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Abstract

This study presents the first-ever documentation of volcaniclastic rocks (tuffs) within the
Jurassic Jordadn Formation at the Mesa de San Pedro (Colombia). The lithostratigraphic
sequence involves the pre-Devonian Mesa de San Pedro Phyllites, followed by the Jurassic
Jordan Formation, characterized by an alternation of red to purplish mudstones, slightly
sandy and micaceous very fine-grained sandstones, and the newly identified volcaniclastic
rocks. This discovery holds significance as it sheds light on the environmental conditions
during the fluvial-lacustrine sedimentation of the Jordan Formation, indicating syn-
sedimentary volcanic activity during the Jurassic period. The Mesa de San Pedro, a remnant
of an ancient structural plateau dissected by the Chicamocha River, unveils crucial
lithological contacts and field relationships. The stratigraphic sequence, primarily consisting
of the pre-Devonian Mesa de San Pedro Phyllites, the Jurassic Jordan Formation, and the

Lower Cretaceous Los Santos Formation, is observed in the study area. Special attention is
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given to the occurrence of interbedded volcaniclastic rocks within the red layers previously
misreported as the Giron Formation. This study corrects the misclassification and reports the
Jordan Formation in the San Pedro Mesa for the first time. The thickness is approximately
95 m, comprising siltstones, very fine to fine-grained reddish-brown sandstones, and
volcaniclastic rocks. The felsic explosive volcanic component is restricted in distribution,
mainly concentrated in the morphostructure and adjacent areas.

Keywords: Santander Massif, San Pedro”s Phyllites, volcaniclastic rocks, tuffs, magmatism.

1. Introduction

During the Late Paleozoic and Early Mesozoic periods, the northwestern margin of South
America (Gondwana) underwent significant geological transformations due to the
convergence of the Farallon oceanic plate, resulting in the creation of the Panthalassa
subduction zone along Pangaea's western margin (e.g., Miskovi¢ et al., 2009; Belica et al.,
2017; Riel et al., 2018). The breakup of the Pangaea supercontinent was preceded by the
emergence of extensional basins during the Triassic and Jurassic periods along the proto-
Caribbean margin of northern South America, as well as in the area that now corresponds to
the Gulf of Mexico (e.g., Pindell and Kennan, 2009). In Colombia, the Late Triassic to Early
Jurassic interval is particularly noteworthy, marked by tectonic events such as the
fragmentation of Pangaea and the initiation of ocean basin formation, leaving a lasting
imprint on the geological landscape (Bayona et al., 2020). Various space-time models
elucidate the geological processes during this period, including the formation of Jurassic
intracontinental rifts, lateral migration of magmatic arcs, and the generation of magmatic arcs
along the western margin of Gondwana (Cediel et al., 2003; Bayona et al., 2010; Cochrane

et al., 2014; Spikings et al., 2015; Rodriguez et al., 2018; Nova et al., 2019). These models
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provide fundamental insights into the interplay between plutonism, volcanism, and
sedimentation in northwestern South America. In the Colombian Andes, the Early Jurassic
is marked by magmatism evidenced by belts of intrusive rocks and volcanic sequences in the
Santander Massif, Central Cordillera, San Lucas Range, and Sierra Nevada de Santa Marta
(e.g., Van der Lelij, 2016; Quandt et al., 2018; Shaw et al., 2019). The stratigraphy reveals
thick successions of volcanic and volcaniclastic rocks interbedded with sedimentary rocks in
various regions, including the Upper and Middle Magdalena Valley, San Lucas Range, Perija
Range, Sierra Nevada de Santa Marta, and the Guajira Peninsula (e.g., Maze, 1984; Clavijo
et al., 2008; Leal-Mejia, 2011; Zuluaga et al., 2015; Rodriguez et al., 2016; Tschanz et al.,
1974; Quandt et al., 2018). The Santander Massif, located in the northeastern part of
Colombia, is characterized by a magmatic event with intrusive rocks from the Late Triassic
to Early Jurassic (e.g., Goldsmith, et al.,1971; Ward, et al.,1973; Van der Lelij, 2016;
Rodriguez, et al., 2020). The sedimentary record in the western foothills of the Santander
Massif, represented by the Bocas and Jordan formations, provides a continuous record of
lacustrine continental sedimentation with syn-sedimentary volcanic activity (Alarcén and
Rodriguez, 2019). There is evidence of the occurrence of volcanic and volcaniclastic rocks
in these lithostratigraphic units (e.g., Cediel, 1968; Ward et al., 1973; Ayala-Calvo et al.,
2005; Toro-Toro et al., 2021). While the age of the Bocas Formation remains debated, with
proposed Permian and Triassic ages, the Jordan Formation is assigned an Early Jurassic age
based on U/Pb geochronology (Van der Lelij, 2016; Alarcén et al., 2020; Cohen et al., 2020).
Several authors have reported the presence of volcanic rocks within the Jordan Formation,
characterized by felsic tuffs of limited lateral continuity interbedded with red mudstones and
sandstones (e.g., Cediel, 1968; Suarez and Diaz, 2016; Alarcon and Rodriguez, 2019).
However, despite these regional insights, there is a lack of detailed petrographic and

geochemical characterization of the volcaniclastic components within this formation,
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especially in localized settings such as the Mesa de San Pedro. This area represents a key
window into the complex sedimentary-volcanic interactions during the Early Jurassic, a
period characterized by simultaneous subduction and breakup processes across northwestern
Gondwana, processes that are not fully understood in this region (Toro-Toro et al., 2021;
Molina-Garza et al., 2021). Understanding the volcanic-sedimentary processes in this
particular region is crucial, as it contributes to the broader knowledge of the tectonic and
magmatic evolution of the northern Andes, with implications for analogous geological
settings worldwide. This study focuses on outcrops of sedimentary rocks from the Jordan
Formation in the Mesa de San Pedro, where thin layers of volcaniclastic rocks are prominent.
By analyzing these rocks, we aim to address a critical gap in the understanding of local
volcanic activity and sedimentation dynamics in the context of broader regional tectono-
magmatic evolution. Given the complexity of the Early Jurassic geologic setting and the
scarcity of similar studies in this area, this research offers new insights into the interactions
between volcanic and sedimentary processes in a region of significant tectonic activity. The
objective is to provide new petrographic and geochemical evidence from these volcanic tuffs
in the Mesa de San Pedro area, thereby contributing to a better-defined and locally grounded
understanding of the geological processes active during the Early Jurassic in this part of

Colombia.

2. Geological setting

The Santander Massif, which is situated in the Eastern Cordillera of Colombia, holds a key
position in the septentrional Andes, considering that it represents the junction between the
NW-striking continuation of the Eastern Cordillera and the ENE-trending Mérida Andes in

Venezuela (Fig. 1). According to Mann et al. (2006), it forms part of the Maracaibo Block,
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which is delineated by the Santa Marta—Bucaramanga and Oca strike—slip Fault Systems and
the southwestern fold—and-thrust belt of the Mérida Andes. The geological constitution of
the Santander Massif encompasses deformed and metamorphosed rocks, which have been
tectonostratigraphically divided into three separate metamorphic units (Precambrian
Bucaramanga Gneiss Complex, Pre-Devonian Silgara Formation, and Ordovician
Orthogneiss), which represent the ancient rocks of this massif. These rocks were intruded by
several igneous bodies, most of them of Triassic-Jurassic age and some of Paleozoic age.
This massif has also been intruded by numerous igneous rocks, with the majority dating to
the Triassic and Jurassic periods, while some can be traced back to the Paleozoic era (e.g.,
Goldsmith et al., 1971; Boinet et al., 1985; Mantilla et al., 2012; Zuluaga and L6pez, 2019).
These intrusions are acknowledged as integral components of the Santander Plutonic
Complex, thought to be calc-alkaline crustal structures that were emplaced subsequent to the
peak of metamorphism. Surrounding the central rock formations, sedimentary strata with
ages ranging from the Devonian to the Tertiary period are found. The southwestern Santander
Massif is significantly influenced by the Bucaramanga and Los Santos — Aratoca faults. The
Bucaramanga Gneiss Complex, which represents the oldest unit of the igneous-metamorphic
basement of the Santander Massif, outcrops towards the northwest as a sequence primarily
composed of quartz-feldspathic biotitic and sillimanitic gneisses with intercalations of
hornblende gneisses, quartzites, and amphibolites (e.g., Urefia and Zuluaga, 2011). These
rocks attained high-temperature amphibolite facies metamorphic conditions. It is common to
observe intense mylonitization in these rocks associated with the Bucaramanga Fault. Rios
et al. (2003) conducted a detailed study of the metapelitic sequence of the Silgara Formation
that outcrops in this area, including isograd mapping and evaluation of metamorphic
conditions. These rocks are essentially composed of bimicaceous schists with the presence

of garnet, staurolite, and limited sillimanite, andalusite, and kyanite, along with phyllites and
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intercalations of quartzites, amphibolites, and calc-silicate rocks. These authors defined a
metamorphic zonation ranging from the biotite zone to the sillimanite zone, indicating a low
to high-temperature and medium-pressure Barrovian-type metamorphism. Nevertheless,
Mantilla et al. (2016) defined a chlorite zone. The crystalline rocks are represented by the
calc-alkaline intrusive rocks of the Mogotes Quartzmonzonite and the Pescadero
Monzogranite. Recent research by Rodriguez et al. (2019) has established that these intrusive
igneous rocks exhibit a chronological spectrum extending from the Late Triassic to the Early
Jurassic, with estimated ages falling within the range of approximately 214.5 to 184.1 Ma.
Concordantly overlying this igneous-metamorphic basement are red beds from the Bocas,
Jordan, and Giron formations, to which ages ranging from the Late Triassic to the Early
Cretaceous have been assigned (e.g., Pons, 1982; Horton et al., 2015; Alarcon et al., 2020;
Toro-Toro et al., 2021; Jiménez et al., 2021). A sequence of Cretaceous sedimentary rocks
unconformably overlies this succession of red beds. The site of interest in the present study
is situated in the region of the Mesa de San Pedro (Colombia), Fig. 1. The metamorphic
basement is made up of a very low-grade of metamorphism sequence of gray chloritic
phyllites, with plane-parallel foliation, interspersed with metasandstones and metamudstones
with weak foliation that outcrop towards the base of this morphostructure. Mantilla et al.
(2016) have named this metamorphic sequence as the “San Pedro’s Phyllites”, assigning it a
maximum stratigraphic age of the Middle Ordovician, to refer to very low-grade
metamorphic rocks composed essentially of metapsammites and metapelites, and possibly
locally metavolcaniclastic rocks (?), to which they assigned the peak of metamorphism with
the Famatinian orogenic event (of Silurian age). However, we consider that, although the
ages of detrital zircons can provide valuable information, especially in reconstructing the
sedimentary history of a region, they are not sufficient to divide metamorphic units or directly

date metamorphism. It is essential to combine this information with other geological data and
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use a variety of dating techniques to obtain an accurate picture of the geological history of a
region. Therefore, in this study, we adopt the name San Pedro’s Phyllites to refer to a
sequence of lower-grade metamorphic rocks recorded in the Silgard Formation, whose
sedimentary protoliths were tectonically transported to shallower structural levels of the
Earth's crust, developing metamorphic zones of biotite (Rios et al., 2003) and probably
chlorite (Mantilla et al., 2016). The Jordan Formation’s red beds were unconformably
deposited on these basement rocks, which are characterized by an alternation of red to
purplish mudstones, locally fissile, slightly sandy and micaceous, very fine-grained
sandstones, and very thin layers of sandy tuffs and tuffs of reddish color. Rhyolitic rocks are
also sparsely distributed along the roads leading to the ElI Guasimo and Los Totumos
sidewalks. The Lower Cretaceous Los Santos Formation, overlying the Jordan Formation,
consists of conglomerates and conglomeratic sandstones of its lower member towards the
base, and medium-grain sandstones of cream-white color, with mainly yellowish tones, in
competent layers of tabular geometry with plane-parallel stratification, towards the top.
Along the carriageway that leads to the Los Totumos sidewalk, Castellanos and Rios (2008)
report the occurrence of a petrified wood trunk, approximately 180 cm long and 40 cm in
diameter, petrified wood in strata of the Giron Formation. According to these authors, the
original wood trunk underwent pseudomorphism by silica, showing evidence of dissolution,
replacement, and differential shortening processes as a product of diagenesis and
fossilization. However, since its replacement has been complete, it is difficult to carry out a
taxonomic classification of this fossil specimen in order to establish its significance as a
paleoclimatic indicator. This finding is of great importance because fossil woods from the
Triassic and Cretaceous periods are known in South America, although their record during
the Jurassic is scarce (Torres and Philippe, 2002). Here, geomorphological and tectonic

features of the Aratoca Fault are also observed, which constitutes a dextral strike tectonic
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structure with an inverse component, highly verticalized and with a dip plane to the NE
(Rojas-Parra and Goémez-Isidro, 2007). In this study, particular emphasis will be placed on
the sequence of the Jordan Formation, as it holds significant relevance for the present
investigation. It exhibits distinctive lithological characteristics and sedimentary features that
provide valuable insights into the depositional processes and paleoenvironmental conditions
of the region. By focusing on this particular sequence, we aim to document and interpret
volcanic-sedimentary interactions that have not been previously characterized in the Mesa de
San Pedro region. This study contributes to filling a gap in the regional stratigraphic and
volcanic record of the Lower Jurassic in the northern Andes, thereby refining the geological

history of this key tectonic and magmatic period in Colombia.
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Fig. 1. (a) Major tectonic and structural features of the NW margin South America
(modified from Colmenares and Zoback, 2003). SCF, Southern Caribbean Marginal Fault;
SMM, Santa Marta Massif; SM, Santander Massif; PR, Perija Range; MA, Merida Andes;

AC, Andes Cordillera; OAF, Oca-Ancon Fault; SSF, San Sebastian Fault System; SBF,

Santa Marta-Bucaramanga Fault; RFS, Romeral Fault System; SBF, Salina-Bituima Fault;
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BF, Bocond Fault; PSZ, Panama suture zone; GF, Garrapatas Fault; IF, Ibagué Fault; CPF,
Cauca-Patia Fault; MTB, Maracaibo Triangular Block; PCB, Panama-Choc6 Block; EC,
Eastern Cordillera; CC, Central Cordillera; WC, Western Cordillera; EAFFS, Eastern
Andean Front Fault System; DGM, Dolores—Guayaquil Megashear. (b) Generalized
geological map (modified from Ward et al., 1973; Rios et al., 2003; Mantilla et al., 2016),

showing the location of the stratigraphic sequence of interest in this study.

3. Materials and methods

3.1. Fieldwork

Recently, a fieldwork in the studied area, allowed a recognition of the outcropping lithologies
with special emphasis on the contact between the Jordan Formation and adjacent geological
units in the Mesa de San Pedro and the ElI Guasimo and Los Totumos sidewalks. Twenty-
five (25) rock samples were collected for petrographic and geochemical analyses from
approximately six (6) outcrops of the Jordan Formation, making emphasize in the sector of
the Mesa de San Pedro, where it had previously been mapped as the Girén Formation, and
the decision to conduct geochemical analyses on only two (2) rock samples is justified as
follows. They were carefully chosen to accurately represent the geological diversity within
the Jordan Formation. Outcrops were specifically selected to serve as representative
examples of the formation's composition and geological characteristics in the study area.
Geochemical analyses demand substantial resources, including both time and budget
constraints. Therefore, the decision was made to analyze a restricted number of samples in
order to optimize the utilization of the available resources. The samples were gathered from

regions of the Jordan Formation that held particular significance for the study's objectives.
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This includes areas with unique geological features, evidence of specific processes, or
transitional zones between distinct geological units. Rather than conducting analyses on all
collected samples, a selective sampling strategy was employed. This approach allowed for
concentrated attention on samples that showed the most promise in terms of providing
pertinent and valuable information. Geochemical analyses on a subset of samples can yield
preliminary findings that help shape the study's direction. This is particularly useful in

deciding whether further analyses on a larger number of samples are warranted.

3.2. Samples preparation and analytical methods

A macroscopic characterization of hand samples of rock was carried out in order to determine
those of greatest interest for their preparation and investigation by different analytical
techniques. Preparation of 5 polished thin sections of rocks for petrographic analysis was
performed by transmitted light microscopy, using a trinocular Olympus BX-51, which helps
to identify textural and microstructural features of the analyzed rocks. The geochemistry of
major and minor elements in whole-rock samples was conducted in the ALS Minerals
laboratories in Colombia. It was performed using Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) following the specified standards and parameters for sample
preparation and analytical procedures: WEI21 (weighing), CRU-QC (crushing with quality
control test), PUL-QC (pulverization with quality control test), CRU-31 (fine crushing - 70%
< 2 mm), PUL-31 (fine crushing - 85% < 75 pm), ME-4ACD81 (basic metals - digestion
with four acids), ICP-AES, ME-ICP06 (determination of major, minor, trace and rare-earth
elements using mass spectrometry), and OA-GRAOQ5 (loss on ignition at 1000°C). Data
processing was carried out using Geochemical Data ToolKit (GCDKit) version 3.00

developed by Janousek et al. (2006).
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4. Lithostratigraphy and field relationships

The Mesa de San Pedro (Fig. 2) is a remnant of an ancient structural plateau that was
dissected by the Chicamocha River and its tributaries. Along an unpaved road leading from
the Parador Los Morenos on the national highway connecting the cities of Bucaramanga and
Bogota (capital of the Republic of Colombia) to the top of the Mesa de San Pedro, two
significant lithological contacts and field relationships are encountered between the pre-
Devonian San Pedro's Phyllites, the Lower Jurassic Jordan Formation, and the Lower
Cretaceous Los Santos Formation, as described below. It is essential to note that it is not
uncommon to find this Lower Jurassic — Lower Cretaceous stratigraphic interval resting in
erosive unconformity on the oldest rocks of the Santander Massif. In this area, the
stratigraphy is significantly affected by satellite faults associated with the Aratoca Fault,
which cause a complex juxtaposition of older and younger units. These faulting events, and
the tectonic reworking they caused, may explain the unusual stratigraphic relationship where
Paleozoic rocks, such as the San Pedro's Phyllites, are located in the middle of the Lower
Jurassic and Lower Cretaceous sequences. The occurrence of the San Pedro's Phyllites in this
context suggests a tectonically disturbed zone, possibly the result of faulting or erosional
processes that have uplifted and exposed older rocks in the midst of younger sedimentary
layers. The boundary between the Paleozoic San Pedro's Phyllites and the younger
formations could be the result of an angular unconformity, where the older units were
displaced due to tectonic movements associated with the regional fault system. Additionally,
the younger rocks (the Jordan and Los Santos formations) could represent sedimentary
sequences that were deposited over the uplifted Paleozoic units, possibly incorporating

fragments or reworked materials from these older layers. This scenario is consistent with the
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idea of incised valleys or tectonic scarp erosion, which could have contributed to the
incorporation of these older rocks into younger depositional environments. Furthermore, the
boundaries between these units should be considered in the context of potential erosional
unconformities and tectonic reworking, rather than simple stratigraphic deposition. These
complex field relationships suggest that the geological history of the area involves substantial
tectonic deformation, with the younger rocks resting unconformably on older units, likely
due to faulting and subsequent erosion. Based on the results derived from the
volcanosedimentary sequence of red beds exposed in the Mesa de San Pedro area and their
stratigraphic position in relation to the one documented by Alarcén et al. (2020) in the Jordan
Formation's type section in the Mesa de Los Santos, we propose, for the first time, the
identification of this geological unit instead of the Giron Formation, as previously indicated
in regional mapping (Jaramillo et al., 1969). Traditionally, in this remnant of an ancient
structural plateau, it had been referred to as a thin sedimentary sequence of red beds
belonging to the Girdn Formation. This conclusion is based on the fact that only in the Bocas
and Jordan formations have reported the presence of volcaniclastic rocks, while the Girén
Formation lacks them. Fig. 3 illustrates a generalized stratigraphic column along the road
leading from Parador Los Morenos to the top of the Mesa de San Pedro. The observed levels

in the mentioned stratigraphic sequence are shown in Fig. 4 and described below.
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Fig. 4. Field occurrence of the Mesa de San Pedro Phyllites and volcaniclastic rocks of the

Jordan Formation that outcrop in the Mesa de San Pedro.

4.1. San Pedro's Phyllites

At the base of the Mesa de San Pedro, there is a very low-grade metapelitic sequence of the
Paleozoic San Pedro's Phyllites. Ascending stratigraphically, it is characterized by a
predominance of intercalations of metasandstones (Fig. 4a) and gray chloritic phyllites (Fig.
4b) at km 0+000 (located at the Parador Los Morenos, where there is an entrance gate to the

road that leads to the top of the Mesa de San Pedro), and gray-green phyllites (Fig. 4c) at km
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0+085. These rocks display a planar-parallel metamorphic foliation with moderate to strong
folding, and a silky appearance is notable on their foliation surface. The upper contact
between the San Pedro's Phyllites and the overlying Jordan Formation is marked by a clear

discordant surface at km 0+100.

4.2. Jordan Formation

At km 0+100, the Jordan Formation begins with a reddish tuff level, which displays tabular
geometry and planar-parallel stratification, intense fracturing, and spheroidal weathering
(Fig. 4d). At approximately km 0+275, there is a layer of red beds (Fig. 4e), characterized by
the presence of intercalations of mudstones and claystones (?), which exhibit a tabular
geometry and planar-parallel stratification, as well as fissility, particularly in the claystones.
At km 0+300, a layer of red beds of tuffs is observed, displaying vesicular to amygdaloidal
structures in its interior, as well as angular lithic clasts (Fig. 4f). Above this layer, planar-
parallel bedded red mudstones are observed at km 0+320. The Jordan Formation rests
unconformably upon the San Pedro's Phyllites and is underlain by the Los Santos Formation
through an angular unconformity.

Fig. 5 shows the sampling localities and geographic coordinates of the studied volcaniclastic
rocks of the Jurassic Jordan Formation. The bottom of the sequence of interest of the Jurassic
Jordan Formation consists of tuffs, which develop spheroidal weathering (Fig. 6a). Fig. 6b
illustrates the occurrence of volcaniclastic rocks (sandy tuffs and tuffs) with plane-parallel
bedding on a millimeter scale, which show a high-angle fracturing with the bedding planes,
as well as a nodular appearance in some sectors. Volcaniclastic rocks (sandy tuffs) with
discrete stratification and mottled structure are shown in Fig. 6¢. The top of this sequence

shows interbedded tuffs into red to purplish mudstones, locally fissile, slightly sandy and



328  micaceous, and very fine-grained sandstones of reddish color (Fig. 6d), which show a tabular

329 geometry, plane-parallel bedding and jointing perpendicular to the bedding planes.

330
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Sample y 5 I Geographical coordinates Petrography Geochemical
No. Geological unit Lithology North West I AR
TGA-1  Jordan Formation Volcaniclastic rock 6.722518°  -73.019527°  Crystal tuff X
TGA-2  Jordan Formation Volcaniclastic rock  6.724099° -73.020331°  Crystal tuff
TGA-3  Jordan Formation Volcaniclastic rock — 6.724024° -73.020253°  Vitreous tuff X
331 TGA-4  Jordan Formation Volcaniclastic rock  6.723749° -73.020264°  Vitreous tuff

332 Fig. 5. Google Earth satellite image showing the sampling localities and geographic
333 coordinates of the investigated volcaniclastic rocks.
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Fig. 6. Outcrops of the Jordan Formation. (a) Tuffs developing spheroidal weathering. (b)-

(c) Volcaniclastic rocks (sandy tuffs). (d) Interbedded tuffs into red to violaceous mudstones.

The occurrence of the Jordan Formation in the Mesa de San Pedro is reported here for the
first time, with an approximate thickness of about 95 m, characterized by monotonous
intercalations of mudstones, very fine to fine-grained reddish-brown sandstones, and, to a
lesser extent, volcaniclastic rocks (Fig. 7). The felsic volcanic component within the Jordan
Formation is limited in extent, with its distribution being relatively small and primarily

concentrated in this morphostructure and adjacent areas.
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Fig. 7. Polished sections of the volcaniclastic rocks of the Jordan Formation and the

sedimentary rocks of the Los Santos Formation that outcrop in the Mesa de San Pedro.

4.3. Los Santos Formation

At km 0+375, there is a contact between metaconglomerates(?) of the San Pedro's Phyllites
and the Jordan Formation's red beds as shown in Fig. 8a, which marks the beginning of the
sedimentary sequence of the Los Santos Formation. At km 0+575, the basal conglomerates
of the Lower Cretaceous Los Santos Formation overlie gray to dark gray phyllites (Fig. 8b).
These conglomerates occur between km 0+775 and 0+805 (Figs. 8c-8d). However, the Los
Santos Formation consists of conglomerates and conglomeratic sandstones in its lower
member toward the base. At km 1+000, these conglomerates are conformably overlain by
medium-grain sandstones of cream-white color, primarily with yellowish to orangish tones

in competent layers with tabular geometry and planar-parallel stratification (Fig. 8e). At km
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1+200, these sandstones exhibit a mottled appearance with green to violet hues (Fig. 8f). The
top of this sedimentary unit is located at km 1+300, where orange-colored sandstones

predominate, displaying a tabular to lenticular geometry.

e

Red beds

Fig. 8. Main structural and textural features of the volcaniclastic rocks of the Jurassic Jordan

Formation. (a) TGA-1. (b) TGA-2. (c) TGA-3. (d) TGA-4.

5. Petrography
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The volcaniclastic rocks examined in this study are identified as rhyolitic tuffs, classified as
lithic, crystal-rich, and vitric. These tuffs exhibit a fragmental texture, containing varying
amounts of crystal and lithic fragments. The matrix ranges from vitric to cryptocrystalline
due to devitrification. A flow texture is evident in the matrix, occasionally featuring flame
structures, which is characteristic of the eutaxitic texture seen in ignimbrites. Juvenile crystal
fragments primarily consist of K-feldspar, plagioclase, quartz, and, to a lesser extent,
muscovite, biotite, and opaque minerals (magnetite). Juvenile lithic fragments are mainly
felsic volcanic rocks (rhyolitic tuffs) and, to a lesser extent, accidental metamorphic lithics
such as phyllites and metasandstones, which resemble the lithologies found in the San Pedro
Phyllites. Although this petrographic analysis was based on a limited number of samples, it
is important to highlight that the volcaniclastic sequence studied here represents an
exceptionally rare and thin stratigraphic exposure within the Santander Massif. The restricted
lateral extent and localized preservation of the outcrop inherently constrained our ability to
collect additional material.

Fig. 7 presents photographs of polished sections of the volcaniclastic rocks from the Jordan
Formation, highlighting their key structural and textural features. Figs. 7a-7b show a tuff that
has undergone spheroidal weathering, with its fragmentary appearance evident in both the
outer and inner parts. Fig. 7c depicts a sandy tuff with plane-parallel bedding at the millimeter
scale and a nodular appearance in some areas. Fig. 7d shows a sandy tuff with discrete
stratification and a mottled structure.

Sample TGA-1 (Fig. 9) consists of an ash and lapilli tuff with a slightly altered vitreous
matrix that exhibits a dense and solid structure. Mineralogically, it is composed of quartz
(24%), plagioclase (3%), biotite (1%), volcanic glass (20%), rock fragments (4%), and matrix
(48%). According to Schmid's (1981) classification based on component types, it is classified

as a crystal-rich tuff. In some areas, incipient pseudo-lamination is observed. The vitreous
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matrix composition cannot be clearly distinguished petrographically due to the oxide patinas,
such as limonite, which cover the clay aggregates and mask the interference colors, giving it
an isotropic character. A high content of pyroclasts and epiclasts is identified, primarily
composed of volcanic glass with localized alteration to clay minerals. Additionally, anhedral
quartz and feldspar epiclasts are present. The quartz grains range from coarse to fine and are
angular to subangular, while the feldspar grains, which are smaller, range from coarse to fine
and exhibit predominantly subhedral to euhedral forms. The rock shows low grain selection,
indicating a wide dispersion in grain size. The relationship between the pyroclasts and the
matrix is not clear, suggesting a possible depositional origin rather than a pyroclastic one.
However, cathodoluminescence studies are suggested to clarify the origin of the quartz and
the matrix containing the rock fragments. The low anisotropy of the minerals in the matrix
may be due to their volcanic origin. Nevertheless, field relationships suggest a more

consolidated volcaniclastic deposition origin.
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Fig. 9. Left, thin-section photomicrographs in PPL and XPL showing the petrographical
features of the sample TGA-1 (ash and lapilli tuff) in the Jordan Formation. Right, tuff

classification based on the type of components by Schmid (1981).

Sample TGA-2 (Fig. 10) corresponds to a consolidated tuff composed of very fine ash and
dust with a vitreous matrix altered to clay minerals, giving it a dense appearance and a
laminated structure. Mineralogically, it is composed of quartz (12.5%), plagioclase (5%),
potassium feldspar (2%), biotite (0.5%), vitreous fragments (10%), and matrix (70%).
Following Schmid's (1981) classification, it is a crystal-rich tuff. Locally, incipient planar-
parallel lamination is observed. The vitreous matrix is partially altered to clay minerals,
which cannot be differentiated petrographically due to the presence of oxide patinas, such as
limonite, that cover the clay aggregates. Epiclasts of quartz and feldspar with morphological

and grain size variations are observed. The quartz grains are angular to subangular, mostly
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subrounded, and range in size from silt to very fine sand. Notably, some subrounded quartz
grains exhibit internal inclusions. The feldspar grains are similar in size to the ash and tend

to be larger than the quartz epiclasts, mostly exhibiting subhedral to euhedral forms.
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Fig. 10. Left, thin-section photomicrographs in PPL and XPL showing the petrographical
features of the sample TGA-2 (consolidated tuff) in the Jordan Formation. Right, tuff

classification based on the type of components by Schmid (1981).

Sample TGA-3 (Fig. 11) corresponds to a tuff composed of fine ash and dust, with a slightly
altered vitreous matrix that is dense and solid. Mineralogically, it consists of clays (14%),
quartz (6%), volcanic glass (15%), and matrix (65%). According to Schmid’s (1981)
classification, it is a crystal-rich tuff. Incipient pseudolamination is locally observed. The

vitreous matrix composition is indistinguishable petrographically due to oxide patinas, such
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as limonite, which cover the clay aggregates and give it an isotropic character. The tuff
contains a high proportion of pyroclasts and anhedral epiclasts of quartz and feldspar. The
quartz grains are angular to subangular, ranging in size from very fine to silt, with some
subrounded forms present. These grains are generally smaller than the feldspar grains, which
range from medium to coarse sand and predominantly exhibit subhedral to euhedral shapes.
Grain selection within the rock is low, indicating a high degree of grain size dispersion. The
relationship between the pyroclasts and the matrix remains unclear. Initially, a depositional
origin rather than a pyroclastic one can be inferred, but cathodoluminescence studies are
recommended to determine the origin of the quartz and matrix. The observed relationships

in the field suggest a consolidated volcaniclastic deposit origin.
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Fig. 11. Left, thin-section photomicrographs in PPL and XPL showing the petrographical
features of the sample TGA-3 (fine ash and dust tuff) in the Jordan Formation. Right, tuff

classification based on the type of components by Schmid (1981).

Sample TGA-4 (Fig. 12) is a tuff composed of ash and lapilli, with a vitreous matrix slightly
altered by clays, resulting in a dense appearance and solid structure. Mineralogically, it
consists of quartz (14%), plagioclase (10%), potassium feldspar (4%), and matrix (72%).
Following Schmid's (1981) classification, it is a crystal-rich tuff. Incipient pseudolamination
is occasionally observed. The vitreous matrix is difficult to distinguish petrographically due
to the presence of an oxide patina, such as limonite, covering the clay aggregates, which
imparts an isotropic character. The sample contains a significant amount of pumice and
epiclasts, primarily consisting of ash to lapilli-sized quartz and feldspar crystals. The quartz
grains range in size from medium to very fine sand and silt, mostly angular to subangular,
though some subrounded grains are present. The feldspar grains are generally larger than the
quartz grains, ranging from medium to coarse sand and exhibiting subhedral to euhedral
forms. Grain selection is low, indicating high dispersion in grain size. The relationship
between the pumice and matrix is unclear. At first glance, a depositional origin is suggested
over a pyroclastic one, but cathodoluminescence studies are recommended to determine the
origin of the quartz and matrix. The relationships observed in the field more clearly suggest

a consolidated volcaniclastic deposition origin.
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Fig. 12. Left, thin-section photomicrographs in PPL and XPL showing the petrographical
features of the sample TGA-4 (ash and lapilli tuff) in the Jordan Formation. Right, tuff

classification based on the type of components by Schmid (1981).

The petrographic study of the volcaniclastic rocks in the Jordan Formation provides valuable
insights into the understanding of volcaniclastic rock types, mineralogical components,
textures, and depositional history. These findings contribute to a global understanding of
similar geological formations and volcaniclastic deposits, offering a useful reference for
researchers and geologists worldwide. In this context, the petrographic results played a
critical role in guiding the selection of samples for geochemical analyses. Given the
exceptional nature of the exposure and the lack of comparable stratigraphic sections in the
vicinity, this study should be seen as a preliminary but significant contribution toward the

broader understanding of Lower Jurassic volcanic processes in the Santander Massif.
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6. Whole-rock geochemistry

Whole-rock major, minor, trace and rare-earth element data (Table 1) were performed to
characterize the volcaniclastic rocks from the Lower Jurassic Jordan Formation at the Mesa
de San Pedro, which was guided by the selection of two samples based on petrographic
criteria, with the overarching aim of shedding light on the primary genetic characteristics of
these rocks. Although only two samples (TGA-1 and TGA-3) were selected for geochemical
analysis, this decision was informed by detailed petrographic work and driven by the inherent
limitations of the outcrop. The volcaniclastic sequence is extremely thin and geographically
restricted, precluding the possibility of a broader sampling strategy. Furthermore, due to
analytical and logistical limitations during the course of the research, complementary
techniques such as isotope geochemistry or cathodoluminescence imaging could not be
implemented, despite their acknowledged value for deciphering diagenetic and magmatic

histories. These remain as important avenues for future research.

Table 1. Major oxides, trace, and rare earth element analyses of representative samples from

the Early Jurassic Jordan Formation.

Major oxides composition

Sample no. SiO, Al,O; Fe,0; CaO MgO Na,0O K,O0 Cr,0; TiO, MnO P,O; SrO BaO LOI Total
TGA-1 7570 1225 358 004 123 233 202 000 045 004 0.02 <001 004 372 101.42
TGA-3 6890 1380 533 007 140 122 253 001 101 011 0.03 <001 0.03 6.48 100.92

Trace and rare earth elements abundance

Sample no. Pr Rb Sm Sn Sr Ta Th Th Tm U V W Y Yb Zr
TGA-1 1765 67.10 1425 250 70.70 110 164 10.00 058 1.83 4500 3.60 49.40 4.13 191.00
TGA-3 9.02 8530 713 220 3830 120 110 815 0.65 243 12400 170 37.10 3.74 370.00

Trace and rare earth elements abundance

Sample no. Ag As Cd Co Cu Li Mo Ni Pb Sc Tl Zn
TGA-1 <050 <5.00 <050 9.00 3.00 20.00 2.00 2400 11.00 8.00 <10.00 68.00
TGA-3 <050 <5.00 <0.50 16.00 4.00 30.00 1.00 23.00 19.00 13.00 <10.00 62.00
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6.1. Significance of hydrothermal alteration

The analysis of mobile elements and their connection to alteration minerals was conducted
using the alteration box of Large et al. (2001). Alteration effects are crucial to consider, as
the volcaniclastic rocks are altered to varying extents based on petrographic observations and
highly variable LOI values (from 3.72 to 6.48 wt.% for samples TGA-1 and TGA-3,
respectively). Significant K-hydrothermal alteration is indicated when plotted outside the
magmatic composition field in the igneous spectrum diagram of Hughes (1972), with sample
TGA-1 closer to the igneous spectrum, indicating lesser alteration, and sample TGA-3 being
more altered (Fig. 13a). The mobility of elements was assessed using the alteration box plot
of Large et al. (2001). Fig. 13b confirms that the analyzed samples define a hydrothermal
trend, transitioning from the least altered dacite box to intense pyritic alteration.
Consequently, sample TGA-1 shows less alteration than sample TGA-3, suggesting that the
major element compositions of TGA-1 are more reliable for geochemical examination. The
presence of hydrothermal alteration highlights post-depositional processes that have
influenced the geochemical composition of the rocks. The variation in alteration between
these two samples also emphasizes the heterogeneity within the formation, which has
implications for understanding the geological history of the region, including the interplay of
volcanic activity, hydrothermal alteration, and subsequent diagenesis. Despite the effects of
hydrothermal alteration, particularly in sample TGA-3, the consistency between petrographic
features, mineralogical data, and whole-rock compositions allows for a meaningful

interpretation of magmatic affinity and depositional processes.
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Fig. 13. (a) Igneous spectrum diagram of Hughes (1972) displaying the effects of alteration
on the Jordan Formation’s volcaniclastic rocks. (b) Alteration box of Large et al. (2001), with
compositions of various alteration minerals; rectangles represent least altered fields. TGA-1

and TGA-3 are indicated by a red triangle and a blue circle, respectively.

6.2. Classification and nomenclature

The geochemical composition of the analyzed tuffaceous rocks shows varying percentages
of key elements: SiO (75.7% and 68.9%), Al,O3 (12.25% and 13.80%), FeOt (3.58% and
5.33%), CaO (0.04% and 0.07%), MgO (1.23% and 1.40%), Na,O (2.33% and 1.22%), K-O
(2.02% and 2.53%), and TiO2 (0.45% and 1.01%). These elemental compositions align with
the stability ranges for rhyolite, rhyodacite, and dacite. Various rock classification diagrams
were employed for the classification and nomenclature of the Jordan Formation's
volcaniclastic rocks. According to the Total Alkali vs. SiO, (TAS) diagrams by Middlemost
(1994) and Le Bas et al. (1986), the samples fall within the rhyolite and near the dacite-
rhyolite boundary (Figs. 14a-14b). However, the Zr/TiO2 vs. Nb/Y diagram by Winchester
and Floyd (1977) is more accurate as Zr and Ti are not mobile elements, and the samples fall

in the rhyodacite/dacite field. Figs. 14c-14d show the Zr/TiO; vs. SiO2 and Nb/Y vs. Zr/TiO>
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diagrams, where the samples fall in the rhyodacite/dacite and rhyolite fields. Additionally,
the Al-Fe*+Ti-Mg triangular diagram by Jensen (1976) categorizes the rocks into the dacite
field of the IV calc-alkaline series, at the boundaries of the tholeiitic and calc-alkaline series
(Fig. 14e). The Ab-An-Or triangular diagram, showing normative plots for the Jordan
Formation's volcaniclastic rocks, indicates that they correspond to a rhyolite according to

O’Connor’s (1965) classification (Fig. 14f).
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Fig. 14. Triangular diagrams of (a) Al-Fe*+Ti-Mg of Jensen (1976) and (b) Ab-An-Or of
O'Connor (1965) for the Jordan Formation’s volcaniclastic rocks. (c) Zr/TiO2 vs. SiO2 and
(d) Nb/Y vs. Zr/TiO> diagrams by Winchester and Floyd (1977) for the Jordan Formation’s

volcaniclastic rocks. (e)-(f) TAS diagrams by Le Bas et al. (1986) and Middlemost (1994)
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for the Jordan Formation’s volcaniclastic rocks. I, komatiites; I, komatiitic basalts; I,
tholeiitic series (FeB: Fe-rich tholeiites, and MgB: Mg-rich tholeiites); 1V, calc-alkaline
series (B: basalt; A, andesite; D: dacite; R: rhyolite); QK, quartz keratophyre; R, rhyolite; D,
dacite; RD, rhyodacite; QL, quartz latite.. TGA-1 and TGA-3 are indicated by a red triangle

and a blue circle, respectively.

6.3. Magmatic series

In order to determination of magma series of the Jordan Formation’s volcaniclastic rocks
different diagrams were used. According to the FeOt/MgO vs. SiO2 diagram of Miyashiro
(1974), which discriminates tholeiitic and calc-alkaline series, the analyzed volcaniclastic
rocks fall in the field of calc-alkaline series (Fig. 15a). The KO vs. SiO; diagram of
Peccerillo and Taylor (1976), which discriminates tholeiitic, calc-alkaline, high-K calc-
alkaline and shoshonite series, and the rocks plot within the field of calc-alkaline series (Fig.
15b). The Na2O+K>0-FeOt-MgO (AFM) diagram proposed by Irvin and Baragar (1971) also
discriminates tholeiitic and calc-alkaline series, and the rocks plot within the field of calc-
alkaline series (Fig. 15c). These rocks plot in the field of calc-alkaline series in the Th/YDb vs.
Zr/Y magmatic affinity diagram of Ross and Bedard (2009) as shown in Fig. 15d. The results
from the classification diagrams, collectively establish a consistent characterization of the
studied rocks as calc-alkaline in nature, as shown in Fig. 15. These geochemical features
collectively support the interpretation of a calc-alkaline magmatic series, consistent with a
volcanic arc setting. While the number of analyzed samples is limited, the convergence of
petrographic, mineralogical, and geochemical indicators adds robustness to this

interpretation.
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Fig. 15. Classification diagrams of (a) FeOt/MgO vs. SiO2 of Miyashiro (1974), (b) K20 vs.
SiO2 of Peccerillo and Taylor (1976), (c) Na.O+K;O-FeOt-MgO (AFM) of Irvine and
Baragar (1971), and (d) Th/Yb vs. Zr/Y of Ross and Bedard (2009) for the Jordan
Formation’s volcaniclastic rocks. TGA-1 and TGA-3 are indicated by a red triangle and a

blue circle, respectively.

6.4. Tectonic discriminate diagrams

In order to define the tectonic setting of the Jordan Formation’s volcaniclastic rocks several

tectonic discriminate diagrams have been used, which are described below. The geotectonic

discrimination diagrams, as presented by Pearce et al. (1984), provide compelling evidence
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pointing toward a volcanic arc setting as the likely geotectonic environment for the tuffaceous
rocks within the Jordan Formation, as depicted in Fig. 16a. On the other hand, the geotectonic
discrimination diagrams proposed by Schandl and Gorton (2002), as shown in Fig. 16b,
consistently indicate a Late Jurassic volcanic activity scenario, situated within the context of
an active continental margin environment. Intriguingly, when we turn our attention to the
diagram incorporating La/10-Y/15-Nb/8 ratios from Cabanis and Lecolle (1989) and
illustrated in Fig. 17a, we uncover an additional layer of insight. This specific diagram
suggests that these rocks were formed within an active compressive orogenic setting. Fig.
17b shows a Th/Yb vs. Ta/Yb diagram of Bowden et al. (1984), which reveals a compelling
alignment between the analyzed samples and the characteristic calc-alkaline nature of rocks

commonly encountered in the Central Andes.
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Fig. 16. Tectonic discrimination diagrams for the Jordan Formation’s volcaniclastic rocks
after (a) Pearce et al. (1984) for Rb vs. Y+Nb, Nb vs. Y, Rb vs. Ta+Nb, and Ta vs. Yb, and
(b) Schandl and Gorton (2002) for Ta/Yb vs. Th/Nb, Ta vs. Th, Ta/Hf vs. Th/Hf, and Yb vs

Th/Ta. ORG, ocean-ridge granite; syn-COLG, syn-collisional granite; VAG, volcanic arc



615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

granite; WPG, within-plate granite. TGA-1 and TGA-3 are indicated by a red triangle and a

blue circle, respectively.

2 Active continental 2
Oceanic " : »
margin + Alkaline &
arcs p &
ccccccccccc $
10 — &8

S=subduction zone enrichment
C= crustal contamination

W= within plate enrichment
Fields of F= fractional crystalization for F=0.5
N-type

MORB

La/10 Nb/8 001 01 1 10
Ta/Yb

Fig. 17. (a) La/10-Y/15-Nb/8 tectonic discrimination diagram of Cabanis and Lecolle (1989)
for the Jordan Formation’s volcaniclastic rocks. (1) Orogenic domain (volcanic arc basalts):
1A, calc-alkaline basalts; 1B, overlap between 1A and 1C; 1C, volcanic arc tholeiites. (2)
Late- to post-orogenic intra-continental domain (continental basalts): 2A, continental basalts;
2B, back-arc basalts. (3) Anorogenic domain (oceanic basalts): 3A, alkaline basalts; 3B,
EMORB; 3C, N-MORB. (b) Th/Yb vs. Ta/Yb tectonic discrimination diagram of Bowden et
al. (1984) of the Jordan Formation’s volcaniclastic rocks. TGA-1 and TGA-3 are indicated

by a red triangle and a blue circle, respectively.

6.5. Chondrite-normalized REE patterns and multi-element “spider” diagrams

Fig. 18 shows the chondrite-normalized REE patterns and multi-element “spider diagrams”

for the Jordan Formation’s volcaniclastic rocks. According to the chondrite-normalized REE

patterns (Fig. 18a), the analyzed samples reveal a similar trend, having fairly steep
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abundances of light rare earth elements (LREE), and relatively flat abundances of heavy rare
earth elements (HREE). The LREE patterns also show negative Eu anomalies, characteristic
of calk-alkaline magmas. However, sample TGA-1 also shows a negative Ce anomaly. Fig.
18b shows the spider diagrams of trace elements normalized to the primitive mantle of Sun
and McDonough (1989), which reveal a high similarity with negative anomalies of Ba, Nb,
P, and Ti, and a positive anomaly of Pb, which are geochemical characteristics correlating

with subduction tectonic environments.
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Fig. 18. (a) Chondrite-normalized REE patterns (Nakamura, 1974), and (b) Primitive mantle-

normalized spider diagram for trace elements (normalized data from Sun and McDonough,

1989) for the Jordan Formation’s volcaniclastic rocks. TGA-1 and TGA-3 are indicated by

red triangles and blue circles, respectively.

7. Discussion

7.1. Provenance

7.1.1. Evidence from petrography



653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

The petrographic analysis of the volcaniclastic rocks from the Jordan Formation offers
insights into their potential provenance. The presence of lithic fragments primarily composed
of felsic volcanic rocks, notably rhyolitic tuffs, suggests that these rocks may have originated
from volcanic sources within the region. The inclusion of juvenile crystal fragments, such as
K-feldspar, plagioclase, and quartz, along with occasional muscovite and biotite, is consistent
with the mineral assemblage commonly found in volcanic rocks. The presence of
metamorphic lithic fragments resembling the lithologies of the San Pedro's Phyllites further
supports a local origin for these rocks. These observations collectively indicate a proximal
source for the Jordan Formation's volcaniclastic rocks, pointing to nearby volcanic activity

within the tectonic framework of the region.

7.1.2. Evidence from geochemistry

Geochemical data provides a valuable window to explore the provenance of the rocks
analyzed in this study. A significant indicator arises from the variability in LOI values
observed in the analyzed samples, which reflects different degrees of alteration in these rocks.
It is particularly noteworthy that TGA-1 appears significantly fresher compared to TGA-3,
which exhibits distinct signs of potassic hydrothermal alteration, as confirmed in the
diagrams by Hughes (1972) and Large et al. (2001) in Fig. 13. These findings not only
corroborate the interpretation of the geochemical data but also align with previous
macroscopic and microscopic analyses conducted on the samples. The presence of
hydrothermal alteration raises intriguing questions about the post-depositional processes that
have influenced the geochemical composition of these rocks. Furthermore, the variability in
the degrees of alteration between these two samples underscores the inherent heterogeneity

within the studied formation. This heterogeneity in the rock characteristics within the same
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formation suggests multiple possible sources for these materials. To precisely understand the
provenance of these rocks, it is essential to carry out further research, including more detailed
geochemical analysis and a broader consideration of the geological conditions and processes

that have shaped this formation.

7.2. Tectonic setting

The petrographic characteristics of the volcaniclastic rocks from the Jordan Formation
provide clues about the tectonic setting in which these rocks were deposited. The presence
of crystal-rich tuffs with variable grain size dispersion suggests a dynamic and high-energy
depositional environment, possibly associated with volcanic eruptions. Additionally, the
occurrence of flame structures and eutaxitic textures characteristic of ignimbrites points to
pyroclastic activity, which could be linked to subduction-related volcanic events. The
presence of oxide patinas covering the vitreous matrix may indicate alteration under specific
environmental conditions. Furthermore, the lack of clear associations between pyroclasts and
the matrix initially raises questions about their origin. However, when considered in
conjunction with field observations, a consolidated volcaniclastic deposition origin within a
tectonic framework associated with volcanic activity seems the most plausible explanation.

The volcaniclastic rocks of the Jordan Formation show evidence of hydrothermal alteration,
suggesting that they underwent geological processes subsequent to their initial deposition.
This becomes evident when observing the variability in LOI values and differences in the
degrees of alteration between samples TGA-1 and TGA-3, as shown in Fig. 13. These
alteration processes likely had a significant impact on the chemical composition of the rocks.
These secondary processes are important in understanding the post-depositional alterations

that have influenced the composition of the rocks. The recognition of these secondary
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processes adds depth to our interpretation. It suggests that the geochemical signatures of the
rocks are not static but can undergo modifications over geological time scales. This, in turn,
prompts further inquiries into the timing, mechanisms, and implications of these secondary
alterations, contributing to a more nuanced understanding of the geological history and
evolution of the Jordan Formation’s volcaniclastic rocks. The robust alignment across
multiple classification systems underscores the reliability of this assessment and emphasizes
the dominant geochemical profile of the samples. Moreover, it is worth noting the subtle
chemical variations observed within the samples, particularly towards peraluminosity and
peralkalinity. These variations may be indicative of secondary processes, specifically the
alteration of tuffaceous fragments composed of alkali feldspar and quartz through the
devitrification process, as well as the palagonitization of volcanic glass. The chemical
composition of the rocks, as illustrated in Fig. 14 indicates that the samples fall within the
fields of rhyodacite/dacite and rhyolite in various classification diagrams. These fields are
characteristic of volcanic rocks with intermediate to acidic compositions, which are typical
of felsic volcanic activity and subduction tectonic processes in the context of a volcanic arc.
The abundance of SiO; (75.7-68.9%), indicates that these rocks have a felsic nature. This
suggests they have undergone a geological history influenced by volcanic processes, such as
magmatic activity and magma evolution. Furthermore, the low levels of CaO (0.04-0.07%),
MgO (1.23-1.40%), and FeOt (3.58-5.33%) imply a limited contribution from mafic
minerals. These results are consistent with a predominantly felsic nature of the rocks. The
minor elements in the composition of these rocks also provide valuable insights. The levels
of Na;O (2.33-1.22%) and K>O (2.02-2.53%) indicate a potential enrichment in alkali
feldspar minerals. This could be related to tectonic processes, such as plate subduction or
igneous activity in a volcanic arc setting. These observations offer valuable insights into the

petrogenesis of the rocks and provide initial indications of their tectonic setting. Although
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most geochemical diagrams (Figs. 15-17) suggest a calc-alkaline affinity typical of
subduction-related magmatism, the presence of rhyolitic tuffs and the inferred volcanic
processes within a fluvio-lacustrine setting also support the possibility of localized
extensional tectonics, potentially associated with back-arc or intra-arc rifting. This
interpretation does not necessarily exclude a subduction setting; rather, it points to the
coexistence of transtensional tectonics within an overall convergent margin scenario, as
proposed by Zuluaga and Lopez (2019), where obligue convergence leads to local extension
and basin development. To gain a comprehensive understanding of these aspects, further
geochemical analysis and interpretation utilizing these diagrams are warranted. This
approach promises to unravel the intricate geological history and processes that have shaped
the analyzed volcaniclastic rocks, ultimately enhancing our comprehension of the broader
geological context in which they are situated. The magmatic affinity diagrams (Fig. 15)
suggest that the rocks belong to the calc-alkaline series, hinting at a geological environment
related to magmatic activity in the context of an active continental margin. This magmatic
series is characterized by a chemical element ratio consistent with processes of melting in a
specific geotectonic setting. Figs. 16a-16b and 17a-17b provide valuable clues about the
geological environment in which these rocks likely originated. They indicate that the Jordan
Formation’s volcaniclastic rocks formed in a volcanic environment probably in the context
of an active continental margin with magmatic activity. Furthermore, Fig. 17a suggests the
potential influence of compressional orogenic processes in the evolution of these rocks. The
anomalies in the rare and trace element patterns (Fig. 18) indicate that the rocks of the Jordan
Formation underwent specific geological processes that left their mark on their chemical
composition. The chondrite-normalized REE patterns (Fig. 18a) of the analyzed samples
reveal a similar trend, having fairly steep abundances of light rare earth elements (LREE),

and relatively flat abundances of heavy rare earth elements (HREE). Based on the similarity
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and subhorizontal trend of the HREE pattern, it is proposed that both samples have similar
sources and share similar geochemical characteristics in relation to heavy rare earth elements.
This can have several implications for the origin of the samples. However, in this study, it is
suggested that the two samples have a common origin, meaning they may have been formed
from the same magmatic source or are geologically related in terms of their evolutionary
history. This could indicate that they come from the same geographic area or experienced
similar geological processes in the past. Nonetheless, a precise interpretation of the origin
based on the HREE pattern would require a more detailed analysis considering other
geochemical elements, mineralogy, and the general geological context of the samples. On
the other hand, the negative Eu and Ce anomalies in LREE patterns are typical of calk-
alkaline magmas formed in geotectonic environments (subduction zones) where the
lithospheric plate undergoes processes of melting and fractionation. These elements were
retained by the source feldspar during partial melting or were removed by fractional
crystallization of the plagioclase. Spider diagrams normalized to the primitive mantle (Fig.
18b) reveal (1) negative anomalies in Ba, Nb, P, and Ti, which suggests a relative deficiency
of these elements compared to the reference primitive mantle associated to subduction
tectonic environments, and (2) a notable positive anomaly in Pb, which indicates a higher
concentration of this element in the analyzed rocks compared to the primitive mantle,
possibly related to subduction processes through the mobilization of this element during
interaction with hydrothermal fluids. These geochemical patterns probably do not provide a
definitive answer regarding the exact geological environment in which the Jordan
Formation’s volcaniclastic rocks formed. However, they suggest that these rocks experienced
geotectonic processes consistent with the previous interpretation of a volcanic environment,

possibly an active continental margin, and potentially influenced by orogenic processes. The
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post-depositional hydrothermal alteration processes are indicative of the subsequent
geological evolution of these rocks.

The petrology study of the Lower Jurassic Jordan Formation’s volcaniclastic rocks at the
Mesa de San Pedro provides several points of international importance for researchers and
geologists. These are presented below. The recognition of hydrothermal alteration, which has
broader implications for understanding the geological history and post-depositional
processes in volcaniclastic rocks worldwide. The alignment between the analyzed samples
and the characteristic calc-alkaline nature of rocks commonly encountered in the Central
Andes is a valuable observation. The use of geotectonic discrimination diagrams allows for
a refined interpretation of the tectonic setting of the Jordan Formation at the Mesa de San
Pedro. In particular, the geochemical evidence suggests a possible transition between
volcanic arc-related magmatism and compressive orogenic processes. This observation,
which has not been previously reported in this area, provides new data to assess the complex
tectonomagmatic evolution of the northern Andes during the Lower Jurassic, a topic of
growing interest in regional and global geological frameworks. The recognizing of secondary
processes such as devitrification and palagonitization adds depth to the interpretation and
prompts further inquiries into the timing, mechanisms, and implications of these alterations,
providing an improved understanding on the evolution of volcaniclastic rocks. The major and
trace element composition of the analyzed samples offers valuable insights into the
petrogenesis of the rocks and provides initial indications of their tectonic setting. The
chondrite-normalized REE patterns reveal enrichment in LREE and specific anomalies, such
as Ce and Eu, which may be associated with sedimentary material contribution, fluid
interaction, hydrothermal alteration, and plagioclase fractionation, adding to the
understanding of the petrogenesis and post-depositional history of the rocks and contributing

to the broader knowledge of geological processes that can apply to similar formations



802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

worldwide. Trace element anomalies indicate a subduction-related tectonic setting, providing
insights into the geodynamic evolution of the region and offering implications for

understanding similar tectonic environments in analogous geological contexts worldwide.

7.3. Tectonic and magmatic processes

A combination of U/Pb geochronology, ignimbrite, and tuff data within the Jordan Formation
hints at concurrent tectonic and magmatic processes. According to Alarcon et al. (2020), it is
likely that the volcanic edifices were emplaced on the metamorphic basement of the
Santander Massif, as evidenced by the presence of accidental metamorphic lithics in the
ignimbrites and tuffs. These findings support the notion that, during the fluvio-lacustrine
sedimentation phase in which the Jordan Formation’s red beds were deposited, lava flows
were simultaneously emplaced. Zuluaga and Lopez (2019) proposed that the elongated
configuration of plutons within the Santander Massif exerted control over the genesis and
emplacement of magmatic pulses, possibly due to a transtensive crustal dynamic associated
with oblique convergence in the subduction zone. They also suggested that the concurrent
extension during magmatic activity could have contributed to the formation of basins during
the emplacement of the Santander Plutonic Group. The ages obtained for the tuffs in the
Jordan Formation, closely resembling those of the Santander Plutonic Group’s intrusives,
indicate that volcanic activity likely occurred in the same magmatic event and concurrently
with the fluvial-lacustrine sedimentation of the Jordan Formation. This supports a dynamic
tectonic regime, in which subduction-related magmatism coexisted with localized

extensional tectonics, facilitating magma ascent and explosive volcanic activity.

7.4. Synchronous sedimentation
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The volcanosedimentary sequence of interest of the Jordan Formation can be classified as a
muddy-sandy and tuffaceous facies. These layers are characterized by interbedded
mudstones and very fine-grained sandstones, as well as thin layers of volcaniclastic rocks
(tuffs and muddy tuffs). The presence of mudstone-sandstone layers suggests sedimentation
through the settling of suspended materials under environmental conditions of low energy
and discharge, with intermittent interruptions by ash falls, reflecting shallow and distal
fluvial-lacustrine deposits. The limited horizontal distribution and substantial thickness of
the ignimbrite bodies within the Jordan Formation imply that pyroclastic density currents,
generated during volcanic activity, were significantly influenced by paleotopography
(Walker, 1983), restricting the lateral spread of these volcanic products. The volcaniclastic
rocks exposed in the Jordan Formation at the Mesa de San Pedro are believed to have formed
through a series of small to moderately-sized eruptions from a monogenetic volcanic source.
It is inferred that these volcaniclastic rocks represent sporadic and scattered volcanism that
interacted with a fluvio-lacustrine sedimentary environment. We propose the existence of a
rift zone in this context, which likely facilitated the formation of rhyolitic tuffs through the
ascent of migrating magma and interactions with surface water. This rift-like tectonic activity
may reflect local extensional structures superimposed on a broader subduction context,
compatible with back-arc extension or transtensional tectonics in a convergent setting.
Therefore, the Jordan Formation sequence represents episodic volcaniclastic deposition
under fluvial-lacustrine conditions and likely corresponds to distal facies. Explosive
volcanism can introduce substantial volumes of primary pyroclastic clasts into various
sedimentary settings, both terrestrial and/or marine, where they can be remobilized,
reworked, and redeposited (e.g., Palmer and Shawkey, 2001; Manville et al., 2009). The

presence of opaque minerals, as suggested by Abdel-Motelib et al. (2015), indicates
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multiphase reworking and prolonged oxidation of the limited vegetation cover, indicative of
an oxidizing environmental condition. This, in turn, provides valuable insights into the
prevailing environmental conditions, particularly suggesting a protracted period of oxidation
and an environment characterized by high levels of oxygen. Such findings could have
significant implications for our understanding of past ecological dynamics and the interplay
between geological and environmental factors over time. The presence of these opaque
minerals not only serves as a record of geological transformation but also offers a window
into the dynamic relationship between geology and ecology. This interplay is a critical aspect
of understanding the environmental history of a region, as prolonged oxidation can influence
the evolution of plant communities and their adaptations. The revelation of multiphase
reworking suggests a complex geological history that may have been influenced by various
external factors, further emphasizing the need for interdisciplinary research to comprehend

the full extent of these processes.

7.5. Tectonic synthesis and implications

The apparent contradiction between geochemical evidence suggesting subduction-related
magmatism and sedimentological indications of rift-related volcanism can be reconciled
through a more nuanced interpretation of the tectonic evolution of the region, particularly in
the context of the Jordan Formation. The geochemical signatures within the Jordan
Formation, including calc-alkaline affinities, negative Eu and Ce anomalies, and trace
element patterns consistent with subduction zones, suggest that the magmas originated in a
volcanic arc setting, typical of active continental margins. However, sedimentary and
volcanosedimentary characteristics, such as fluvio-lacustrine deposits, tuffaceous facies, and

pyroclastic flows confined by paleotopography, indicate the presence of localized
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extensional regimes (Alarcon et al., 2020; Zuluaga and Lopez, 2019). This duality may reflect
a tectonic scenario of transtensional dynamics within an overall convergent margin, where
oblique subduction created localized extensional zones that facilitated volcanic activity and
basin formation. This type of mixed tectonic regime is not exclusive to the Northern Andes,
but has also been documented in other tectonically active regions worldwide. In the Gulf of
California, Lizarralde et al. (2007) observed a variety of rifting styles, where narrow rifts
with robust magmatism contrast with wide rifts that are relatively magma-poor. This
variability is linked to mantle depletion and suggests that fertile mantle regions, potentially
influenced by sedimentary insulation, promote intense volcanic activity in certain rift
segments. Schmitt et al. (2013) further explored the geochemistry of volcanic rocks in the
northern Gulf of California, confirming that both oceanic rifting and subduction-related
processes contribute to the region's complex geological evolution. In the South China Sea,
Chao (2021) explored the transition from continental rifting to early seafloor spreading at the
tip of the NW South China Sea propagator, where both extensional and compressional
dynamics occur. In this case, subduction-driven magmatism coexists with rift-related
volcanism, particularly in areas affected by oblique subduction and localized extension.
Furthermore, Michaud et al. (2006) described a similar tectonic setting along the Baja
California margin, where the subduction of the Farallon plate and the rotation of spreading
centers induced transtensional deformation, generating magmatic systems linked to both
subduction and rifting processes. The geodynamic processes of the Domeyko Basin in
northern Chile provide another relevant example of transtensional tectonics in a subduction-
related rift basin, where synrift volcanism and sedimentation are influenced by both extension
and subduction dynamics (Espinoza et al., 2019). Additionally, the East African Rift System
displays similar mixed tectonic environments, where rifting and magmatism influenced by

both extension and oblique subduction interact to produce complex geological features
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(Ziegler and Cloetingh, 2004). This tectonic synthesis provides a coherent explanation that
integrates petrographic, geochemical, and stratigraphic data, offering a robust framework for
understanding the complex evolution of the Jordan Formation and its broader regional
tectonic context. By comparing the Northern Andes with other globally recognized tectonic
settings, we gain a deeper insight into the interplay of subduction, rifting, and magmatic

processes that define their geodynamic evolution.

8. Conclusions

In this geological study, significant findings have contributed to a better understanding of the
geological features in the northwestern region of South America. The first-time identification
of volcaniclastic rocks (tuffs) within the Lower Jurassic Jordan Formation in the Mesa de
San Pedro, Colombia, has implications that extend beyond the local context, significantly
enriching the wider body of knowledge in the field of Earth sciences. The primary
conclusions of this research are as follows:

e Important lithological contacts and stratigraphic relationships have been identified in the
Mesa de San Pedro, placing the Jordan Formation within a sequence of Early Jurassic
age. This identification challenges previous interpretations and makes a valuable
contribution to the geological understanding of the region.

e Petrographic and geochemical analysis suggests a nearby source for these rocks, possibly
related to volcanic activity in the region, which is supported by the presence of felsic and
metamorphic lithologic fragments, and indicates a high-energy environment, possibly

associated with volcanic eruptions and subduction-related activity.
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e Hydrothermal alteration following deposition is reflected in sample variability,
highlighting formation heterogeneity and implying multiple potential sources.

e Geochronological data suggests that volcanic activity occurred concurrently with fluvial-
lacustrine sedimentation. This volcanic activity appears to be related to the uplift of
volcanic edifices on the metamorphic basement.

e The Jordan Formation sequence represents synchronous deposition of volcanic tephra in
a fluvial-lacustrine environment. The limited horizontal distribution and thickness of the
ignimbrites suggest that pyroclastic flows were influenced by paleotopography. The
presence of opague minerals indicates a long period of oxidation and high oxygen
conditions.

e This study provides a valuable contribution to the understanding of the geology of the
Santander Massif and its geological context in northern South America. The results
underscore the significance of the Jordan Formation in the region and emphasize the need

for future research to expand our knowledge of the geological evolution of this area.
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