN1 dosimeter glasses. After irradiation, the
Kapton sheets were etched in NaClO and 13 M HCl (100 ml of HCIO by
4 g of NaCl) for 8 min in a boiling solution to reveal induced tracks.

We present ZFT data for two samples of the Lower Member and two
samples of the Upper Member of the Amaga Formation (Fig. 2b, 3). Al-
though it is recommended that over 100 grains should be dated per
sample in detrital studies (Vermeesch, 2004), only between 42 and 69
grains were analyzed for our samples because of problems with
metamict grains, U-zonation and other crystalline defects.

Fission-track ages were calculated using the Z-factor calibration
method (Hurford and Green, 1983) and the BinomfFit software
(Brandon, 2002) to obtain grain-age distributions and major grain-age
components or peaks. Even with the low number of analyzed grains
per sample, reliable peak ages can be obtained when the peaks are
well separated and contain >5% of the total number of analyzed grains
(Vermeesch, 2014 personnel communication). All grains were dated
wet at 1000 x magnification using a biological Leica microscope at the
Laboratorio de investigacion en Termocronologia (Universidad Eafit,
Colombia).

3.2. Magnetic mineralogy

In order to characterize the carriers of magnetic fabric, magnetic sus-
ceptibility of six representative specimens (one of each stratigraphic
section) was measured as a function of temperature using a KLY5-A
Kappabridge coupled with CS-4 and CS-L temperature control units. Ap-
proximately 0.5 g of homogenized powdered specimen was investigat-
ed in a quartz glass test-tube with temperature being recorded by a
platinum wire thermometer directly within the specimen powder.

First, in the low-temperature experiment, the specimens were
spontaneously heated from the temperature close to liquid nitrogen
(ca. —196 °C) up to the room temperature. Subsequently, in the high-
temperature experiment, the same specimens were heated from room
temperature up to 700 °C and cooled back to room temperature with
a heating/cooling rate of ca. 14 °C/min. The high-temperature experi-
ments were performed in a protective argon atmosphere to minimize
any undesired mineral changes due to oxidation in elevated tempera-
tures. During both experiments, magnetic susceptibility was measured
approximately each 20 s.

The acquired curves of temperature variations of magnetic suscepti-
bility were processed, visualized and analyzed using the Cureval 8.0.2
software (www.agico.com). The curves were corrected for the respec-
tive empty cryostat/furnace and bulk susceptibility (i.e., volume-
normalized), ki, Was calculated using the actual specimen mass and
average density of sedimentary rocks (p = 2.7 g-cm™>). For curves
where hyperbolic decrease of magnetic susceptibility according to the
Curie-Weiss Law is visually evident, the susceptibility resolution into
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ferromagnetic and paramagnetic components based on the hyperbola
fitting technique was employed (Hrouda, 1994; Hrouda et al., 1997).

3.3. Anisotropy of magnetic susceptibility (AMS)

Anisotropy of magnetic susceptibility (AMS) is a very sensitive
method to visualize the preferred orientation of magnetic minerals in
a rock. In sedimentary rocks, this technique may reflect different geo-
logical processes linked to the rock formation and/or its subsequent de-
formation (Graham, 1966; Hrouda, 1982; Borradaile, 1988; Averbuch
et al., 1992; Tarling and Hrouda, 1993; Borradaile and Jackson, 2010).
AMS is described as a second order symmetric tensor whose geometric
representation is given by an ellipsoid with three axes (K; > K3 > K3).
The orientation of the maximum principal axis defines a magnetic line-
ation and the perpendicular plane to the minimum principal axis (and
containing the maximum and intermediate axes) defines a magnetic fo-
liation; both elements defining a so-called magnetic fabric (Balsley and
Buddington, 1960; Stacey et al., 1960; Tarling and Hrouda, 1993).

The magnitude and shape of the AMS ellipsoid can be described by a
set of quantitative parameters. Those quantitative parameters are the
shape parameter, T, the corrected anisotropy degree, P;, and the mean
magnetic susceptibility, K;,,. The T parameter defines the shape of the
anisotropy ellipsoid; this parameter ranges from — 1 (linear magnetic
fabrics) to 41 (planar magnetic fabrics). Values close to 0 indicate neu-
tral or triaxial magnetic fabrics (Jelinek, 1981). The corrected anisotropy
degree, P;, shows the intensity of the preferred orientation of the min-
erals which control the magnetic fabric. Finally, the mean magnetic sus-
ceptibility, Ky, represents the bulk magnetic susceptibility (Nagata,
1961). Ky, can provide information about the magnetic minerals pre-
sented in a rock, being an indicator of ferromagnetic or paramagnetic
contributions to the magnetic fabrics (Rochette, 1987; Tarling and
Hrouda, 1993; Borradaile, 2001). Traditionally, the identification of fer-
romagnetic and paramagnetic contribution is presented through the
Km-P;j plot (Rochette, 1987; Borradaile, 1988; Rochette et al., 1992;
Borradaile, 2001). K, values >1000 x 10~ SI correspond to ferromag-
netic minerals and K, values <1000 x 10~ ° SI characterize paramag-
netic contributions (Rochette, 1987; Rochette et al., 1992; Tarling
and Hrouda, 1993; Borradaile, 2001). Some authors describe
paramagnetic-ferromagnetic mixed contributions to the magnetic fab-
rics with K., values between ~500 and 1000 x 10~ ° SI (Archanjo
et al.,, 1999; Nagaraju et al., 2008). Despite the fact that low K, values
are related to paramagnetic minerals and high K, values are linked to
ferromagnetic minerals, this assumption should be always assessed
through more accurate methods (i.e magnetic hysteresis measure-
ments, thermomagnetic curves). Hirt et al. (2004) present cases which
exhibit predominance of ferromagnetic carriers to magnetic fabrics
with relatively low K, values, whilst Raposo and Berqué (2008) show
data for rocks with ferromagnetic components which are weakly orien-
tated and do not correspond to the AMS carriers.

In addition to the conventionally used AMS parameters, we utilize
two parameters which relate the magnetic fabric to the attitude of the
strata of the sedimentary rocks. These parameters are [ and f. The I pa-
rameter is defined as the angle between the bedding strike and the
magnetic lineation, whilst the f parameter corresponds to the angle be-
tween the bedding and magnetic foliation (Tarling and Hrouda, 1993;
Chadima et al., 2006).

Magnetic fabrics of sedimentary rocks are divided into sedimentary,
intermediate or tectonic fabrics. According to the influence of deforma-
tion over the magnetic fabrics, six fabric types can be classified: I, II, III,
IV, V, VI (Parés et al., 1999; Aubourg et al.,, 2004; Robion et al., 2007).

Sedimentary magnetic fabrics (Type I) are linked to undeformed
rocks and are characterized by magnetic foliations parallel to the bed-
ding (f < ~25°) and highly scattered magnetic lineations (Parés et al.,
1999; Robion et al., 2007; Callot et al., 2010). Sedimentary fabrics are
usually oblate and their anisotropy degree is low (Hamilton and Rees,
1970; Parés et al., 1999). Intermediate magnetic fabrics (type II and

type Ill) are identified by early deformation stages, changes from oblate
ellipsoids to prolate, triaxial (type III) or more pronounced oblate fabrics
(type II) are produced. The magnetic lineation tends to be aligned per-
pendicular to the shortening direction, whilst the magnetic foliation is
gradually deviated from the bedding. Low fvalues in fabrics type II pro-
gressively increase, showing fabrics type III (Robion et al., 2007; Soto
et al., 2009; Callot et al., 2010). Tectonic magnetic fabrics (type 1V,
type V and type VI) are associated with deformational activity. These
fabrics are characterized by high P; values and changes in the AMS ellip-
soid from prolate or neutral shapes in fabrics type IV to oblate shapes in
fabrics type V and VI (Parés et al., 1999; Chadima et al., 2006; Robion
et al., 2007). In tectonic magnetic fabrics, the angle fis high (>~65°;
Callot et al., 2010) and the magnetic lineation is usually aligned follow-
ing the direction of the cleavage/bedding intersection lines, gradually
acquiring high inclinations (Robion et al., 2007).

For this magnetic fabric study, oriented cylindrical samples of 2.5 cm
in diameter were collected using a gasoline-powered portable drill. On
average 4 cylindrical cores per site were taken at 28 sites located in 6
stratigraphic successions of the Amaga Formation (Figs. 2b, 3). Only
fine to medium grained sandstones were sampled. The attitude of the
strata, at the sampling sites, was also recorded. In the laboratory, the
samples were cut into specimens of 2.2 cm in height to yield a total of
166 standard cylindrical specimens.

The AMS was measured using a KLY-2 Kappabridge at the Colgate
University, NY, USA. In order to obtain the AMS tensor, a sequence of
15 directional magnetic susceptibility measurements was carried out
following the rotational design of Jelinek (1977). AMS data were proc-
essed using Anisoft 4.2 software (Chadima and Jelinek, 2009) and pre-
sented using mean tensor statistics (Jelinek, 1981).

4. Results
4.1. Zircon fission track

ZFT results with central and peak ages are compiled in the Table 1,
and shown in probability density and radial plots in Fig. 4. All errors
are presented as 20 errors. All samples have P(x?) values of zero,
which are typical for over-dispersed detrital grain age distributions,
showing a mixture of different grain-age components (Table 1;
Galbraith, 1981). ZFT data from the Lower Member of the Amaga For-
mation are characterized by single-grain ages between 16.6 and
94.7 Ma (sample Al-1) and 20.0-90.6 Ma (sample Al-2).

Two populations for each sample are well defined (Fig. 4a, b).
Sample Al-1 has age peaks at 57.5 4+ 6.7 Ma (63.2% of dated grains)
and 33.7 4+ 5.5 Ma (36.8%) (Table 1, Fig. 4a, b). Sample Al-2 has an age
peak at 49.1 4 3.3 Ma (85.4%) and another age peak at 28.1 + 5.8 Ma
(14.6%) (Table 1, Fig. 4c, d).

ZFT data in the Upper Member of the Amaga Formation (Table 1)
show three peaks for sample AS-1 at 56.5 £ 5.7 Ma (35.0%), 29.8 +
3.8 Ma (26.1%) and 17.7 4+ 1.6 Ma (38.9%). The single grain ages of
these samples are between 11.3 and 78.5 Ma (Table 1, Fig. 4e, f). Sample
AS-2 has four peaks at 50.4 + 7.1 Ma (13.9%), 22.9 £ 2.8 Ma (30.9%),
15.6 + 1.6 Ma (46.9%), and 10.6 4 2.5 Ma (8.2%), with single grain
ages between 9.6 and 86.2 Ma (Table 1, Fig. 4g, h).

4.2. Magnetic mineralogy

Based on the room temperature magnetic susceptibility, we can
roughly distinguish two groups of specimens (Fig. 5): I) relatively
low-susceptibility specimens Pm3 (kpux = 7 x 1076 SI), EX3 (Kpux =
124 x 10 ° SI), Ab2 (kpui = 347 x 1076 SI), and II) relatively high-
susceptibility specimens Vs10 (kuux = 2936 x 1078 SI), Vs4 (kpu =
6319 x 1076 SI), Vs11 (kpux = 11,117 x 10~° SI). The high-
temperature treatment is highly irreversible for most specimens (ex-
cept for Vs11) as the susceptibility on the cooling curves is about an
order of magnitude higher compared to the respective heating curves
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Table 1

Zircon fission-track data.
Sample n ps (107> N pi (1075 N; P(yx?) Dispersion Age +2 U +10 Peak 1 Peak 2 Peak 3 Peak 4

cm—?) cm~?) (%) (Ma)* o  (ppm) (Fraction) (Fraction) (Fraction) (Fraction)

Al-1 42 86.8 (4364) 21.0 (1055) 0.0 26.6 46.0 53 499 31 - - 33.7+5.536.8% 57.5+6.763.2%
Al-2 54 55.6 (8472) 138 (2101) 0.0 20.7 450 3.8 328 14 - - 28.1 +5.814.6% 49.1 +3.3854%
AS-1 58 324 (6646) 123 (2528) 0.0 48.3 29.0 41 293 12 - 17.6 £ 1.638.9% 29.8 4+ 3.826.1% 56.5 4 5.7 35.0%
AS-2 69 352 (7114) 20.5 (4146) 0.0 39.7 196 22 488 15 106 £2.582% 155+ 1.646.9% 229 +2.830.9% 504 £ 7.113.9%

Note: Fission-track age is given as central age (*) (Galbraith and Laslett, 1993). Ages were calculated using a Z-factor of 3.66E + 27.

(Fig. 5a, b). This irreversibility is most likely due to the growth of new
magnetite, which starts to grow at the expense of paramagnetic min-
erals (most probably phyllosilicates) at elevated temperatures. This
growth is manifested by a sharp susceptibility increase at ca. 400 °C,
followed with a sharp decrease at ca. 570 °C when the Curie
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Fig. 4. Probability density with histograms and radial plots of zircon fission track data of all
for all samples. The blue lines indicate the observed grain age distributions, main age peaks
are shown as P1, P2, P3 or P4 (see Table 1). All graphs were made with BinomFit program
of Brandon (2002). (aand b) Sample Al-1, (cand d) Sample Al-2, (e and f) Sample AS-1, (g
and h) Sample AS-2.

temperature of magnetite is achieved. Magnetite undoubtedly also
grows at temperatures above 570 °C but its growth is not manifested
by further susceptibility increase because at these temperatures magne-
tite behaves as a paramagnetic substance. New-grown magnetite is
again evident on the cooling curves where we observe prominent
peaks in susceptibility, with maxima in the range between 440 and
510 °C (Fig. 5a, b).

The only quasi-reversible behavior is observed for the highest-
susceptibility specimen Vs11 where the cooling curve follows more or
less the trend of the heating curve implying that no mineral changes
were induced during the high-temperature experiment. The magnetic
mineralogy of this specimen is dominated by pure magnetite as it is
clearly demonstrated by a pronounced Verwey transition (rapid change
in susceptibility at ca. -160 °C) and the Curie temperature correspond-
ing to pure magnetite (abrupt susceptibility decrease at ca. 570 °C,
Fig. 5b). The presence of magnetite is also evident in all relatively
high-susceptibility specimens (Vs4, Vs10, Vs11) where more or less
pronounced “hump” on the low-temperature curves corresponding to
the Verwey transitions is observed (Fig. 5b, c).

On the contrary, no Verwey transition is observed on the low-
temperature curves of the relatively low-susceptibility specimens
(Fig. 5¢, Ab2, Ex3, Pm3). Magnetic susceptibility gradually decreases
with increasing temperature following the course of a hyperbola, a be-
havior typical for paramagnetic minerals where susceptibility is in-
versely proportional to the absolute temperature. Following the
susceptibility resolution technique of Hrouda (1994), and Hrouda
et al. (1997), a hyperbola was fitted to each curve in the interval of
—120 to 0 °C (Fig. 5¢). For the low-susceptibility specimens, hyperbola
fit is very good and the mathematical separation shows that more than a
half of the magnetic susceptibility signal is carried by paramagnetic frac-
tion (Fig. 5c: Ab2 ca. 85%, Ex3 ca. 60%, Pm3 ca. 65%). Interesting to note is
that when we fit a hyperbola on the high-temperature curves in the in-
terval of 30 to 250 °C (well below any susceptibility increase due to min-
eral changes), the course of that hyperbola meets the curve again at the
highest temperatures, i.e. above ca. 570 °C (Fig. 5d). This provides an ad-
ditional evidence that the observed magnetite has been only “artificially
created” during the high temperature experiment and was not original-
ly present in the unheated rock.

For the high-susceptibility specimens, hyperbola fit is very loose and
the separation demonstrates that the magnetic susceptibility signal is
almost exclusively carried by the ferromagnetic fraction and paramag-
netic signal is negligible (Fig. 5c: Vs4 ca. 3%, Vs10 ca. 2%, Vs11 ca. 2%).

4.3. Magnetic fabric

4.3.1. Lower Member of the Amagd Formation

The Lower Member of the Amaga Formation is characterized by rel-
atively low K, values. The highest K, value is 241 x 1076 SI (Table 2).
Two sampling sites, with negative K, values and anomalous P; values
regard to the remaining sites, were identified. This is probably related
to a high abundance of quartz in the samples of the two sites (Callot
et al., 2010). Due to that fact, sites Ab1 and Ex4 were discarded from
our interpretation.

All types of magnetic fabrics can be observed in our samples. A sed-
imentary magnetic fabric (8% of the sampling sites) was identified
(Fig. 6b). Although this magnetic fabric is not clearly parallel to the
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Fig. 5. (a) An overview of the low- and high-temperature curves (both for heating and cooling, closed and open symbols, respectively) of magnetic susceptibility of six representative
specimens. (b) A detailed view showing the susceptibility interval from 0 to 20,000 x 10~ SL (c) A detailed view showing normalized low-temperature curves, fitted hyperbolas are
shown as yellow lines. In bold is the interval where the fit was performed. (d) A detailed view of the high-temperature curves of three low-susceptibility specimens showing the
susceptibility interval from 0 to 500 x 10~ S|, fitted hyperbolas are as yellow lines, in bold is the interval where the fit was performed.

bedding plane at site Ex1. This site is characterized by a sub-vertical and
well-clustered K3 and scattered and sub-horizontal K;.

Intermediate magnetic fabrics were identified in all of the Lower
Member sections. Magnetic fabrics type II (15% of the sampling sites
of the Lower Member) were only characterized in the Palomos section
(Fig. 6b). Magnetic fabrics type II are identified by neutral to oblate
AMS ellipsoids, whilst magnetic fabrics type III (31% of the sampling
sites of the Lower Member) are mainly represented by prolate AMS
ellipsoids.

All types of tectonic magnetic fabrics were detected in the Lower
Member of the Amaga Formation. However, there are no tectonic mag-
netic fabrics in the Palomos section (Fig. 6b). Magnetic fabrics type IV
(23% of the sampling sites of the Lower Member) are identified by neu-
tral to prolate ellipsoids and sub-horizontal K; and K3 axis. Magnetic
fabrics type V (8% of the sampling sites) and type VI (15% of the sam-
pling sites) were only identified in the Albania section. The magnetic
fabric type V had a strongly oblate AMS ellipsoid with scattered K,
and a vertical magnetic foliation. On the other hand, the magnetic fab-
rics type VI are characterized by neutral AMS ellipsoids with sub-
vertical and well-clustered magnetic directions.

No relationships between Ky, ~P;, Kin-T, Pi-l and Pj-f were observed for
the successions Albania, Palomos and Excarbon (Fig. 6a, d, e, f). The high
dispersion of T, [ and fis linked to the presence of different magnetic fab-
ric types. The only relationship between two AMS parameters was char-
acterized for the Albania succession, which has a slightly negative
relationship between P; and T (Fig. 6¢). This relationship may be associ-
ated with changes between intermediate and tectonic magnetic fabrics,
and their respective variations of P and T. The Palomos and Excarbon
sections do not have P;-T relationships (Fig. 6¢).

The magnetic lineations and magnetic foliations of the Albania and
Palomos sections are highly scattered and do not represent good trends
(Fig. 7). On the other hand, the magnetic directions of the Excarbon sec-
tion are more closely clustered than the magnetic directions in the
Lower Member of the Amaga Formation at the other sections. The mag-
netic lineations of this succession are mainly orientated in NE-SW and
NW-SE directions, with a mean magnetic lineation towards the SW
(Fig. 7). The magnetic foliations are sub-horizontal and have a slight
preferential E-W strike.

4.3.2. Upper Member of the Amagd Formation

The Upper Member of the Amaga Formation has relatively high K,
values (K, > 10~°) which have a positive relationship with Pjand T
(Fig. 6a, ¢, d). The progressive increase of K, and the presence of mag-
netite (see section 4.2) show that increases in P; and T are related to
the distribution and magnetic interactions of magnetite grains
(Grégoire et al., 1995), which control the magnetic fabric of the rocks
of the Upper Member of the Amaga Formation.

Predominantly intermediate magnetic fabrics type II (67% of the
sampling sites of the Upper Member) and type III (8% of the sampling
sites of the Upper Member) were identified (Fig. 6b). Magnetic fabrics
type Il are observed in the Venecia and Cinco successions and are char-
acterized by neutral to oblate AMS ellipsoids. Although the angle f for
these magnetic fabrics are generally low (f < ~25°), the magnetic linea-
tions are well clustered, exhibiting their intermediate type. Site Vs1 has
a strongly prolate AMS ellipsoid and its K; and K3 axis are interchanged
regard to the remaining magnetic fabrics of the Venecia section. We sus-
pect that the site Vs1 has an inverse magnetic fabric, even though the K,



Table 2

AMS data of the Amagd Formation. n = Number of specimens, P; = Corrected anisotropy degree, T = Shape parameter, K, = Mean magnetic susceptibiliy, Strike/Dip = Attitude of the strata, K; = Declination and inclination of the maximum sus-

ceptibility axis, K, = Declination and inclination of the intermediate susceptibility axis, K3 = Declination and inclination of the minimum susceptibility axis, | = Angle I, f = Angle f, Type = Magnetic fabric type.

Succession Site n P St. T St. K St. Strike/Dip K (°) Confangle K;(°) ConfAngle K5 (°) ConfAngle [(°) St f(°) st Type
Deviation Deviation Deviation (@) (@) ) Deviation Deviation
Upper Crisol Vsi3 6 1.01 0.011 —0.642 0.168 1.77E—04 9.39E—06 90/30 311.6/35.1 43.7/8.4 45.2/5.0 52.3/200  142.2/544 43.5/8.7 416 223 61.7 187 11
Member Vs1i2 6 1.082 0.004 0.226 0.044 3.71E—03 341E—04 90/30 40.5/26.6  5.9/2.5 286.9/38.7 4.9/3.0 155.1/39.7 4.8/2.1 495 5.82 782 452 v
of the Amaga Vsil 6 1.17 0.025 0.693 0.065 1.12E—02 1.21E—03 90/30 49.5/4.3 6.4/2.7 316.1/383 6.4/2.7 1449/51.3 3.8/1.9 40.5 4.14 652 279 \%
Formation Cinco Vsi0 6 1.13 0.006 0.854 0.039 2.22E—-03 2.75E—04 90/30 270.6/3.7 12.5/29 4.0/42.2 12.5/3.2 176.5/476 3.3/3.1 0.6 10.6 724 329 \%
Vs9 6 1.081 0.03 0.747 0.174 6.15E—04 2.81E—04 216/20 83.9/16.0  26.4/3.0 349.6/14.5 26.4/5.5 219.5/68.1 5.8/2.6 479 17.1 302 339 I
Vs8 6 1.059 0.01 0.301 0.167 2.24E—04 1.80E—06 216/20 249.1/119 5.8/2.3 339.2/0.5 83/3.3 71.6/780  7.3/33 33.1 548 16.1 4.04 I
Venecia Vs7 6 1.062 0.007 0.745 0.074 5.15E—03 1.54E—03 216/20 70.7/5.9 17.6/4.2 160.7/0.7  16.6/2.5 257.4/84.1 7.8/2.2 347 69.5 243 258 I
Vs6 6 1223 0.119 0.812 0.109 2.55E—02 1.18E—02 216/20 43.0/1.0 9.9/4.2 312.9/43  10.2/2.3 146.3/85.6 6.6/3.2 7.0 109 159 6.96 I
Vs5 6 1.057 0.008 0.173 0.122 1.81E—03 546E—04 216/20 2289/55 88/1.2 138.8/0.5 8.1/3.6 43.9/844  6.1/2.3 129 223 20.0 2.86 il
Vs4 6 1.069 0.002 0.44 0.192 5.13E—03 5.53E—04 216/20 52.5/3.8 4.0/3.6 322.0/7.1  3.9/3.7 170.6/81.9 5.1/0.5 165 225 153 7.81 I
Vs3 6 1.113 0.021 0.541 0.081 3.16E—03 9.63E—04 216/20 242.1/23  2.9/09 3325/99 3.6/13 139.2/79.8 3.8/1.5 26.1 214 103 3.76 I
Vs2 6 1.126 0.012 0.729 0.031 4.75E—03 8.26E—04 216/20 69.0/169  5.5/1.6 333.6/17.6 5.4/3.4 200.7/65.4 3.8/1.8 330 313 269 263 Il
Vs1* 7 1.105 0.017 —0.958 0.11 1.11E—04 2.66E—05 130/20 285.8/69.9 14.2/24 147.6/153 67.0/13.3  54.0/12.8  67.0/3.0 242 204 579 244 il
Lower Excarbon  Ex4* 5 1.198 0.245 0.316 0.267 —3.98E—06 3.33E—06 78/35 336.7/5.2  22.6/9.3 2349/659 32.3/119  69.0/23.4 283/11.8 787 382 659 247 I\
Member Ex3 6 1.008 0.017 0.246 0.388 241E—04 5.05E—05 78/35 274.2/44  32.8/4.1 12.0/60.5 50.0/17.0  181.7/29.2 46.3/4.9 162 17.5 85.0 26.1 I\
of the Amaga Ex2 6 1.029 0.009 —0.427 0.565 2.84E—05 744E—06 78/35 221.3/23  6.3/48 312.9/352 12.2/5.0 128.0/54.7 12.7/4.1 36.7 142 65.5 249 111
Formation Ex1 5 1.041 0.035 0.765 0.439 1.71E—-05 1.23E—05 78/35 76.2/0.5 63.2/7.7 166.3/3.0 63.0/159  337.1/87.0 18.1/166 1.8 214 32.1 146 |
Palomos Pm4 6 1.008 0.007 —0339 0.381 1.03E—-04 5.33E—05 128/15 347.6/19.9 15.9/6.5 91.9/34.2 66.1/9.3 233.0/489 66.1/13.8 39.6 46.0 55.7 39.0 11
Pm3 6 1.002 0.002 —0.904 0.366 6.34E—05 1.29E—05 128/15 168.1/18.,5 38.6/29.7 303.8/649 87.1/36.6  72.4/163 87.1/232  40.1 80.1 61.6 36.5 111
Pm2 6 1.025 0.038 —0.026 0.549 5.60E —05 1.87E—05 285/20 265/37.3  43.5/36.8 9.7/184 43.5/303  120.4/469 37.4/294 200 26.6 416 21.0 I
Pm1 5 1.009 0.03 0.125 0.22 4.74E—05 591E—06 285/20 138.6/32.9 59.9/26.6 231.9/52 652/189  329.9/56.6 54.7/232 336 255 493 185 I
Albania Ab7 6 1.031 0.006 —0.183 0.217 4.24E—05 5.88E—06 72/44 194.0/62.3 7.4/1.6 13.3/27.7 6.7/3.4 103.4/0.3  4.5/3.9 58.0 1.64 69 231 VI
Ab6 6 1.006 0.003 0.177 0.417 2.28E—05 7.26E—06 72/38 275.6/18.1 51.8/23.2  28.5/50.0 50.4/26.4 172.8/34.3 34.8/26.4 236 475 86.8 71.1 v
Ab5 6 1.031 0.05 —0367 0.486 2.93E—05 5.92E—06 72/38 67.8/19.1  27.6/3.9 161.8/11.5 44.8/10.0  281.2/67.5 46.1/125 42 262 325 164 11
Ab4 6 1.028 0.009 0.04 0.31 4.58E—05 8.97E—06 72/44 314.7/224 3.7/1.8 52.5/184  5.1/1.8 178.3/604 4.8/1.4 62.7 233 728 207 v
Ab3 6 1.026 0.01 —0.154 0.249 8.44E—05 2.80E—05 72/44 205.0/68.5 13.6/5.7 13.9/21.1  16.6/126  105.3/38 17.1/33 47.0 943 70.6 6.60 VI
Ab2 6 1.01 0.005 0.748 0.175 1.93E—-04 6.26E—05 72/38 305.7/10.8 47.2/7.1 38.8/16.0 47.2/9.1 183.1/70.5 13.0/5.7 53.7 238 56.6 222 \%
Ab1* 6 1360 0.545 —0.644 0.144 —217E—06 5.94E—07 72/44 225.1/45 31329 117.5/75.4 31.4/2.8 316.2/13.6 6.4/2.6 269 132 39.0 7.12 1

Note: Our data are presented using mean tensor statistics (Jelinek, 1981). Principal susceptibility axes are shown in paleographic coordinate system.

43

=92 (2102) 95€ £50102D Aipjuauiipas /b 12 DIYDIPAL] YA



V.A. Piedrahita et al. / Sedimentary Geology 356 (2017) 26-42

35

15 a) b)
145 VS 7
144
6—]|
1.35
5 ¢ a7
s
125
P, S
1.2 ~
o e
o8 *°
o o i
* 0 1 I 1 v \A VI
K, (10°S,
1000 10000 ( 1000(3) ]j)pe
1
L 2 C) <> V'S o <> ® ¢ d)
* °$ Oblate » ‘ ‘{ &
Oblate 08 ® % $ <2> $
04 @ <>
0.2
P, R oo¥ K, (10°SD
13 1.35 14 145 1.5 T 0 H 1& 10000 100000
0 &%‘
0.4
o
Prolate o4 9‘
o8 Prolate Q L
E 4
90 90
. o SIS 4 D
70- 70
90,
60 <><<>; op & @ *
[ 0. fs0 & ’
@ ¢ Q
«§R $8 Ce0 o° gsd B
o3 b * ST
30, 30
€
) ’{‘.@ . TP € 0N
L 2 @
o & €8 * S *y
® < ¢ P, "TLLPL oo * * p
1.05 11 1.15 12 1.25 13 1.35 14 1.45 15 0 1.05 1.1 115 12 125 13 1.35 14 145 15
<> Albania ‘Palomos ‘Excarbon ‘Venecia <>Cinco ‘ Crisol

Fig. 6. (a) Correlation between K, and P;. (b) Frequency distribution of magnetic fabric types. (c) Correlation between P;and T. (d) Correlation between K, and T. (e) Correlation between P;
and L (f) Correlation between P; and f. The parameters P;, T, [ and f are shown using mean tensor statistics (Jelinek, 1981). The bulk susceptibility is described using the Ky, parameter

(Nagata, 1961).

is not clearly perpendicular to the bedding (Winkler et al., 1996). Due to
that fact, we have discarded this site from our interpretation.

Tectonic magnetic fabrics type IV (8% of the sampling sites of the
Upper Member) and V (17% of the sampling sites of the Upper Member)
were identified in the Cinco and Crisol sections and are characterized by
magnetic fabrics with high f angles (>65°) and neutral to oblate AMS
ellipsoids.

No relationships in the P;- and Pj-f plots of the Venecia section were
identified (Fig. 6e, f). However, there are negative relationships in the
Pj-1 plot for the successions Cinco and Crisol (Fig. 6e). These relation-
ships are linked to the re-orientation of the magnetic lineations due to
the transition from intermediate to tectonic magnetic fabrics
(Chadima et al., 2006; Robion et al., 2007). The P;-f plot shows a positive
relationship for the Cinco succession (Fig. 6f), which may be associated
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Fig. 7. Stereographic projections of the AMS data (all specimens). All data are projected in the lower-hemisphere, equal-area and paleo-geographic coordinate system (Table 2).

with the change from intermediate magnetic fabrics type II to tectonic
magnetic fabrics type V. No relationship between P; and f was observed
for the Crisol section.

Well-defined clusters of the K; and K5 axes characterize the Upper
Member of the Amaga Formation (Fig. 7). The magnetic lineations, in
the Upper Member, are identified by NE-SW to E-W trends and sub-
horizontal plunges. On the other hand, the magnetic foliations have
sub-horizontal to intermediate dips with preferential strikes in E-W
and NE-SW directions.

5. Discussion
5.1. Depositional age and provenance of the Amagd Formation sediments

Vitrinite reflectance r data of in general %Ro = ~0.5 has been report-
ed for the Amaga Basin, which indicates a maximum burial depth
of ~2 km, for a common geothermal gradient between 25 °C/km and
30 °C/km (Pérez, 2013). There are local variations in vitrinite reflec-
tance, values of up to %Ro = ~3, related to Mio-Pliocene hypabyssal in-
trusions of the Combia event (Arrubla, 2012; Pérez, 2013). However, the
Amaga Formation at the sampling locations was not thermally affected
by the Combia event and the zircon fission-track grain-age components
presented in this study are interpreted here reflecting source area
cooling and not post-depositional partial resetting.

The oldest age peaks in our ZFT data have late Paleocene to early
Eocene apparent cooling ages. These peaks are observed in both the
Lower Member (57.5 & 6.7 and 49.1 4 3.3) and Upper members of

the Amagéa Formation (56.5 + 5.7 and 50.4 4 7.1). Similar ZFT ages
have been determined in rocks of the Central Cordillera of Colombia,
such as the Precambrian Retiro Complex, with ZFT ages between
60.8 + 1.7 and 46.7 4+ 1.2 Ma (Montes, 2007), and the Cajamarca
Complex, with ZFT ages ranging from 63.6 4 9.4 to 47.0 & 9.0 Ma
(Villagémez and Spikings, 2013). Cretaceous-Paleocene igneous
rocks, which intruded the Retiro and Cajamarca complexes, also
have several Paleocene-Eocene ZFT ages, i.e. Antioquia and Sonsén
batholiths (ZFT ages between 65.5 4 6.0 and 47.9 + 5.2 Ma), and
the Cérdoba, Hatillo and Manizales plutons (ZFT ages from 55.3 £+
5.4 to 43.9 + 4.2) (Fig. 1; Villagémez and Spikings, 2013).

West of the Romeral fault, the Cauca depression and the Western
Cordillera of Colombia also have units with Paleocene-Eocene ZFT
ages. The Cretaceous Quebradagrande Complex has two Paleocene-
Eocene ZFT ages of 64.5 4+ 14.6 and 51.8 + 7.4, the Bolivar Ultramafic
Complex presents a Paleocene-Eocene ZFT age of 62.5 + 5.2 and the
Buga batholith has a ZFT age of 41.3 4 4.2 (Fig. 1; Villagémez and
Spikings, 2013). Therefore, zircons with Paleocene to Eocene fission-
track cooling ages, found in the Amaga Formation, where most likely de-
rived from source areas adjacent to the ACP Basins, in the Central and
Western Cordilleras of Colombia. Because of the similarity in the ZFT
ages in the Western and Central Cordillera, it is not possible to deter-
mine by the ZFT age alone from which side of the basin the zircons ar-
rived. However, given the very low zircon fertility of many rocks of
oceanic affinity the Western Cordillera, it is more likely that the majority
of these zircons were derived from the more acid crystalline rocks of the
Central Cordillera. This interpretation is consistent with previous
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petrographic studies (Murillo, 1998; Hernandez, 1999; Silva et al., 2008;
Moreno-Quimbay, 2011; Henao-Betancur, 2012; Pérez, 2013). The
Mandé Batholith, which is located within the Panama-Choco Block
(PCB), has ZFT ages of 46.4 + 5.8 and 41.6 + 5.4 Ma (Villagémez and
Spikings, 2013), however, there is no direct evidence that the PCB pro-
vided sediments to the Lower Member of the Amagéa Formation (Lara
et al.,, 2015; Montes et al., 2015).

Early Oligocene to early Miocene ZFT peak ages are observed in both
members of the Amagé Formation. There are ZFT peak ages of 33.7 4+ 5.5
and 28.1 4 5.8 in the Lower Member of the Amaga Formation, whilst
peak ages of 29.8 £ 3.8 and 22.9 4 2.8 were identified in the Upper
Member of this unit. These ZFT ages are similar to ZFT ages of 39.3 +
12.0 and 38.7 £+ 18.0 of the Cajamarca complex (Villagémez and
Spikings, 2013). Although the Cajamarca complex is a likely source of
zircons with Oligocene-early Miocene cooling ages, it is also possible
that some of these were derived from sources in the Western and Cen-
tral Cordilleras that have not yet been dated with the ZFT method.

The youngest age peak of the Lower Member of the Amaga Forma-
tionis 28.1 4 5.8. Therefore, an Oligocene age is assigned for this succes-
sion as a first order estimate at the given sampling location. This
depositional age is slightly older than the Oligocene-early Miocene de-
positional age assigned by Montes et al. (2015) to the Lower Member
of the Amaga Formation in the northern Amaga Basin. This difference
may be related to the exact stratigraphic position and the area where
the samples were collected. At this stage, no direct correlation of the
Lower Member is possible between the different parts of the basin.

The youngest age peaks of the Upper Member samples of the Amaga
Formation are at 17.6 £ 1.6, 15.5 & 1.6 and 10.6 & 2.5, suggesting an
early to middle Miocene age of deposition, possibly also younger. So
far early to middle Miocene ZFT ages have been recorded in the Eastern
Cordillera of Colombia (Parra et al., 2009a; Parra et al., 2009b; Amaya
et al., 2017). However, unpublished ZFT ages between 9 and 17 Ma of
Restrepo-Moreno et al. from the Farallones del Citara in the Western
Cordillera of Colombia (Fig. 1) show that potential source areas exist
in the vicinity of the Amaga Basin. Nonetheless, further research is need-
ed to identify source areas.

The youngest age peak of sample AS-2 (10.6 + 2.5 Ma) from the
Upper Member of the Amaga Formation is slightly younger than the de-
positional age of 13.3 + 0.4 Ma proposed by Montes et al. (2015) for the
Upper Member of the Amaga Formation, in the northern Amaga Basin.
The age of 10.6 + 2.5 Ma overlaps the volcanic Combia event (12—
6 Ma, Mesa-Garcia, 2015), however, it does not correspond to a partial
resetting age. The population of 10.6 + 2.5 belongs to the Sample AS-2,
which is located close to hypabyssal intrusive rocks with U-Pb ages
of 7.6 + 0.2 Ma and 7.6 4 0.3 Ma (Leal-Mejia, 2011), and K-Ar ages of
8.0 + 0.9 Ma and 7.8 + 1.0 Ma (MacDonald, 1980) (Fig. 2b). Therefore,
it is not possible that the age of 10.6 + 2.5 corresponds to a thermal event.

It is possible that the 10.6 & 2.5 Ma peak age is be related to the first
eruptive episodes of the Combia event, but this needs to be confirmed
through zircon fission-track and U-Pb single grain double-dating. At
least the pyroclastic rocks of the Combia Formation have ZFT ages be-
tween ~12.0 and ~6 Ma (Mesa-Garcia, 2015), and the presence of volca-
nic fragments from the Combia Formation in the sandstones of the
Upper Member of the Amaga Formation support this possibility (Silva
et al,, 2008).

5.2. Rock magnetism, magnetic fabric and deformation of the Amagd
Formation

The thermomagnetic curves of samples from the Lower Member of
the Amaga Formation are characterized by relatively low room-
temperature susceptibility values, absences of Verwey transitions and
low-temperature curves showing a hyperbolic decrease of susceptibility
with increasing temperature (Fig. 5). Those samples also possess rela-
tively low K, values (Fig. 6a). These features are common for paramag-
netic minerals and may be related to phyllosilicates as muscovite and

chlorite or paramagnetic silicates as hornblende and biotite. These min-
erals are found in the mineralogy of the Lower Member of the Amaga
Formation (Murillo, 1998; Henao-Betancur, 2012). The samples of the
Upper Member of the Amaga Formation are characterized by relatively
high susceptibility values, pronounced Verwey transitions and evident
Curie points related to magnetite (Fig. 5) with relatively high K, values
(Fig. 6a).

Petrographic studies carried out in the Amaga Formation (e.g
Murillo, 1998; Hernandez, 1999; Moreno-Quimbay, 2011;
Henao-Betancur, 2012; Silva et al., 2008), our ZFT analyses and the mag-
netic mineralogy results show different sources of sediments for this
unit. These source areas are located in the basement of the Amaga
Basin and/or in the adjacent cordilleras (Silva et al., 2008; Sierra and
Marin-Cerén, 2011). However, Lara et al. (2015) and Montes et al.
(2015) suggest, through U—Pb data of detrital zircons that the Upper
Member of the Amagd Formation has source areas outside of the
South American plate, with a probable early to middle-Miocene land
connection between the Panama-Choco Block (PCB) and the Northern
Andean Block (NAB). Our magnetic mineralogy results characterize
changes in the source areas between the Lower and Upper Member of
the Amaga Formation. However, it is not conclusive for determining
sediment input from the PCB to the Upper Member of the Amaga For-
mation. Changes in the magnetic mineralogy could also be related to
erosional exhumation of rock massifs located within the NAB.

The Amaga Formation was affected by deformation during and after
deposition (Van der Hammen, 1958; Sierra and Marin-Cerén, 2011).
The deformation of this unit is also reflected by our magnetic fabric
characterization. We characterized a sole site having pure sedimentary
magnetic fabric, whilst the remaining sites possess intermediate mag-
netic fabrics (types Il and IIl) and tectonic magnetic fabrics (types IV,
V and VI) (Fig. 6b). The transition from sedimentary to intermediate
or tectonic magnetic fabrics is a process which involves the re-
orientation of the principal magnetic fabric elements. The magnetic lin-
eations and magnetic foliations gradually deviates from their original
sedimentary-related directions, showing deformation in different struc-
tural regimes (Kligfield et al., 1983; Sagnotti et al., 1994; Mattei et al.,
1997, Cifelli et al., 2005; Chadima et al., 2006; Soto et al., 2009;
Oliva-Urcia et al., 2013; Garcia-Lasanta et al., 2014).

The Amaga Formation was deposited in a transpressive structural
context linked to the subduction of the Farallon-Nazca Plate, the accre-
tion of tectonic blocks and terranes to the northwestern margin of
South America and the strike-slip behavior of the Cauca-Romeral fault
system (Sierra and Marin-Cerén, 2011). Mean magnetic lineations of
the different sampled successions are mainly oriented in NE-SW direc-
tions. Although the mean magnetic lineations of the Albania and
Palomos sections are oriented in NE-SW directions (Fig. 7), these suc-
cessions have high confidence angles for their magnetic fabric principal
directions. This fact is probably linked to the paramagnetic minerals
which control the magnetic fabrics of these successions. On the other
hand, the Excarbon, Venecia and Crisol sections show good trends of
their magnetic lineations with NE-SW directions. The Cinco section
slightly differs from the other sections and has some specimens with
E-W oriented magnetic lineations (Fig. 7). Considering the regional
structural context, we suggest that the rotation of the magnetic linea-
tions is linked to a compressional event perpendicular to the orientation
of the magnetic lineations (Kligfield et al., 1983; Mattei et al., 1997;
Chadima et al., 2006; Soto et al., 2009). Thereby, a NW-SE compression-
al direction strain (bed-parallel shortening) can be identified. The PCB
was accreted in E-SE direction to northwestern South America
(Duque-Caro, 1990; Cortés and Angelier, 2005; Suter et al., 2008).
Therefore, the compressional strain is most likely related with the PCB
collision against the NAB and the influence of this event under the west-
ern area of the South American Plate, since the late Oligocene (Farris
etal, 2011; O'Dea et al., 2016).

The NW-SE compression is compensated by an NE-SW extension.
This deformation mechanism involves a simple shear system, which is
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related to the Cauca-Romeral strike-slip fault system (MacDonald,
1980; Sierra, 1994; MacDonald et al., 1996; Chicangana, 2005; Sierra
et al,, 2012). NW-SE compression in this transpressive context has also
been documented in other areas of the Cauca depression (Cortés and
Angelier, 2005; Suter et al., 2008).

It is hard to distinguish between the influence of bed-parallel short-
ening and/or simple shear using magnetic fabrics. Both behaviors in-
volve a re-orientation of the magnetic lineations, which can be sub-
horizontal or sub-vertical in a transpressive stress-regime (JeZek and
Hrouda, 2002) and sub-vertical if lateral shortening is predominant
(Chadima et al., 2006). On the other hand, the magnetic foliations
tend to be sub-vertical (Chadima et al., 2006). This is not the case of
the magnetic fabrics of the Amaga Formation. The magnetic lineations
are well re-oriented with sub-horizontal inclinations, however, the
magnetic foliations are usually sub-horizontal. The well re-orientated
magnetic lineation, the sub-horizontal magnetic foliations and the pres-
ence of intermediate magnetic fabrics are evidences of some early
stages of deformation, which are concordant with a NW-SE compres-
sion direction. The Venecia section, which constitutes the first deposited
succession of the Upper Member of the Amaga Formation, has strongly
oblate AMS ellipsoids, which are usually difficult to be overprinted by
bed-parallel shortening and/or simple shear (Chadima et al., 2006).
However, the magnetic lineations of the intermediate magnetic fabrics
type Il of the Venecia section are well-reoriented perpendicular to the
compression direction. Under the deformational regime of the Amaga
Formation, a good reorientation of the magnetic lineations, after the
compaction of sediments, would have involved a change from magnetic
fabrics type II to intermediate magnetic fabrics type III or tectonic mag-
netic fabrics, as it is observed in the Cinco and Crisol sections (Table 2;
Fig. 6b). There the loss of the sedimentary signature of the magnetic fab-
rics (high f angles) is accompanied by a reorientation of the magnetic
lineations. Thereby, we suggest that the magnetic fabrics of the Venecia
section deposits were acquired during deformational events coeval with
the earliest diagenesis stages of the sediments, which had a high
amount of vertical compaction (Fig. 9b).

Syndepositional deformation occurred between ~28 Ma and
~17 Ma, based on the age constraints we have for the Lower and
Upper members of the Amaga Formation (Table 1). However, the
syndepositional deformation of the Upper Member of the Amaga
Formation may have started with the first accretionary event of the
PCB against the NAB (25-21 Ma; Farris et al., 2011; Farris et al.,
2017).

Deformation after deposition/compaction of the Amaga Formation is
evidenced by the re-orientation of the magnetic lineations and the pro-
late to neutral AMS ellipsoids of fabrics type IIl and type IV of the
Excarbon succession (Lower Member of the Amaga Formation)
(Fig. 9b). Deformational events during the deposition/compaction of
the Lower Member of the Amaga Formation could not be identified.
Our observations only show that the Lower Member of the Amaga For-
mation was deformed after deposition in the transpressive stress-field
of the Amaga Basin (Fig. 9a). The stratigraphically youngest deposits
of the Upper Member of the Amaga Formation (Crisol and Cinco sec-
tions) also present deformation after compaction (Fig. 9d). This is evi-
denced by magnetic fabrics type III, IV and V with well re-oriented
magnetic lineations and a gradual loss of the sedimentary signature.
These successions could also be affected by syndepositional deforma-
tion, which was linked to collisional stages of the PCB against the NAB.
However, a low amount of vertical compaction, over the Crisol and
Cinco successions, allows a good re-orientation of the magnetic fabrics
of these successions (Fig. 9c, d).

The Venecia section deposits is also affected by deformation after de-
position/compaction. This can be related with the Quaternary strain of
the PCB against the NAB (Cortés and Angelier, 2005; Suter et al., 2008;
O'Dea et al., 2016). However, the strongly oblate AMS ellipsoids, ac-
quired during the diagenesis of the rocks of the Venecia section, are dif-
ficult to be overprinted. Furthermore, the deformational events which
affected the Venecia section during and after its deposition/compaction
was similar in terms of compressional direction and behavior, such as it
is evidenced by the NE-SW magnetic directions of the other sections
(Fig. 7).
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Fig. 8. Correlation between zircon fission-track peak ages (20 errors) of the Amaga Formation, the fraction of grains in each peak and the timing of different geological events recorded in
the Northern Andes. Regional exhumation events are shown by red dotted lines (Villagomez and Spikings, 2013). The green band indicates the accretion of an oceanic terrane to the
western margin of the NAB (Kerr et al., 1997; Cediel et al., 2003; Echeverry et al., 2015). The yellow band shows the initiatial accretionary event of the PCB against the NAB (Farris
etal., 2011). Montes et al. (2015) defines a final accretionary event of the PCB at ~15-13 Ma (purple band). However, Coates et al. (2004) proposed ~11-7 Ma collisional stages of the
PCB against the NAB (blue band). The gray lines limit the age of the volcanic Combia event (Leal-Mejia, 2011).
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5.3. Geodynamic and tectonic implications

The ZFT ages of the Amaga Formation record cooling in the northern
Andes, most likely related to erosional exhumation. Late Paleocene to
early Eocene detrital ZFT cooling ages (Table 1) are compatible with
orogenic evolution of the Northern Andes determined in stratigraphical
and thermochronological studies (Van der Hammen, 1958;
Restrepo-Moreno et al., 2009; Parra et al., 2009a; Villagémez and
Spikins, 2013). This evolution is mainly related to the subduction of
the Farallon-Nazca Plate beneath the South American Plate, after the
collision of the Caribbean Large Igneous Province with northern South
America (Villagémez and Spikins, 2013). The western margin of the
Northern Andean Block (NAB) was also affected by late Eocene

accretionary events (Kerr et al., 1997; Cediel et al., 2003; Echeverri
et al, 2015), which may have caused Eocene-early Oligocene
exhumational cooling in the Western and Central Cordilleras of
Colombia. Similarly, further south in the Andean chain, in Ecuador,
Peru and Bolivia continuous exhumation between ~45 and ~30 Ma
has been recorded (Mégard, 1984; Barnes et al., 2006; Spikings et al.,
2010). In Colombia, such exhumation has been documented in several
areas of the Cordilleras and in the the Magdalena River valley sedimen-
tary deposits (Villamil, 1999; Restrepo-Moreno et al., 2009; Parra et al.,
2009a; Villagémez and Spikins, 2013). Early Oligocene ZFT ages of the
the Amaga Formation (33.7 £ 5.5,29.8 4 3.8 and 28.1 + 5.8) are new
markers of the ~45-30 Ma regional exhumation pulse within the
Andean chain (Fig. 8).
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Fig. 10. Schematic model of the PCB collision with the NAB. The collisional stages between these tectonic blocks may have started during the Late Oligocene-early Miocene.
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Late Oligocene to middle Miocene exhumation is known from the
Central Andes of South America (Mégard, 1984; Gregory-Wodzicki,
2000; Barnes et al., 2006; Spikings et al., 2010) and some regions of
the northern Andes (Parra et al., 2009a; Villagémez et al., 2011;
Amaya et al., 2017). This late Oligocene-early Miocene exhumation in
the northern Andes involves complex geological events such as the
split of the Farallon Plate and the accretion of the Panama-Choco Block
(PCB) to the Northern Andean Block (NAB) (Lonsdale, 2005; Farris
et al.,, 2011; Villagémez and Spikings, 2013). Far-field effects of the
PCB accretion have been recorded in fast exhumation at ~25 Ma on
the western flank of the Santander Massif of the Eastern Cordillera,
and accelerated exhumation between 25 and 21 Ma in Antioquia
Batholith in the Central Cordillera of Colombia (Restrepo-Moreno,
2009). We present a late Oligocene-early Miocene ZFT age of 22.9 +
2.8 in the Upper Member of the Amaga Formation, which may be
linked to the first accretionary event of the PCB to northwestern South
America between 25 and 21 Ma (Fig. 8; Farris et al., 2011; Farris et al.,
2017).

We also present Miocene ZFT ages of 17.6 £+ 1.6, 15.5 + 1.6 which
can be related to a regional exhumation event in the northern Andes.
This event is linked to the collision of the Carnegie Ridge (Villagémez
and Spikings, 2013) and continuous Miocene collisional stages of the
PCB to northwestern South America (Fig. 8).

Therefore, within the NAB, the PCB collision is reflected by exhuma-
tion of rock massifs (Farris et al., 2011) and changes in the sedimentary
environments and source areas of the Amaga Formation (Lara et al.,
2015; Montes et al., 2015). Our magnetic fabric results show that the
Upper Member of the Amaga Formation was deposited during periods
of intense tectonic activity, which deformed this unit during and partly
after its deposition/compaction. The NE-SW trend of the magnetic line-
ations show that the deformation of the Amaga Basin is closely related
to the PCB collision and its NW-SE oy within the Cauca depression
(Suter et al., 2008). Therefore, we consider that the influence of the
PCB over the Amaga Formation started with the 25-21 first collisional
stage of the PCB against the NAB (Farris et al., 2011; Farris et al,,
2017). During and after deposition/compaction, the deformation of
the Amagda Formation was linked to continuous collisional stages of
the PCB (Fig. 10).

6. Conclusions

The Lower Member of the Amaga Formation is an Oligocene sedi-
mentary succession which records late Paleocene to late Oligocene ex-
humation events in the northern Andes. The source areas of the Lower
Member of the Amaga Formation are located in the basement rocks of
the Central and Western Cordilleras of Colombia, adjacent to the
Amaga Basin. The middle-Miocene Upper Member of the Amaga Forma-
tion recorded Miocene exhumation of the Northern Andean Block
(NAB). The regionally most pertinent exhumation was driven by the
collision of the Panama-Choco Bloc (PCB) with the NAB at 25-21 Ma.
The source areas of the sediments of the Upper Member of the Amaga
Formation are also found in the Central and Western Cordilleras of
Colombia.

The Lower Member of the Amagé Formation was deformed by the
same deformational events which affected the Upper Member. The
Upper Member of the Amaga Formation was affected by both syn-
and post-depositional/compaction deformation. The deformation of
the Amaga Formation is related to the regional stress-field, including
bed-parallel shortening in NW-SE direction and NE-SW simple
shear. The deformation observed in the Amaga Basin and other re-
gions of the Cauca depression (e.g. Cortés and Angelier, 2005; Suter
et al., 2008), is linked to the subduction of the Farallon-Nazca Plate
beneath the South American plate, the strike-slip faults of the
Cauca-Romeral fault system and the collisional stages of the PCB
against the NAB.
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