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Abstract

El Escondido is a dacitic monogenetic volcano situated in the Samana monogenetic volcanic field, within the Central
Cordillera of Colombia. The tuff cone was emplaced in a deeply incised and rainy mountainous zone, ca. 38 ky ago
by an explosive eruption that affected not only the metamorphic and igneous basement but also the remnants of the
~ 154 ka Pela Huevos volcano. The El Escondido volcaniclastic deposits are composed of juvenile pumice and lithic
fragments including dense volcanic rocks from the Pela Huevos volcano, as well as metamorphic and igneous rocks
from the basement. The pumice shows tubes and spongy textures. The volcanic lithics are dominantly angular and
fresh, and exhibit different mineralogy and whole-rock geochemistry in comparison to the pumice. Plagioclase and
amphibole are ubiquitous; however, biotite and quartz crystals occur only in the pumice fragments (~70 wt% SiO,
volatile-free), whereas olivine and pyroxene crystals are only found in the volcanic lithics (~65 wt% SiO, volatile-
free). The El Escondido tuff cone is strongly eroded and Pela Huevos is a dome-like remnant in the SE sector.
Because of this, along with the highly vegetated tropical zone where the volcanoes are emplaced as well as difficult
political issues in the region, the edifices were not recognized until recently; this is why the younger cone was
named “El Escondido” (which means “The Hidden). These eruptions evidence that recent volcanism has occurred in
a zone of the Central Cordillera that has been considered as non-volcanogenic in recent studies.

Keywords Samana monogenetic volcanic field - Flat slab volcanism - Pre-existent eroded volcano - Silicic monogenetic
volcanism - Recently discovered volcanoes

Introduction

Monogenetic volcanoes are small structures (volume < 1 km?)
that are formed by a single effusive and/or explosive eruption
within a defined period of time (Kereszturi and Németh 2012;
De Silva and Lindsay 2015) and can occur in any tectonic
setting (Németh 2010). They are often grouped into monoge-
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netic volcanic fields (Németh 2010; Cafiion-Tapia 2016).
Eruptions of monogenetic volcanoes are related to the rise of
small magma batches (Németh 2010; Marti et al. 2016; Smith
and Németh 2017). In general, these magma batches rapidly
ascend to the surface through simple conduit systems, usually
with little interaction with crustal rocks during ascent (Németh
2010). This is why, typically, monogenetic volcanoes are
formed by relatively primitive magmas (Valentine and Greeg
2008; McGee and Smith 2016; Smith and Németh 2017).
However, a few monogenetic volcanoes have erupted evolved
magmas, suggesting some degree of stagnation in the crust
(e.g., Borrero et al. 2017; Smith and Németh 2017; Murcia
et al. 2019).
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El Escondido and Pela Huevos are dacitic monogenetic
volcanoes located on the eastern flank of the Central
Cordillera of Colombia, in the Selva de Florencia Natural
National Park, 75 km NE of Manizales and 144 km NW of
Bogota, Colombia (Fig. 1a, b). The volcanoes are part of the
Samana monogenetic volcanic field (SMVF) (Borrero et al.
2017; Murcia et al. 2019) in the northern part of the San Diego
— Cerro Machin Volcano Tectonic Province (Fig. 1b, c). El
Escondido was recently discovered by the Colombian
Geological Survey (Monsalve 2015; Monsalve and Arcila
2016) and defined as a pyroclastic-dome ring complex struc-
ture (Monsalve and Rueda 2015; Monsalve et al. 2019). This
original definition included the Pela Huevos volcano as a
dome being part of the El Escondido volcano. In that work,
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Fig. 1 Location maps. a Study AN B
site in Colombia. b San Diego —
Cerro Machin Volcano Tectonic
Province. Green dots are polyge-
netic volcanoes whereas red dots
are monogenetic volcanoes. ¢
Image of El Escondido and Pela
Huevos volcanoes (taken from
Google Earth; Map data: Image ©
CNES / Airbus). WC, West
Cordillera; CC, Central
Cordillera; EC, East Cordillera;
SDV, San Diego volcano; NV,
Norcasia volcano; EEV, El
Escondido volcano; PHV, Pela
Huevos volcano; MV, Morron
volcano; PV, Piamonte volcano;
GV at north, Guadalupe volcano;
RV, Romeral volcano; CBY,
Cerro Bravo volcano; NRV,
Nevado del Ruiz volcano; SIV,
Nevado Santa Isabel volcano;
PCV, Paramillo del Cisne volca-
no; PSRV, Paramillo de Santa
Rosa volcano; PQV, Paramillo del
Quindio volcano; NTV, Nevado
del Tolima volcano; CMYV, Cerro
Machin volcano; GV at south,
Guacharacos volcano; ETV, El
Tabor volcano; SMVF, Samana
Monogenetic Volcanic Field;
VTMVFE, Villamaria-Termales
Monogenetic Volcanic Field;
PMVF, Pijaos Monogenetic
Volcanic Field; SFNNP, Selva de
Florencia Natural National Park

Google Earth
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eruptive products were described as andesitic and dacitic in
composition and at least two eruptions were reported by
Monsalve et al. (2019): one at 36,030 +£380 years BP and
the other one at 33,550 +280 years BP. However, Sanchez-
Torres (2017) and Toro and Delgado (2018) highlighted the
strongly eroded character of El Escondido and Pela Huevos
and based on field relations, proposed that the Pela Huevos
dome was actually an older volcano affected by the El
Escondido eruption. Recently, Rueda-Gutiérrez (2019) report-
eda 153.7+38.2 ka “°Ar/*’Ar age for the Pela Huevos dome.

This study focuses on the definition and distribution of the
volcaniclastic deposits associated with El Escondido volcano.
It also characterizes the composition of El Escondido and Pela
Huevos volcanoes, based on petrography and whole-rock
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geochemistry. We also present new radiocarbon analyses of
the El Escondido products. The results are integrated to (1)
prove that volcanism is not uncommon in the region, (2) de-
fine the eruptive history in the area, and (3) highlight that this
zone of the Colombian Andes, where a flat slab has been
defined (Wagner et al. 2017), has produced recent volcanism.
This information should be also useful for hazard evaluation
in the region, considering that similar future eruptions cannot
be ruled out in the monogenetic field.

Regional geological setting

El Escondido and Pela Huevos volcanoes are located in the
Central Cordillera of Colombia, a long mountainous range
where most of the volcanism occurs as a result of a subduction
tectonic setting (Fig. 1a). The tectonic configuration of NW
South America is dominated by three main lithospheric plates:
the oceanic Nazca and Caribbean plates, and the continental
South American plate (Taboada et al. 2000; Cediel et al. 2003;
Cortés et al. 2005). The subduction of the Nazca and
Caribbean plates is separated at 5.5°N forming two different
Wadati-Benioff Zones: one associated with a flat, supposedly
non-volcanogenic subduction to the north and another one
associated with a “normal,” volcanogenic subduction to the
south (Vargas and Mann 2013; Idarraga-Garcia et al. 2016;
Syracuse et al. 2016; Wagner et al. 2017). This linear zone
separating two different subduction angles responds to a lith-
ospheric weakness; this is called the Caldas Tear mega suture
(Vargas and Mann 2013) and is linked to the prolongation of
the Sandra Ridge (Lonsdale 2005). Nonetheless, young vol-
canism (San Diego maar erupted 20 ky ago; Borrero et al.
2017) has now been found in the northern zone (cf. Murcia
etal. 2019). El Escondido and Pela Huevos volcanoes are part
of this volcanism.

The basement in the El Escondido area is composed of
Triassic (Villagomez et al. 2011) or Upper Jurassic (Blanco-
Quintero et al. 2014) metamorphic rocks of the Cajamarca
Complex (Maya and Gonzalez 1995; Maya 2001) and
Lower Cretaceous rocks of the Samana Igneous Complex
(Gonzélez 1990). These units are separated by the Palestina
fault (Gomez-Tapias et al. 2015). In the study area, the Eocene
Florencia Stock (54.9+1.9 Ma: Gonzalez 1990; 54.6 +
4.4 Ma: Rueda-Gutiérrez 2019) intrudes the Cajamarca
Complex (Fig. 2). This stock is composed of quartz diorite
and biotite tonalite (Gonzalez 1990). In the zone, there are also
a series of Neogene plutonic bodies, which are dioritic to
tonalitic in composition (Goémez-Tapias et al. 2015; Rueda-
Gutiérrez 2019). Both El Escondido and Pela Huevos volca-
noes are found overlying the Pleistocene Tefra amarilla
(Yellow Tephra) unit that corresponds to an unmapped pyro-
clastic sequence with horizons of ash with altered lapilli-sized

pumice fragments and bi-pyramidal quartz crystal fragments
(Borrero et al. 2017).

Structurally, the studied volcanoes are in the area of influ-
ence of the Palestina fault, which has a right-lateral movement
with a N30°E direction; this disposition is interpreted as the
result of the oblique collision of the oceanic crust with the
continental crust during the Late Cretaceous (Feininger
1970; Cortés et al. 2005). This fault coincides with the align-
ment of the volcanic centers on the axis of the Central
Cordillera (Borrero et al. 2017) (Fig. 1b).

El Escondido and Pela Huevos volcanoes:
general features

El Escondido (5° 31" 00” N, 75° 02’'15" W, 1500 m above sea
level, a.s.l.) is a strongly eroded and heavily vegetated tuff
cone. It occurs in a mountainous region with steep relief and
pronounced valleys. The northern and eastern sectors of the
edifice are partly preserved, whereas the southern and western
parts have been eroded (Figs. 1c and 2). The volcano has a
1.50 % 1.25 km wide and 250 m deep crater, with the highest
rim point at 1633 m a.s.l. The volcaniclastic deposits of the
volcano are mainly preserved N and E of the crater, where the
town of Florencia (3000 inhabitants) is settled. To the SE, a
small dome-like hill represents the remnant of the Pela
Huevos volcano (5° 30’ 48.14" N, 75° 02’ 37.06" W,
1500 m a.s.l) (Fig. 1¢). Thermal springs are found in the area,
presumably due to magmatic heat at depth (cf. Rueda-
Gutiérrez 2019).

Methodology

Stratigraphic, compositional, textural, and radiocarbon analy-
ses are used to study the volcanic products in the area. Field
work was carried out to define the stratigraphy of the El
Escondido deposits and to collect samples of each defined
unit. Characteristics such as fabric, sorting, granulometry, col-
or, and sedimentary structures of the deposits were evaluated
in the field (following Murcia et al. 2013). We apply the term
matrix to fragments less than 2 mm in diameter. After sieving,
the 0 ¢ (1-2 mm) size fraction of each unit was studied under a
binocular microscope: approximately 300 particles were
counted for componentry. The main types of fragments pres-
ent at El Escondido were studied through thin sections and
major element geochemistry. Specifically, two pumice frag-
ments and two block-sized lithic volcanic fragments were an-
alyzed. Crystal size was defined following Gonzalez (2008),
where phenocrysts are >0.50 mm and microphenocrysts
range between 0.05 and 0.50 mm; microlites (<0.05 mm)
are part of the groundmass. Point counting of thin sections
(groundmass vs vesicles vs crystals) was done with a
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Fig. 2 Geological map of El To Sqnsén

Escondido volcano area.

LEGEND

Modified from Gomez-Tapias
etal. (2015)

petrographic microscope at the Instituto de Investigaciones en
Estratigrafia (IIES) at the Universidad de Caldas, Manizales,
Colombia. Chemical analyses were performed through ICP-
OES in the ActLab and SGS commercial laboratories in
Colombia. Vesicularity was determined for 30 pumice fragments
(> 2 cm) per stratigraphic unit following the vesicularity index of
Houghton and Wilson (1989) and the methodology of Gardner
et al. (1996). Morphology of pumice fragments was studied on
20, 125-500 pm pumice fragments using a QUANTA 250
Scanning Electron Microscope (SEM) at IIES; thus, high-
resolution images of the vesicles and their walls were obtained.
Finally, two samples of charcoal found in El Escondido deposits
were dated using the '*C radiocarbon method at Centre d’Etudes
Nordiques, Université Laval, Quebéc, Canada. Ages were cali-
brated using the IntCall3 curve (Reimer et al. 2013).

Results

Stratigraphy, sedimentary characteristics,
and distribution of volcaniclastic deposits

The deposits of El Escondido volcano are distributed towards
the N and E sides of the emission center (Fig. 2). The
volcaniclastic deposits are mostly altered, strongly affected
by erosion and poorly consolidated. Based on unconformities
(cf. Marti et al. 2018), nine stratigraphic units, with clear lower
and upper limits, were determined: U0 to U8 from the base to
the top (Figs. 3 and 4). Units UO to U7 were defined at a single
location named “La Cantera” at the outskirts of Florencia
town (~ 150 m from the crater rim; Fig. 2), and these could
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be followed around the volcano. An additional unit (U8) was
observed only at the rim of the crater.

Unit 0: This unit has an exposed thickness of 68 cm, al-
though the base was not observed. It is formed by a clast-
supported deposit, which is well sorted, poorly consolidated,
grayish in color, with sub-rounded and sub-angular fragments
dominantly sized from 3 mm (fine lapilli) to 4 cm (coarse
lapilli) (Fig. 5a). The > 2 mm fragments (70 vol%) correspond
to pumice (90 vol%) and plutonic lithics (10 vol%) (Fig. 5b).
The ashy matrix makes up 30 vol% of the deposits and con-
tains pumice fragments (83 vol%), plutonic and metamorphic
lithics (15 vol%) and volcanic lithics (2 vol%) (Fig. 3).

Unit I: This unit has a thickness of 25 cm. It is formed by a
clast-supported deposit. The deposit is well sorted, dark gray
in color, with angular and sub-angular fragments dominantly
sized from 1 cm (medium lapilli) to 6 cm (coarse lapilli) (Fig.
5S¢, d). The >2 mm fragments (80 vol%) correspond to dense
volcanic lithics (85 vol%), pumice (10 vol%), and plutonic
lithics (5 vol%). The matrix (20 vol%) is formed by dense
volcanic lithics (65 vol%), pumice (28 vol%), and plutonic
lithics (7 vol%) (Fig. 3).

Unit 2: This unit has a thickness of 4.4 m. It is similar to
Unit 0 and is formed by a clast-supported deposit (Fig. Se).
The deposit is poorly sorted, poorly consolidated, grayish in
color, with angular to sub-angular fragments dominantly sized
from 5 mm (fine lapilli) to 30 cm (fine-blocks). The >2 mm
fragments (85 vol%) correspond to pumice (70 vol%), pluton-
ic lithics (20 vol%), and dense volcanic lithics (10 vol%) (Fig.
5f). The matrix (15 vol%) is formed by pumice fragments
(77 vol%), plutonic and metamorphic lithics (13.5 vol%)
and dense volcanic lithics (9.5 vol%) (Fig. 3). In the upper
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Fig. 3 Stratigraphic column and matrix componentry variation diagram
of the stratigraphic units defined for El Escondido volcano

part of the unit, two thin grayish lenticular layers of finer
material of the same composition were observed. In the

middle part of the unit, block-sized volcanic fragments are
sporadically present.

Unit 3: This 6.0-m-thick unit has two distinct matrix-
supported portions. The lower half is finer-grained and inter-
nally stratified (plane-parallel to low angle cross-lamination)
(Fig. 5g), whereas the upper half is coarser grained and inter-
nally structureless.

In more detail, the lower half is well sorted, brownish in
color, with sub-rounded fragments with an average size of
2 mm (very coarse ash). The >2 mm fragments (30 vol%)
correspond to pumice (85 vol%), dense volcanic lithics
(10 vol%), and plutonic lithics (5 vol%). The matrix
(70 vol%) is formed by pumice (76 vol%), plutonic lithics
(18 vol%), and dense volcanic lithics (6 vol%).

The upper half is poorly sorted, hardened, brownish in
color, with sub-rounded fragments dominantly sized from
1 cm (medium lapilli) to 60 cm (medium-block) (Fig. Sh).
The >2 mm fragments (40 vol%) correspond to pumice
(60 vol%), plutonic lithics (25 vol%), dense volcanic lithics
(10 vol%), and metamorphic lithics (5 vol%). The largest
fragments correspond to plutonic rocks. The matrix
(60 vol%) is formed by pumice (50 vol%), plutonic and meta-
morphic lithics (37 vol%), and dense volcanic lithics
(13 vol%) (Fig. 3). Within the lower deposits, charcoal was
found (Fig. 5i).

Unit 4: This 1.4-m-thick unit is very similar to Unit 1. It
consists of a normally graded, clast-supported, well sorted,
moderately consolidated, dark gray deposit. The angular to
sub-angular fragments are dominantly sized from 1 cm (me-
dium lapilli) to 12 cm (fine-block) (Fig. 5j). The > 2 mm frag-
ments (70 vol%) correspond to dense volcanic lithics
(85 vol%), plutonic lithics (5 vol%), and pumice (10 vol%).
The matrix (30 vol%) is formed by dense volcanic lithics
(64 vol%), pumice (33 vol%), and plutonic lithics (3 vol%)
(Fig. 3). Within the deposit, charcoal was also found (Fig. 5k).

Unit 5: This 1.9-m-thick unit is similar to units 0 and 2. It is
formed by a clast-supported deposit. The deposit is poorly
sorted, moderately consolidated, grayish in color, with angular
and sub-angular fragments dominantly sized from 2 cm (me-
dium lapilli) to 16 cm (fine-block) (Fig. 51). The > 2 mm frag-
ments (75 vol%) correspond to pumice (75 vol%), dense

Fig. 4 General stratigraphy of the deposits of El Escondido volcano. a Lower units; outcrop is 7 m high. b Upper units; outcrop is 10 m high
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Fig. 5 Main characteristics of
some stratigraphic units. a
Pumiceous deposits of U0. b
Pumice and lithics fragments of
UO0. ¢, d Volcanic lithic-rich de-
posits of Ul. e Pumiceous de-
posits of U2. f Pumice and lithics
fragments of U2. g Matrix-
supported fabric with laminations
in U3. h Matrix-supported fabric
with block-sized fragments in U3.
i Charcoal fragment inside U3.
The hammer is 33 ¢cm long and
the pen is 14 cm long. j Volcanic
lithic-rich deposits of U4. k
Charcoal fragment inside U4. 1
Pumiceous deposits of US. m
Volcanic lithic-rich deposits of
U6. n Layer present in the middle
part of U6; this layer has accre-
tionary lapilli. 0 Fragments of
bread-crust bombs at the base of
U6. p, q Pumiceous deposits of
U7. r Block-sized sub-rounded
fragments inside U8. The hand
lens is 2 cm in external diameter

volcanic lithics (15 vol%), and plutonic lithics (10 vol%). The
matrix (25 vol%) is formed by pumice (54 vol%), dense vol-
canic lithics (40 vol%), and plutonic and metamorphic lithics
(6 vol%) (Fig. 3).

Unit 6: This 7.3-m-thick unit, similar to units 1 and 4, is
formed by a clast-supported deposit. The deposit is poorly
sorted, friable, grayish to brownish in color, with angular
and sub-angular fragments dominantly sized from 2 cm
(coarse lapilli) to 30 cm (medium-block) (Fig. 5m). The >
2 mm fragments (90 vol%) correspond to dense volcanic
lithics (50 vol%), plutonic lithics (15 vol%), pumice
(30 vol%), and metamorphic lithics (5 vol%). The matrix
(10 vol%) is formed by dense volcanic lithics (66 vol%), pum-
ice (25 vol%), and plutonic and metamorphic lithics (9 vol%)
at the base; and dense volcanic lithics (49 vol%), pumice
(45 vol%), and plutonic and metamorphic lithics (6 vol%) at
the top (Fig. 3). Within the lower third of the unit, a 37-cm-
thick lens with plane-parallel laminations and abundant accre-
tionary lapilli was observed (Figs. 3 and 5n). At the base of
Unit 6, bread-crust bombs up to 50 cm in diameter appear
(Fig. 50).

Unit 7: This 8.6-m-thick unit is very similar to units 0, 2,
and 5, and it is formed by a matrix-supported deposit. The

@ Springer

deposit is well sorted, poorly consolidated, grayish in color,
with sub-rounded and sub-angular fragments sized mostly
from 2 to 6 cm (coarse lapilli). The >2 mm fragments
(45 vol%) correspond to pumice (75 vol%), dense volcanic
lithics (15 vol%), and plutonic and metamorphic lithics
(10 vol%). The matrix (55 vol%) is formed by pumice
(80 vol%), plutonic and metamorphic lithics (11 vol%), and
dense volcanic lithics (9 vol%) at the base. The matrix in the
top part consists of pumice (59 vol%), dense volcanic lithics
(25 vol%), and plutonic and metamorphic lithics (17 vol%)
(Fig. 3). In the middle of the unit, lenses of finer pumice
fragments can be observed (Fig. 5p, q).

Unit 8: This 7.5-m-thick unit is formed by a matrix-
supported deposit. The deposit is poorly sorted, hardened,
brownish in color with yellowish shades, with rounded and
sub-rounded fragments dominantly sized from 10 cm (fine-
block) to 2 m. The > 2 mm fragments (30 vol%) correspond to
plutonic lithics (60 vol%), dense volcanic lithics (20 vol%),
metamorphic lithics (10 vol%), and pumice fragments
(10 vol%) (Fig. 5r). The matrix (70 vol%) has been quantified
in two samples. In the lower part of the unit, the matrix is
formed by plutonic and metamorphic lithics (55 vol%), dense
volcanic lithics (34 vol%), and pumice (11 vol%). In the top, it
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Fig. 5 (continued)

is formed by pumice (25 vol%), plutonic and metamorphic
lithics (47 vol%), and dense volcanic lithics (28 vol%) (Fig.
3).

Petrography and geochemistry

Four rock samples were petrographically and geochemically
analyzed: two pumice fragments from U2, a dense volcanic
lithic from U4, and a dense sample from the Pela Huevos
volcano.

The pumice fragments are hypohyaline porphyritic with a
glassy groundmass, whereas the dense rocks are
hypocrystalline porphyritic with a glassy groundmass with
microlites. Plagioclase (10-28 vol%) and amphibole (6—
16 vol%) are ubiquitous in all four samples and occur as
phenocrysts and microphenocrysts (Fig. 6a, b, c). Biotite (3—
7 vol%) and quartz (1-2 vol%) occur as microphenocrysts in

-

the pumice only (Fig. 6d, e). Pyroxene (0-2 vol%) and olivine
(1 vol%) are present as microphenocrysts in the dense samples
(Fig. 6f, g, h) (Table 1). All rocks display low percentages (<
1 vol%) of oxide minerals. In the pumice, petrography also
evidences sieve texture in plagioclase, and glomeroporphyritic
texture formed by plagioclase and amphibole, or by a mix be-
tween plagioclase, amphibole, and quartz. In the dense volcanic
rocks, sieve texture in plagioclase is characteristic;
glomeroporphyritic texture also appears and is formed by plagio-
clase, amphibole, and pyroxene, or by a mix between amphibole
and plagioclase, or amphibole and olivine. Seriate and trachytic
textures are also formed by the plagioclase.

Geochemically, all four samples display a dacitic composi-
tion according to the TAS diagram (Fig. 7a) (Le Bas et al.
1986), although the pumice fragments clearly are more silicic
(Si0; ~70 wt% on an anhydrous basis) in comparison with
the dense volcanic rocks (SiO, ~65 wt% on an anhydrous
basis). All of the samples are located in the calc-alkaline field

@ Springer
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Fig. 6 Photomicrographs of
fragments within the El
Escondido (EE) volcaniclastic
deposits and from the Pela
Huevos volcano. a Plagioclase
and amphibole phenocrysts in the
EE pumice fragments. b
Plagioclase and amphibole phe-
nocrysts and microphenocrysts in
the dense volcanic lithics at EE. ¢
Plagioclase and amphibole phe-
nocrysts and microphenocrysts in

the sample from Pela Huevos. d
Biotite microphenocrysts in pum-
ice fragments at EE. e Quartz
microphenocrysts in pumice
fragments at EE. f Pyroxene
microphenocrysts in dense volca-
nic lithics at EE. g Olivine
microphenocrysts in dense volca-
nic lithics at EE. h Olivine
microphenocrysts in the Pela
Huevos sample. Mineral abbrevi-
ations are taken from Kretz
(1983): Amphibole (Amph),
Biotite (Bt), Olivine (Ol),
Plagioclase (Pl), Pyroxene (Px),
Quartz (Qtz)

Table 1  Percentages of crystals, vesicles, and groundmass obtained in
the petrographic point-counting analysis

Sample % groundmass % vesicles % crystals

Pl Amph Bt Qz Px Ol
Pumice 1 54.9 22 10.7 7.8 33140 O
Pumice2 37.8 37.1 98 63 7 210 O
Lithic 59.2 0 22 151 0 0 16 13
Dome 55.3 0 279 161 0 0 0 0.6

@ Springer

on the AFM diagram (Fig. 7b) (Irvine and Baragar 1971) and
in the medium-K field in the SiO, vs K,O diagram (Fig. 7c)
(Peccerillo and Taylor 1976) (Table 2).

Textural characteristics

Vesicularity analysis in pumice fragments were performed
for U2 and US as they were the units where pumice frag-
ments >2 cm were found. The results indicate a some-
what heterogeneous vesicularity. It ranges from 56 to
81 vol%, varying from moderately to extremely vesicular,
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Fig. 7 Geochemical classification diagrams. Four samples were
analyzed, including two samples at both laboratories, for a total of six
data points (Table 2). a TAS diagram (Le Bas et al. 1986). b AFM

although almost all clasts are highly vesicular (Fig. 8).
The average vesicularity is 73.5 vol% for U2, and
65.3 vol% for US.

Morphological analysis of pumice fragments was per-
formed for U0, U2, U5, U6, and U7 as they were the units
where pumice fragments between 125 and 500 pm were
found. The fragments exhibit a wide spectrum of vesicle

diagram (Irvine and Baragar 1971). ¢ K,O vs SiO, diagram (Peccerillo
and Taylor 1976 modified by Le Maitre et al. 2002)

shapes and sizes; vesicles range from spherical and homo-
geneous (U2, U5, and U6; Fig. 9a) to elongated and het-
erogeneous (U0 and US; Fig. 9b). Tube pumice is seen in
U2 and U5 (Fig. 9c). Fragments exhibit microstructures
such as cracks (U0, U6, and U7; Fig. 9d), glass dehydra-
tion cracks (UO; Fig. 9¢), and spongy microtexture (U6
and U7; Fig. 9F).
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Table 2 Major elements in the

analyzed samples Sample *Pumice 1 °Pumice 1 °Pumice 2 *Litihic °Lithic *Dome
wt%
Si02 66.47 67.11 66.51 63.62 62.87 63.89
AI203 15.11 15.73 15.42 16.16 16.21 17.15
Fe203(T) 2.88 3.34 248 481 5.02 448
MnO 0.13 0.13 0.13 0.11 0.12 0.12
MgO 1.24 0.94 0.71 2.58 2.23 1.97
CaO 3.34 3.64 2.98 5.70 5.35 4.68
Na20 3.76 4.49 4.19 3.92 4.38 4.00
K20 22 2.06 232 1.60 1.60 1.65
TiO2 0.26 0.29 0.22 0.49 0.47 0.46
P205 0.16 0.13 0.12 0.17 0.20 0.14
LOI 3.13 22 3.69 1.22 1.02 1.18
Total 98.67 100.07 98.77 100.4 99.48 99.72
*Actlabs laboratory
°SGS laboratory

El Escondido volcano age

Charcoal fragments were collected in two units (U3 and U4;
Fig. 5i, k). Radiocarbon dating of these fragments yielded
ages of 34,060 + 240 years BP (38,553 + 596 years Cal. BP),
and 33,230+ 220 years BP (37,484 + 798 years Cal. BP), re-
spectively. These ages partly overlap (Table 3).

Discussion
Pela Huevos versus El Escondido

In the SMVF, two volcanoes have been studied in some detail
so far: San Diego maar (Borrero et al. 2017) and El Escondido
tuff cone (Monsalve et al. 2019; this study). In the area, how-
ever, other volcanic centers have been recently identified (e.g.,
Guadalupe, Piamonte, Morrén, and Norcasia volcanoes; SGC
2017; Borrero et al. 2017; Murcia et al. 2017, 2019).

Pela Huevos hill is the remnant of an older volcano
(Sanchez-Torres 2017; Toro and Delgado 2018) as evi-
denced by field work (Pela Huevos-like lithics within the
El Escondido deposits), petrography (Fig. 6), geochemistry
(Fig. 7), and dating (Rueda-Gutiérrez 2019). Therefore,
Pela Huevos is not part of the El Escondido eruptive his-
tory (cf. Monsalve et al. 2019). Instead, rock fragments
from Pela Huevos were incorporated during the El
Escondido eruption, and the volcano was partly destroyed
by the El Escondido eruption. Overall, we found that the
pumice fragments of E1 Escondido deposits are the juvenile
clasts while the dense volcanic lithics are the accessory
fragments (sensu Murcia et al. 2013).

@ Springer

How many eruptions?

Paleosols are absent in the El Escondido volcaniclastic deposits.
Unconformities are mostly represented by granulometric chang-
es and/or contacts between different types of volcaniclastic de-
posits as well as remobilization or minor erosion surfaces typical
between these deposits. Therefore, unconformities can be con-
sidered as minor (cf. Marti et al. 2018). Minor unconformities
can appear between successive eruptions (inter-eruption) but
also between different pulses (intra-eruption). As mentioned
above, radiocarbon ages obtained from charcoal material in
U3 and U4 yielded partly overlapping ages, which is
compatible with the idea that El Escondido was formed by a
single eruption around 38,000 years ago. This contradicts the
interpretation by Monsalve et al. (2019) who invoke at least two
eruptions for El Escondido volcano based on an older date
(40,667 + 807 years Cal. BP) for their unit UL, which is our
U3. We obtained a younger age (38,553 £596 years CalBP)
for the same unit, and the source of the different ages is not clear.
Nevertheless, the bulk of the evidence currently points to a sin-
gle monogenetic eruption at El Escondido.

Origin of the El Escondido volcaniclastic units

Units 0, 2, 5, and 7 are coarse, clast-supported, well-to-poorly
sorted, poorly-to-moderately consolidated, pumice-rich de-
posits. They are pyroclastic in origin, but their mode of em-
placement is not clear. Possibilities include proximal fallout
and pumiceous pyroclastic density currents, a.k.a. ignimbrites.
The latter have been reported in other monogenetic eruptions
such as in La Garrotxa Volcanic Field in Spain (Marti et al.
2017), and recently in Colombia, in the Paipa Volcanic Field
(Suérez 2016).
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Fig. 8 Vesicularity histograms of pumice fragments. a U2. b US. The
vesicularity ranges are taken from Houghton and Wilson (1989)

Unit 1, unit 4, and most of unit 6 are coarse, clast-support-
ed, well-to-poorly sorted, sometimes normally graded, mod-
erately consolidated to friable, lithic-rich deposits. Again, they
are thought to be pyroclastic in origin, but their mode of em-
placement is unclear. Possibilities include proximal fallout
and lithic-rich pyroclastic density currents. The finer-grained
lens within unit 6 has plane-parallel laminations and abundant
accretionary lapilli, and is interpreted as the deposits of more
dilute pyroclastic density currents, a.k.a. surges.

Units 3 and 8 are interpreted as lahar deposits which were
formed during the eruption or, for unit 8, slightly after.
Specifically, unit 8 and the upper half of unit 3 are thought
to represent debris flow deposits based on the general lack of
internal structure, the matrix-supported fabric, the poor
sorting, the presence of large sub-rounded plutonic blocks,
and the hardened character of the matrix. The lower part of
unit 3 is interpreted as the deposit of a hyperconcentrated flow
(a more dilute lahar) based on better sorting and the presence
of sedimentary structures (Vallance and Iverson 2015).

Magma fragmentation

Two mechanisms have been defined for magma fragmen-
tation: magmatic (Cashman and Scheu 2015) and
phreatomagmatic (Zimanowski et al. 2015). To

differentiate between these processes, different ap-
proaches can be investigated, as summarized by White
and Valentine (2016), of which we consider three. The
first is the vesicularity of juvenile fragments (Houghton
and Wilson 1989; Cashman et al. 2000). High vesicularity
(typically > 70 vol% for felsic magmas) suggests magmat-
ic fragmentation, while lower vesicularity, and a broader
range of vesicularities, suggests phreatomagmatic pro-
cesses (Houghton and Wilson 1989). A second approach
is the morphological characteristics of juvenile glass par-
ticles. Spongy textures are considered typical of magmatic
fragmentation (Heiken 1972, 1974; Houghton and Wilson
1989; Cashman et al. 2000). A third criterion is the pro-
portion of lithic clasts. A high abundance of lithic frag-
ments from the basement could suggest
phreatomagmatism (Morrissey et al. 2000; Zimanowski
et al. 2015).

For El Escondido volcano, many depositional units are
pumice-rich, and vesicularity values of the >2 mm juve-
nile fragments are relatively high (62-82 vol% for U2 and
56-74 vol% for US) and have narrow distributions (Fig.
8). This suggests extensive vesiculation and magmatic
fragmentation. In terms of morphology characteristics, a
magmatic fragmentation process is evidenced by the iden-
tified spongy textures (Hougthon and Wilson 1989;
Cashman et al. 2000). However, the relatively large pro-
portion of fragments from the basement in some units
(e.g., up to 18 vol% in U2) evidences strong basement
disruption (vent widening) in some phases of the eruption,
perhaps associated with explosive magma-water interac-
tion. Within unit 6, a thin subunit with accretionary lapilli
and laminations might represent surges caused by
phreatomagmatism (cf. Branney and Kokelaar 2002).
The water associated with this process was stored in a
confined aquifer within the fractured and foliated
Cajamarca Complex (cf. Borrero et al. 2017).

Conclusions

The deposits of the 38 ka El Escondido volcano are distributed
in an area of approximately 1.5 km around the crater, with a
greater distribution to the north and much less to the south.
This could be related to the high rate of erosion in the area, or
simply to no deposition towards the south at the time of the
eruption.

Compositional analysis reflects mineralogical and
chemical differences between the juvenile pumice and
the dense volcanic lithics in the El Escondido deposits.
This, along with new geochronology data, demonstrates
the existence of a previous volcano in the area, the ~
154 ka Pela Huevos, in the SE sector of the EIl
Escondido edifice. The accessory dense volcanic lithics

@ Springer
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Fig. 9 Morphological and vesicle
characteristics of pumice
fragments observed by scanning
electron microscope. a
Homogenous vesicles (U2). b
Heterogeneous vesicles (U0). ¢
Tube pumice (U5). d Cracks
(U7). e Glass dehydration cracks
(U0). f Spongy texture (U7)

Tubeﬂpumice

in the El Escondido volcaniclastic deposits were derived
from Pela Huevos.

These volcanoes, as well as the previously defined San
Diego maar (20 ka), prove that in NW South America, the
flat subduction zone north of 5.5°N is volcanogenic,

Table 3 '*C radiocarbon ages for El Escondido volcano

100 p

Heterogeneous vesicles

—— 500 pm ——

Spongy texture

500 pm

having generated the Samana monogenetic volcanic field
in Colombia. This volcanic field must be considered ac-
tive, with hazard implications for the region, and adds a
further tectonic setting to the global catalog of monoge-

netic volcanism.

Unit Code Université Laval code Pre-treatments ~ F'*C  + DMC (%) + MC age (BP) + Calibrated age* (Cal. BP)
4  VEE-01C ULA-7683 HCI-NaOH-HC1 0.0160 0.0004 —984.0 04 33,230 220 38,282-36,686 37,484 +798
3 VEE-02C ULA-7684 HCI-NaOH-HC1 0.0144 0.0004 —985.6 0.4 34,060 240 39,149-37,957 38,553 + 596
K- - - - - - — 33,550 280 38,446-36,721 37,584 + 863
K- - - - - - - 33,719 268 38,784-37,186 37,985 + 799
AL - - - - - - - 36,030 380 41,474-39,860 40,665 + 805

*Calibrated age using the program OxCal 4.3. See website: https://c14.arch.ox.ac.uk/oxcal.html#program (OxCal online). Probability used to calibrate:

95.4%. Calibration curve used: IntCall3. “Ages of Monsalve et al. (2019)
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