
 

RESEARCH ARTICLE
SOLID EARTH: TECTONOPHYSICS

Earth and Planetary Physics
10: 44–56, 2026

doi: 10.26464/epp2026011

Magnetic fabric of the late Miocene extrusive rocks of the Combia
Volcanic Province: Tectonic implications for the northern Andes

Victor A. Piedrahita1, Martin Chadima2,3, Jackeline Ramírez4, Alejandra Tabares4, Maria I. Marín-Cerón4, and
JinHua Li1,5*

1Key Laboratory of Deep Petroleum Intelligent Exploration and Development, Institute of Geology and Geophysics, Chinese Academy of Sciences,

Beijing 100029, China;

2AGICO, Purkynova 3050/99a, CZ-612 00 Brno, Czech Republic;

3Institute of Geology of the Czech Academy of Sciences, Rozvojová 269, CZ-165 00 Prague; 6- Lysolaje, Czech Republic;

4Area de territorios y ciudades, Escuela de Ciencias Aplicadas e Ingeniería, Universidad EAFIT, Medellín 050022, Colombia;

5College of Earth and Planetary Sciences, University of Chinese Academy Sciences, Beijing 100049, China

Key Points:
●  The most significant collisional events of the Panama–Chocó Block with the South American Plate preceded the late Miocene.
●  Magnetic fabrics of the extrusive rocks of the Combia Volcanic Province reveal both flow directions and deformation.
●  Magnetic lineations confirm the occurrence of late Miocene volcanoes in the central axis of the Amagá Basin.
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Abstract: The accretion of the Panama–Chocó Block to the South American Plate partially drove the geological setting of the northern
Andes. This event occurred in different collisional stages that are recorded in Oligocene–middle Miocene deformed rocks of the
inter-Andean valley between the Western and Central Cordilleras of Colombia. However, uncertainty remains about the age of the latest
accretionary phases of the Panama–Chocó Block. Poorly studied late Miocene volcanic rocks within the northern inter-Andean valley may
provide key information to constrain the temporality of that final collision. Here, we study the deformational features of the ~12–6 Ma
extrusive rocks of the Combia Volcanic Province located in the northwestern Andes (Colombia). We present anisotropy of magnetic
susceptibility (AMS) data for pyroclastic and volcanic rocks within the Amagá Basin, an inter-Andean depression with Oligocene–middle
Miocene sedimentary rocks that recorded NW–SE compression and NE–SW simple shear caused by the Panama–Chocó Block collision.
We identified that the magnetic fabrics of the extrusive rocks of the Combia Volcanic Province reveal flow directions that indicate the
occurrence of ancient volcanoes in the central axis of the Amagá Basin. Some of these fabrics do not contain any deformational features,
whereas others record the same structural regime as the Oligocene–middle Miocene sedimentary rocks. We infer that variations in the
intensity of the deformation promoted late Miocene local fault reactivations that, in contrast to the Oligocene–middle Miocene
deformational events, did not affect the entire Amagá Basin. Age differences among the studied sections can also explain the different
deformational patterns identified in the basin. Both interpretations suggest that the most significant collisional events of the
Panama–Chocó Block occurred in the Oligocene–middle Miocene, whereas the formation of the Combia Volcanic Province may have
either followed or coincided with the latest stages of the accretion.
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 1.  Introduction
Neogene tectonics in the northern Andes of South America were

driven by both the interaction of the Nazca, Caribbean, and South

American  Plates  and  the  accretion  of  the  allochthonous

Panama–Chocó  Block  to  northwestern  South  America  (Cediel  et

al., 2003; Farris et al., 2011; Montes et al., 2012, 2015; Braszus et al.,

2021).  These  processes  caused  volcanism,  rock  massif  exhuma-

tion,  and  intracontinental  deformation,  which  have  been  inter-

preted  as  partial  evidence  for  an  episodic  collision  of  the

Panama–Chocó Block (Farris et al., 2011; Montes et al., 2012, 2015;

Piedrahita  et  al.,  2017a; Lara  et  al.,  2018).  Despite  the  important

climatic, biotic, and oceanographic implications of these collisional

events, uncertainty remains about their temporality (Montes et al.,

2015; O’Dea et al., 2016). Some geochronological, thermochrono-

logical, molecular, and fossil data have been used to suggest peak

collisional activity in the Oligocene–Miocene, with the final forma-
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tion  of  a  ~15–13  Ma  land  bridge  between  Central  and  South
America  (Montes  et  al.,  2012, 2015; Bacon  et  al.,  2015).  Alterna-
tively, other paleoclimatic and paleontological evidence indicates
a  contrasting  scenario  with  earlier  collisional  stages  that  estab-
lished a  ~4–3 Ma isthmus (Haug and Tiedemann,  1998; O’Dea  et
al., 2016).

The  northern  Andes  have  key  geological  records  that  provide
insights  into  the  temporality  of  different  tectonic  events,  which
have been either associated with the interaction of major tectonic
plates  or  directly  related  to  the  Panama–Chocó  Block  accretion
(Montes  et  al.,  2015; Piedrahita  et  al.,  2017a, b; Lara  et  al.,  2018;
Jaramillo et al.,  2019; Bernet et al.,  2020). The northern Andes are
characterized by the division of the Andean Belt into the Western,
Central,  and  Eastern  Cordilleras  of  Colombia,  which  are  located
within different geological domains that are limited by NNE–SSW
major suture zones such as the Cauca and Romeral Faults (Figure
1; Taboada et al., 2000; Cediel et al., 2003; Restrepo-Moreno et al.,
2009; Villagómez and Spikings, 2013). These major structures have
had diverse Mesozoic–Cenozoic reactivation periods with multiple
behaviors  and  set  a  fault  system  in  the  inter-Andean  valley
between  the  Western  and  Central  Cordilleras.  There,  Cenozoic
deformational events promoted sedimentary basin formation and
subsequent sedimentary infill deformation (Ego et al., 1995; Cediel
et  al.,  2003; Restrepo-Moreno  et  al.,  2009; Spikings  et  al.,  2015).
The  northern  part  of  this  inter-Andean  valley  records  these
geological  processes  within  the  Amagá  Basin,  which  is  located
near  the  accretionary  front  of  the  Panama–Chocó  Block
(Piedrahita et al.,  2017a, b, Lara et al.,  2018; Escobar-Arenas et al.,

2021).

The sedimentary infill of the Amagá Basin partially consists of the

Oligocene–Miocene  fluvial  sedimentary  rocks  of  the  Amagá

Formation  (~28–10  Ma; Figure  2; Piedrahita  et  al.,  2017a; Lara  et

al., 2018). Anisotropy of magnetic susceptibility (AMS) data of the

Amagá Formation allowed identification of a NW–SE transpressive

stress regime that induced syn- and postdepositional deformation

resulting  from  different  collisional  stages  of  the  Panama–Chocó

Block  (Piedrahita  et  al.,  2017a).  The  Amagá  Formation  is  overlaid

by  ~12–5  Ma  lava  flows  and  pyroclastic  rocks  and  is  intruded  by

~8–7  Ma  hypabyssal  bodies  that  are  related  to  the  late  Miocene

Combia Volcanic  Province (Figure 2; Jaramillo  et  al.,  2019; Bernet

et al., 2020; Weber et al., 2020). This magmatism was originated by

the  Nazca  Plate  subduction,  and  its  geochemical  evolution  has

been partially associated with variations in the subduction geom-

etry  (Jaramillo  et  al.,  2019).  Although  the  Combia  Volcanic

Province has been interpreted as  a  postcollisional  event,  it  is  still

unknown  whether  significant  collisional  stages  of  the  Panama–

Chocó Block occurred during the eruptive phases of this volcanism

or  whether  the  final  accretion  itself  prompted  the  formation  of

the Combia Volcanic Province (Weber et al., 2020).

Geomorphological  observations  have  been  used  to  suggest  that

the  volcanoes  of  the  Combia  Volcanic  Province  were  located  in

the central axis of the Amagá Basin (Figures 2 and 3; Weber et al.,

2020). Cone-like landforms in this area consist of hypabyssal rocks

that  may  represent  ancient  volcanic  plugs  (Figure  3; Calle  and

González, 1980; Weber et al.,  2020); however, paleomagnetic and
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Figure 1.   Geological framework of the northwestern Andes, including major tectonic plates, faults, and cordilleras. The Panama–Chocó Block,

the Amagá Basin (yellow), and the study area (blue rectangle) are also indicated (Cediel et al., 2003; Villagómez and Spikings, 2013; Piedrahita et

al., 2017a).
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magnetic  fabric  data  of  the  hypabyssal  rocks  of  the  Combia

Volcanic Province have revealed tilting and 20.2° ± 10.7° counter-

clockwise rotations about a vertical axis (Piedrahita et al.,  2017b).

These deformational features have hindered proper identification

of  the  ancient  volcanoes  related  to  the  extrusive  rocks  of  the

Combia  Volcanic  Province.  In  contrast,  rock  magnetic  data  have

allowed  characterization  of  late  Miocene  sinistral  strike-slip  kine-

matics (Piedrahita et al., 2017b), which are compatible with global

positioning system (GPS) and geophysical data that also indicate a

transpressive regime for the present-day stress field of the Amagá

Basin  (Cortés  and  Angelier,  2005; Suter  et  al.,  2008; García-

Delgado et al., 2022).

In  contrast  to  the Amagá Formation and the hypabyssal  rocks  of

the  Combia  Volcanic  Province,  the  deformational  history  of  the

extrusive  rocks  of  that  volcanic  event  is  still  poorly  studied.

According  to  fieldwork  data,  these  rocks  appear  to  be  tilted  and

folded (Bernet et al., 2020); however, a proper description of these

deformational  features  and  detailed  identification  of  their  rela-

tionship  with  major  tectonic  events  remain  elusive.  Here,  we

present  new  AMS  data  on  the  extrusive  rocks  of  the  Combia
Volcanic  Province.  We  study  magnetic  fabrics  in  the  geographic
coordinate system to reconstruct the deformational history of the
Combia  Volcanic  Province,  and  explore  the  use  of  the  paleogeo-
graphic  coordinate  system  to  recognize  ancient  volcanic  system
locations and identify fluid mechanics (e.g., Ellwood, 1982; Incoro-
nato  et  al.,  1983; MacDonald  and  Palmer,  1990; Le  Pennec  et  al.,
1998; Pioli et al., 2008). Our new datasets provide insights into the
controls  of  major  tectonic  events  in  the  northern  Andes  and
enhance  our  understanding  of  the  Neogene  interactions  of  the
Panama–Chocó  Block  and  the  northwestern  South  American
Plate.

 2.  Geological Setting
The Neogene tectonic evolution of the northern Andes is marked
by  the  persistent  Nazca  Plate  subduction  beneath  the  South
American  Plate  and  the  collisional  stages  of  the  allochthonous
Panama–Chocó  Block  to  the  northwestern  South  America  Plate
(Cediel  et  al.,  2003; Farris  et  al.,  2011).  The  Panama–Chocó  Block
consists of a series of Cretaceous–Eocene volcanic and sedimentary
rocks intruded by Eocene igneous bodies (Kerr et al.,  1997; Buchs
et  al.,  2011).  This  block  collided  in  different  episodes  that  began
during  the  Oligocene–Miocene  and  caused  orogenic  pulses  and
intracontinental  deformation  (Duque-Caro,  1990; Taboada  et  al.,
2000; Restrepo-Moreno et al.,  2009; Farris  et al.,  2011; Villagómez
and Spikings,  2013; Piedrahita  et  al.,  2017a).  Subsequent  early  to
middle  Miocene  collisional  stages  of  the  Panama–Chocó  Block
have also  been recorded by  geochronological,  geochemical,  and
structural  data;  however,  the  temporality  of  the  last  accretionary
event is still under debate. Eocene detrital zircons that apparently
existed  only  in  the  Panama–Chocó  Block  have  been  found  in
middle  Miocene  sedimentary  rocks  of  the  South  American  Plate.
These  data  have  been  used  to  suggest  a  ~15–13  Ma  complete
Panama–Chocó Block accretion (Montes et al., 2015). Some recon-
structions  of  terrestrial  organism  migrations,  and  Nd  isotope
records  that  reveal  separated  Pacific  and  Atlantic  isotopic  signa-
tures, also support a middle–late Miocene formation of the Isthmus
of Panama (Osborne et al., 2014; Bacon et al., 2015). Alternatively,
other studies indicate that Eocene zircons can also be recognized
in  southern  Colombia  rock  massifs,  which  is  in  line  with  classic
paleoceanographic  and  paleoclimatic  interpretations  of  a
Miocene–Pliocene  establishment  of  the  Isthmus  of  Panama
(O’Dea et al., 2016).

 

Studied stratigraphic sections Amagá Formation (Lower member)
Quaternary deposits Cretaceous oceanic affinity rocks
Combia Volcanic Province (Intrusive rocks) Cretaceous intrusive rocks
Combia Volcanic Province (Extrusiverocks)

Faults Inferred
Amagá Formation (Upper member)

Triassic intrusive rocks

Cerro
Amarillo

Metida
Creek

Anza-
Bolombolo

5°50'0"N

6°0'0"N

6°10'0"N6°10'0"N

6°0'0"N

75°40'0"W

0 5 km

N
75°40'0"W75°50'0"W

Low-grade metamorphic rocks
Faults

 
Figure 2.   Geological map of the study area with the three studied

stratigraphic sections of the Combia Volcanic Province (Grosse, 1926;

Calle and González, 1980; Calle et al., 1980; Bernet et al., 2020).

 

 
Figure 3.   Views of hypabyssal rocks of the Combia Volcanic Province

that present volcanic cone-like landforms (Weber et al., 2020).
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The  northwestern  margin  of  the  South  American  Plate,  against
which  the  Panama–Chocó  Block  collided,  consists  of  a  series  of
Cretaceous  volcanic  and  sedimentary  rocks  with  oceanic  affinity
(Vallejo  et  al.,  2006; Spikings  et  al.,  2015).  These  rocks  record the
Cretaceous  eastward  migration  of  the  allochthonous  Caribbean
Plate  to  its  current  position  (Kerr  et  al.,  1997; Villagómez  et  al.,
2011; Hincapié-Gómez  et  al.,  2018)  and  are  sutured,  along  the
Romeral  Fault,  to  Precambrian–Jurassic  metamorphic  rocks
located  in  the  Central  Cordillera  of  Colombia  (Case  et  al.,  1971;
Aspden and Litherland, 1992; Ego et al.,  1995; Blanco-Quintero et
al., 2014; Spikings et al., 2015). West of the Romeral Fault, a similar
suture,  the Cauca Fault,  separates different terranes with oceanic
affinity  rocks  (Cediel  et  al.,  2003).  The  Cauca  and  Romeral  Faults
constitute the Cauca–Romeral Fault System (Figure 1), which had
multiple  Mesozoic–Cenozoic  reactivations  with  strike-slip
motions,  and  undifferentiated  dextral  and  sinistral  components,
that  promoted  basin  formation  and  deformational  events  in  the
northern Andes (Vinasco et al., 2006; Restrepo-Moreno et al., 2009;
Spikings et al., 2015; Piedrahita et al., 2017a, b).

The  Oligocene–Miocene  Cauca–Romeral  Fault  System  activity
promoted  the  formation  of  the  Amagá  Basin  (Figure  1; Cediel  et
al.,  2003; Restrepo-Moreno  et  al.,  2009; Piedrahita  et  al.,  2017a;
Lara  et  al.,  2018).  This  depression  has  pre-Cenozoic  low-grade
metamorphic  rocks,  Triassic  and  Cretaceous  igneous  intrusives,
and  Cretaceous  oceanic  volcanic  and  sedimentary  rocks  in  its
basement (Figure 2; Grosse, 1926; Calle and González, 1980; Calle
et al.,  1980; Piedrahita et al.,  2017a; Lara et al.,  2018).  These rocks
are  covered by  conglomerates,  sandstones,  mudstones,  and coal
layers that belong to the Amagá Formation, which is divided into
an  Oligocene–early  Miocene  lower  member  and  a  middle–late
Miocene upper member. The Amagá Formation was deformed by
Cauca–Romeral Fault System reactivations caused by the collisional
stages  of  the  Panama–Chocó  Block  (Piedrahita  et  al.,  2017a).
These rocks are intruded by hypabyssal rocks and overlaid by lava
flows,  ash  beds,  tuffs,  and  volcanic  breccias  with  tholeiitic,  calc-
alkaline,  and  adakitic  geochemical  affinities  that  are  associated
with the ~12–6 Ma Combia Volcanic Province (Grosse, 1926; Calle
and  González,  1980; Jaramillo  et  al.,  2019; Bernet  et  al.,  2020;
Villalba  et  al.,  2023).  This  event  was  produced  by  subduction  of
the  Nazca  Plate  beneath  Suramerica  and  was  preceded  by  a
~24–20 Ma magmatic arc that migrated from the west because of
the continuous strain induced by the Panama–Chocó Block colli-
sion (Duque-Caro, 1990; Wagner et al., 2017; Jaramillo et al., 2019;
Bernet  et  al.,  2020).  Petrogenetic  investigations  indicate  that  the
magmatic  series  of  the  Combia  Volcanic  Province  rocks  reveal  a
complex  tectonic  scenario  of  variable  convergence  obliquity,
crustal thickening, and transtensional tectonics with slightly older
tholeiitic  lavas  than  adakitic  and  calc-alkaline  rocks  (Jaramillo  et
al., 2019; Weber et al., 2020; Villalba et al., 2023). These rocks have
been  also  interpreted  to  be  strongly  related  to  Miocene
Cauca–Romeral  Fault  System  reactivations,  which  promoted
hypabyssal  body emplacement along N–S faults  and subsequent
rotations over vertical and horizontal axes (Figure 2; Piedrahita et
al.,  2017b).  Furthermore,  some  of  these  hypabyssal  bodies  have
been  interpreted  to  be  ancient  volcanic  plugs  because  of  their
cone-like shapes (Figure 3; Weber et al., 2020).

 3.  Materials and Methods

 3.1  Sampling Sites
The central part of the Amagá Basin contains extensive records of
the  Combia  Volcanic  Province  (Grosse,  1926; Calle  and  González,
1980; Calle  et  al.,  1980; Lara et  al.,  2018; Jaramillo  et  al.,  2019).  In
this area, we study the Metida Creek, Anza–Bolombolo, and Cerro
Amarillo sections (Figure 4; Bernet et al.,  2020). The Metida Creek
(5.93°N,  75.85°E)  is  located  in  the  western  part  of  the  central
Amagá  Basin  and  exposes  tuffs,  tuff  breccias,  tuffaceous  sand-
stones, lapilli tuffs, and other pyroclastic flows with NE strikes and
intermediate dips to the NW. This  section has zircon-fission track
(ZFT)  ages  between  10.1  ±  2.1  Ma  (2  standard  errors  [2SE])  and
6.7  ±  1.5  Ma  and  has  apatite-fission  track  (AFT)  ages  that  range
from 15.9 ± 11.1 Ma to 8.3 ± 3.1 Ma (Figure 4a; Bernet et al., 2020).
The  ZFT  and  AFT  ages  of  this  section  may  not  represent  the
specific formation of each layer, which is indicated by mismatching
ages  with  respect  to  stratigraphic  positions  (Figure  4a).  This
mismatch  may  be  a  consequence  of  either  thermal  resetting  by
consecutive  eruptive  events,  the  presence  of  crystals  from  the
basement,  or  both  (Bernet  et  al.,  2020).  The  Anza–Bolombolo
section  (6.15°N,  75.82°E; Figure  2)  exposes  subhorizontal  tuffs,
lapilli tuffs, pyroclastic flows, and pyroclastic breccias in the north-
ern  part  of  the  study  area.  This  section  records  eruptive  events
with AFT ages between 8.4 ± 3.1 Ma and. 7.9 ± 2.1 Ma (Figure 4b;
Bernet  et  al.,  2020).  The  Cerro  Amarillo  section  (5.76°N,  75.58°E)
contains vesicular and massive basaltic andesites in the southeast-
ern part  of  the study area.  This  section has N–S strikes and inter-
mediate  W-oriented  dips.  Geochemical  features  of  the  Cerro
Amarillo  rocks  suggest  that  this  section  is  part  of  the  tholeiitic
series  of  the  Combia  Volcanic  Province;  hence,  it  is  suggested to
be older  than the Metida Creek and Anza–Bolombolo sequences
despite  the  lack  of  accurate  age constraints  (Figure  4c; Bernet  et
al., 2020; Weber et al., 2020).

 3.2  Temperature-Dependent Magnetic Susceptibility
Curves

To  identify  the  magnetic  susceptibility  carriers  of  the  extrusive
rocks  of  the  Combia  Volcanic  Province,  we  performed
temperature-dependent magnetic susceptibility measurements in
nine (9) representative samples of the three studied stratigraphic
sections  by  using  a  KLY5-A  Kappabridge  coupled  with  CS-4  and
CS-L  temperature  control  units.  0.5  g  of  crushed  samples  were
investigated  in  a  quartz  glass  test  tube,  with  the  temperature
being recorded with a platinum wire thermometer directly within
the  specimen  powder.  Complete  thermomagnetic  curves  (from
–196 °C to 700 °C and back) were obtained in three steps. First, the
specimens were cooled down to the temperature of liquid nitrogen
(ca. −196 °C)  and  then  heated  spontaneously  to  the  ambient
temperature  (first  low-temperature  curve).  Second,  the  same
specimens were heated from room temperature up to 700 °C and
cooled back to ambient temperature with a heating–cooling rate
of  ~14 °C/min  (high-temperature  heating–cooling  curve).  The
high-temperature  curves  were  acquired  in  a  protective  argon
atmosphere to minimize any undesired mineral changes resulting
from  oxidation  at  elevated  temperatures.  Third,  the  specimens
were  again  cooled  down  to  the  temperature  of  liquid  nitrogen
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and  heated  spontaneously  to  the  ambient  temperature  (second
low-temperature  curve).  During  all  parts  of  the  temperature
experiments, magnetic susceptibility was measured approximately
every 20 s.

The acquired thermomagnetic curves were processed, visualized,
and  analyzed  using  the  software  Cureval  8.0.2  (www.agico.com).
The  curves  were  corrected  for  the  respective  empty  cryostat/
furnace,  and  the  volume-normalized  bulk  susceptibility  (Kb)  was
calculated  using  the  actual  specimen  mass  and  average  density
(ρ = 2.7 g cm−3). For curves in which hyperbolic magnetic suscep-
tibility  decreases  were  visually  evident  according  to  the  Curie–
Weiss Law, the magnetic susceptibility was resolved into ferrimag-
netic  and  paramagnetic  components  by  using  the  hyperbola
fitting technique (Hrouda, 1994; Hrouda et al., 1997).

 3.3  AMS
Magnetic  fabrics  of  the  extrusive  rocks  of  the  Combia  Formation
are studied here with AMS data. Oriented cylindrical cores with 2.5
cm diameters  were collected from 18 sampling sites  in  the three
studied  stratigraphic  sections  by  using  a  gasoline-powered
portable  drill.  These  cores  were  cut  into  2.2  cm-long  samples  to
obtain 242 standard cylindrical specimens (>7 specimens per site).
We estimated the AMS tensor of each of these specimens by using
a sequence of 15 directional magnetic susceptibility measurements
in  a  rotational  design  (Jelínek,  1977).  These  measurements  were
performed  with  a  MFK1-FB  Kappabridge,  and  our  data  were
analyzed  using  the  geographic  and  paleogeographic  (tilt-
corrected) coordinate systems of the Anisoft5 software (Chadima
et al., 2019).

The orientation and magnitude of the three main axes of the AMS
ellipsoid  (K1, K2,  and K3)  were  determined  using  mean  tensor
statistics  (Jelinek,  1981).  The K1 axis  represents  the  magnetic
lineation  of  the  AMS  ellipsoid,  whereas K3 characterizes  the  pole

of the magnetic foliation plane (Jelinek, 1981). The bulk magnetic
susceptibility  is  expressed  as  the  mean  magnetic  susceptibility
(Km), which is defined as

Km =
(K1 + K2 + K3)

3
.

The  shape  of  the  AMS  ellipsoid  was  studied  through  the  shape
parameter (T), which characterizes linear magnetic fabrics (prolate
AMS ellipsoids) with negative values and planar magnetic fabrics
(oblate AMS ellipsoids) with positive values. T is indicated by

T = [2 (η2 − η3)(η1 − η3) ] − 1,

where η1, η2, and η3 correspond to lnK1, lnK2, and lnK3, respectively
(Jelinek,  1981).  The  intensity  of  the  preferred  orientation  of  the
minerals  that  control  the  magnetic  fabrics  is  given  by  the
anisotropy degree (Pj),

Pj = exp
√{2[(η1 − ηm)2 + (η2 − ηm)2 + (η3 − ηm)2]},

where ηm is defined as

ηm = 3
√
η1 ⋅ η2 ⋅ η3.

In  addition  to  classic  AMS  scalar  parameters,  we  estimated  the
angles l and f,  which  allow  comparison  of  AMS  directional  data
with mesoscopic structures. Here, l and f are defined as the angles
between  the  bedding  strike  and  magnetic  lineation  trend  and
between  the  bedding  plane  and  the  magnetic  foliation  plane,
respectively (Chadima et al., 2006).

 4.  Results

 4.1  Temperature-Dependent Magnetic Susceptibility
Curves

The samples analyzed from the Anza–Bolombolo and Cerro Amar-
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illo  sections  have  relatively  similar  temperature-dependent

magnetic  susceptibility  curves.  High-temperature  curves  present

clear drops at ~580 °C with irreversible cooling patterns, and low-

temperature curves have continuous increases with a slight curva-

ture at −80 °C only for the sample Cerro Amarillo 3 (Figures 5a and

5b). These features can be associated with magnetite occurrences

and suggest that this  mineral  is  the main magnetic susceptibility

carrier of these samples.  Some Kb decreases are also identified at

~350  °C  for  the  sample  Anza–Bolombolo  1  and  at  ~110  °C  and

~290 °C for the sample Cerro Amarillo 1. These drops can be asso-

ciated  with  the  presence  of  maghemite  and/or  titanomagnetite

(Figure  5a; Özdemir  and  Banerjee,  1984; Jackson  and  Bowles,

2014).

The samples  analyzed from the Metida Creek section are  charac-

terized  by  lower Kb values  compared  with  those  from  the  Cerro

Amarillo and Anza–Bolombolo sections (Figure 5c). Some heating

curves  of  the  Metida  Creek  samples  present  slight Kb drops

between ~550 °C and ~580 °C, whereas the sample Metida Creek

6 has a relatively pronounced Kb decrease at ~580 °C (Figure 5c).

Low-temperature  curves  of  the  Metida  Creek  samples  do  not

present  evidence for  a  Verwey transition  and have hyperbolic Kb

decreases  that  are  interrupted  at  ~50 °C  (Figure  5d).  These

features  suggest  that  the  magnetic  susceptibility  of  the  Metida

Creek section is  dominated by paramagnetic  minerals,  which are

accompanied by smaller ferrimagnetic fractions that likely consist

of magnetite or titanomagnetite.

 4.2  AMS Data

 4.2.1  Scalar parameters
The  AMS  measurements  confirm  observations  of  temperature-

dependent  magnetic  susceptibility  curves  with Km values  that

divide  the  studied  sections  into  two  groups  (Figures  6a and 6b).

Samples  from  the  Cerro  Amarillo  and  Anza–Bolombolo  sections

have high Km values that can be gathered in a single group. These

Km values do not present any clear correlation with the lithological

variations  of  the  studied  samples;  accordingly, Km variations

across the sections are minimal.  The Cerro Amarillo section has a

slight Km drop  from  bottom  to  top,  whereas Km values  in  the

Anza–Bolombolo  section  remain  stable  (Figure  7a).  A  second

group of samples is  characterized by the comparatively lower Km

values  of  the  Metida  Creek  section  (Figures  6a and 6b).  The Km

values  of  this  section  gradually  increase  from  the  bottom  to  its

middle  part  and  remain  stable  across  the  rest  of  the  sequence

(Figure 7a).
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The T values of the studied samples are variable but do not have
any clear correlation with the Km. Specimens from the Cerro Amar-
illo section have widespread T values that set AMS ellipsoids with
neutral shapes for most of the sampling sites (Figures 6a, 6b, and
7b).  In  contrast,  samples  from  the  Anza–Bolombolo  section  are
characterized  by  positive T values  related  to  oblate  fabrics
(Figures  6a, 6b,  and 7b).  The T values  from  the  Metida  Creek
section do not follow a clear pattern that could be associated with
lithology.  This prevents the formation of T variability trends from
bottom to top (Figures 6a, 6b, and 7b).

The Pj values  of  the  studied samples  are  consistently  low (<1.12)
and  do  not  have  a  clear  relationship  with Km or T at  the  sample
level (Figure 6c); however, some Pj trends are similar to those of T
and Km despite the low variability range of Pj. In the Cerro Amarillo
section, Km and Pj have  similar  fluctuations,  whereas  in  the
Anza–Bolombolo  and  Metida  Creek  sections, T and Pj follow  the
same trends (Figure 7c).

 4.2.2  Directional parameters
The  AMS  directional  data  from  the  Cerro  Amarillo  section  in  the
geographic  coordinate  system  reveals  magnetic  lineations  (K1)
with  NE  trends  in  the  middle  part  of  the  sequence,  and  SW  and
NW declinations at the bottom and top of the section, respectively
(Figure  8).  These K1 axes  have  intermediate  inclinations  at  the
bottom of  the sequence and subhorizontal  inclinations at  its  top
(Figure 8). Poles to magnetic foliation (K3) have SE–NW declinations
and  subhorizontal  inclinations  in  the  middle  part  of  the  section
and  have  NE  declinations  and  intermediate  inclinations  at  the
bottom and top (Figure 8).  After  tilt  corrections,  AMS projections
in the paleogeographic coordinate system indicate changes in the
magnetic  lineation  declinations.  These  then  have  NW  trends  in
the middle part of the section and SW and SE declinations at the
bottom and top, respectively. Alternatively, K1 inclinations remain
relatively  similar  to  those  of  the  geographic  coordinate  system
(Figure 8). Tilt corrections also modify K3, which adopts NW decli-
nations  at  the bottom and top of  the sequence and SE trends in
the middle of the section (Figure 8). K3 plunges also change their
inclinations, which follow the same variability pattern as those of
the  geographic  coordinate  system  but  have  higher  values
(Figure 8).

The Anza–Bolombolo section is  characterized by almost identical
K1 and K3 declinations and inclinations in the different coordinate
systems  (Figure  8).  Magnetic  lineations  at  the  bottom  of  the
section  have  NW  declinations  with  subhorizontal  inclinations.
These  values  gradually  change  to  SE  trends  with  intermediate
inclinations at the top of the sequence (Figure 8). Alternatively, K3

axes have intermediate and subvertical inclinations characterized
by SE trends at the bottom and NW directions in the middle and
at the top of the section (Figure 8).

The Metida Creek section has AMS data in the geographic coordi-
nate  system  with  magnetic  lineations  that  have  variable  inclina-
tions and predominant NW and SW trends (Figure 8). This pattern
is exclusively different at the bottom of the sequence, with NE and
SE directions for K1 (Figure 8). Alternatively, K3 axes are character-
ized by NE and SE trends with variable subhorizontal and interme-
diate plunges (Figure 8). After tilt corrections, magnetic lineations
of  the Metida Creek present scattered declinations with interme-
diate inclinations at the bottom and top of the sequence and low
inclinations in the rest of the section (Figure 8). Also in this coordi-
nate system, K3 axes acquire SW and NW declinations with subver-
tical and intermediate inclinations (Figure 8).

 5.  Discussion

 5.1  Magnetic Fabric Origins
The  extrusive  rocks  of  the  Combia  Volcanic  Province  present
contrasting AMS scalar and directional parameter patterns. These
variations reflect different magnetic fabric origins, likely related to
distinct  depositional,  rheological,  or  deformational  processes
(Tarling  and  Hrouda,  1993).  The  pyroclastic  rocks  of  the
Anza–Bolombolo  section  have  oblate  fabrics  with T parameters
that  correlate  with  a  nonsignificant  0.026  ±  0.022% Pj variation
across  the  sequence  (Figures  7b and 7c).  The  subhorizontal
magnetic  foliations  of  the  Anza–Bolombolo  rocks  are  subparallel
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to  the  bedding  plane  in  the  geographic  and  paleogeographic

coordinate systems (f < 40°; Figures 9 and 10), which is related to

the  ~3°  dip  of  the  Anza–Bolombolo  strata.  All  these  features,

accompanied  by  subhorizontal  magnetic  lineations  with  NW–SE

trends  that  are  oblique  to  the  bedding  strike  (Figures  8 and 9),

suggest  that  the  ferrimagnetic  minerals  that  control  the  Anza–
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Bolombolo  AMS  reveal  normal  magnetic  fabrics  without
imprinted deformation (e.g., Tarling and Hrouda, 1993; Pioli et al.,
2008; Fanjat  et  al.,  2012).  Therefore,  we  infer  that  the K1 trends
reflect  flow  directions  (Figure  10),  which,  in  the  context  of  the
location of the Anza–Bolombolo section in the NW Amagá Basin,
confirm  the  possible  occurrence  of  ancient  volcanoes  in  the
central axis of the inter-Andean valley (Bernet et al.,  2020; Weber
et al., 2020).

The  AMS  data  on  the  lava  flows  from  the  Cerro  Amarillo  section

are less consistent than those from the Anza–Bolombolo section.

The correlation between mean Km and Pj values suggests that the

mineralogical  assemblage may have impacts in the nature of the

magnetic  fabrics  (Figures  7a and 7b; Tarling  and  Hrouda,  1993).

This is confirmed by AMS projections, which reveal that magnetic

fabrics can be separated into a first group with the rocks from the

bottom and top of the section and into a second group with the

remaining middle part  of  the Cerro Amarillo sequence (Figures 8

and 10). The first group develops subhorizontal lineations with SW

trends in both coordinate systems.  The magnetic foliation of this

dataset  is  subhorizontal  in  the  paleogeographic  coordinate

system and acquires an intermediate inclination in the geographic

coordinate system (Figure 10).  Alternatively, the second group of

data  has  subvertical  magnetic  lineations  and  foliations  in  both

coordinate systems, which indicates switched K1 and K3 axes with

respect to the first group of data (Figure 10). This pattern suggests

that one group of data records intermediate or inverse magnetic

fabrics  (Rochette  et  al.,  1999; Bascou  et  al.,  2005).  These  types  of

abnormal magnetic fabrics usually result from contrasting single-

domain  (SD)  grain  controls  on  magnetic  fabrics  (Rochette  et  al.,

1999; Fanjat et al., 2012), which is compatible with the magnetite

occurrences in the Cerro Amarillo  lava flows (Figure 5).  Although

more  rock  magnetic  data  may  be  required  to  characterize  the

significance  of  each  AMS  dataset  conclusively,  we  infer  that  the

second  group  of  data  has  abnormal  fabrics  because  the  first

group has lower f angles (Figure 9), and the second group has tilt-

corrected  subvertical  foliations  that  are  not  expected  for  AMS

projections  of  lava  flows  (Figure  10; Tarling  and  Hrouda,  1993;

Cañón-Tapia et al., 1996; Gil et al., 2002; Di Chiara et al., 2024). This

interpretation  suggests  that  the  tilt-corrected  SW–NE  magnetic

lineations  of  the  first  group  of  data  can  be  associated  with  flow

directions, which is consistent with the presence of volcanic plugs

in  the  central  axis  of  the  Amagá  Basin  and  the  location  of  the

Cerro  Amarillo  section  in  the  eastern  part  of  the  inter-Andean

valley  (Figure  10).  Consequently,  the  AMS  axis  deviations  in  the

geographic  coordinate  system  and  the  ~50°W  dip  of  the  Cerro

Amarillo  strata  reveal  a  postemplacement  deformational  event

(Figure 10).

The magnetic fabrics from the Metida Creek section are character-

ized  by  a T–Pj correlation  that  indicates  that  higher Pj values  are
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related to more oblate fabrics; however, the maximum Pj variability

range  is  only  of  ~3%  (Figures  7b and 7c).  Minimal  ferrimagnetic

mineral  contents  in  the  Metida  Creek  pyroclastic  rocks,  and  the

lack  of  correlation  of T and Pj with Km,  suggest  that  abnormal

fabric  development  by  mineralogical  effects  may  be  reduced

(Figures  5 and 7; Rochette  et  al.,  1999; Fanjat  et  al.,  2012).  This

assumption is partially supported by AMS projections in the pale-

ogeographic coordinate system, which reveal that most magnetic

lineations and foliations in the Metida Creek section are subhori-

zontal  (Figure  8).  Given  these  factors,  we  do  not  separate  the

Metida Creek dataset into groups for our interpretations.

Tilt-corrected  AMS  projections  of  the  Metida  Creek  section  have

magnetic lineations with E–W trends that are compatible with the

occurrence of ancient volcanoes in the central axis of the Amagá

Basin (Figure 10; Bernet et al.,  2020; Weber et al.,  2020); however,

95% confidence ellipses in the l–f diagram reveal widespread data

distributions  that  contrast  with  data  of  the  undeformed  rocks

from  the  Anza–Bolombolo  section  (Figure  9).  We  infer  that  this

may  be  an  effect  of  the  paramagnetic  minerals  that  control  the

Metida  Creek  magnetic  fabrics,  which  do  not  produce  the  well-

developed AMS axes that ferrimagnetic minerals generate (Figure

5; Tarling and Hrouda, 1993). Alternatively, the large l–f 95% confi-

dence  ellipse  of  the  Metida  Creek  may  result  from  contrasting

eolian–fluvial  transport  mechanisms,  different  rheological  condi-

tions between different layers, or a combination of both processes

(Figure 9).

In  contrast  to  the  tilt-corrected  magnetic  fabrics  of  the  Metida

Creek  section,  AMS  projections  in  the  geographic  coordinate

system indicate SW-trend lineations and magnetic foliations with

intermediate  inclinations  that  coincide  with  the  NE–SW/50°NW

attitude of the strata (Figure 10). These variations reveal magnetic

fabric overprinting likely related to a deformational event.

 5.2  Tectonic Implications
The  Amagá  Basin  was  affected  by  Oligocene–Miocene  NW–SE

compression  and  NE–SW  simple  shear  caused  by  different  colli-

sional  stages  of  the  Panama–Chocó  Block  (Piedrahita  et  al.,

2017a). The associated transpressive stress regime of these events
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Figure 10.   AMS projections for the middle–late Miocene extrusive rocks of the Combia Volcanic Province (a) in the geographic coordinate

system and (b) in the paleogeographic coordinate system. AMS projections for (c) the middle Miocene upper member and (d) the Oligocene

lower member of the Amagá Formation are also presented (Piedrahita et al., 2017a). Magnetic fabrics of the Amagá Formation reveal NW–SE

compression with consistent NE magnetic lineations at all sites (Piedrahita et al., 2017a). All specimens of each section were compiled for these

projections. Notice that the Cerro Amarillo section is divided into two groups related to normal and abnormal fabrics (see text).
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was identified in the Amagá Formation with NE–SW subhorizontal
magnetic lineations and subvertical K3 axes (Figure 10). Regardless
of  the  different  locations  and  ages  recognized  for  the  Amagá
Formation,  that  AMS  pattern  was  systematically  recognized  and
related to the syn- and postdepositional  deformation of  this  unit
(Piedrahita et al., 2017a). Magnetic fabrics from the Cerro Amarillo
section  (first  group  of  data)  and  the  Metida  Creek  in  the
geographic coordinate system are reorganized with respect to the
paleogeographic  coordinate  system.  Non-tilt-corrected  AMS
projections  of  these  sections  have K1 and K3 directions  similar  to
those  of  the  Amagá  Formation,  which  suggest  similar  deforma-
tional  regimes  for  the  late  Miocene  record  of  the  Amagá  Basin
(Figure 10);  however,  these deformational  features  are not  docu-
mented  in  the  subhorizontal  strata  of  the  Anza–Bolombolo
sequence.  These  contrasting  patterns  reveal  partially  different
deformational conditions between the Amagá Formation and the
extrusive rocks of the Combia Volcanic Province.

The identification of  nondeformed extrusive rocks in the Combia
Volcanic Province suggests variations in the intensity of the defor-
mation between the Oligocene–Miocene and late Miocene record
of the Amagá Basin. This finding can be explained by the activity
of  the  Panama–Chocó  Block.  We  infer  that  whereas  the
Oligocene–Miocene  was  characterized  by  continuous  collisional
events that  deformed the entire Amagá Formation (Piedrahita et
al., 2017a), the late Miocene Combia Volcanic Province either may
have  coincided  with  the  latest  stages  of  this  accretion  or  may
have been formed under a tectonic setting of full tectonic connec-
tion  between  Central  and  South  America  (Montes  et  al.,  2015;
Jaramillo  et  al.,  2019).  These  conditions  of  contrasting  tectonic
activity  may  have  promoted  localized  Cauca–Romeral  Fault
System  reactivations,  which  allowed  deformation  of  the  Cerro
Amarillo and the Metida Creek sections with the same regime that
affected  the  Amagá  Formation  but  did  not  impact  other  areas,
such  as  those  in  which  the  Anza–Bolombolo  section  is  located.
Variable  AMS  patterns  across  the  Combia  Volcanic  Province  may
also be related to a possible older formation of the Metida Creek
and Cerro Amarillo sections compared with the Anza–Bolombolo
rocks (Bernet et al.,  2020; Weber et al.,  2020). This scenario is also
compatible  with  a  weakened  late  Miocene  tectonic  interaction
between  the  Panama–Chocó  Block  and  northwestern  South
America (Montes et al., 2012, 2015). Although our data are limited
for  discussion  of  the  age  of  the  land  connection  between  South
and  Central  America,  the  distinct  deformational  features  of  the
studied sections of the Combia Volcanic Province, and the consis-
tent  structural  regime that  is  recorded by  the Amagá Formation,
reveal reduced late Miocene deformational activity in the Amagá
Basin in comparison with that of the Oligocene–middle Miocene.
This  interpretation  confirms  that  the  most  significant  collisional
stages of the Panama–Chocó Block preceded the eruptive phases
of the Combia Volcanic Province (Farris et al.,  2011; Montes et al.,
2012, 2015; Bacon et al.,  2015; Piedrahita et al.,  2017a; Lara et al.,
2018; Jaramillo et al., 2019).

 6.  Conclusions
The  magnetic  fabrics  of  the  extrusive  rocks  of  the  Combia
Volcanic Province are controlled by ferrimagnetic minerals  in the

Cerro Amarillo and Anza–Bolombolo sections, and mainly by para-
magnetic  minerals  in  the  Metida  Creek  sequence.  Tilt-corrected
AMS  data  on  these  pyroclastic  rocks  and  lava  flows  reveal  flow
directions  with  magnetic  lineations,  which  confirm  geomorpho-
logical observations and indicate the occurrence of ancient volca-
noes  in  the  central  axis  of  the  Amagá  Basin  (Weber  et  al.,  2020).
Magnetic fabrics in the geographic coordinate system of the Cerro
Amarillo  and  Metida  Creek  sections  allow  the  recognition  of
deformational  events  through  SW  lineations  that  are  compatible
with  the  NW–SE  compression  produced  by  the  Panama–Chocó
Block (Piedrahita et al., 2017a). However, that event did not affect
the  Anza–Bolombolo  section,  either  because  these  rocks  are
younger  or  because  of  heterogeneous  stress  regimes  in  the
Amaga Basin. Both interpretations reveal weakened late Miocene
tectonic  activity  compared  to  that  of  the  Oligocene–middle
Miocene,  which  suggests  that  the  most  significant  collisional
stages of the Panama–Chocó Block with the South American Plate
preceded the late Miocene Combia Volcanic Province.
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