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The Huizachal-Peregrina Anticlinorium in northeastern Mexico comprises a wide variety of Precambrian
and Paleozoic basement units. In this work, Silurian-to-Permian unmetamorphosed siliciclastic succes-
sions (i.e., Canén de Caballeros, Vicente Guerrero, Del Monte, and Guacamaya formations) forming the
Tamatan Group is described; the group overlies the Novillo metamorphic complex, which is the north-
ernmost exposed region of the Oaxaquia microcontinent. In this paper, a provenance model for the
Tamatan Group is proposed based on new petrological data, whole-rock geochemical data, and U-Pb
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Paleozoic LA-ICP-MS detrital zircon age data from these marine fossiliferous strata. The results show a shallow-
Tamatan Group marine to deep-water clastic succession classified as feldspatho-lithic-quartzose and litho-feldspatho-
Petrography quartzose (Cafién de Caballeros and Vicente Guerrero formations) and feldspatho-quartzo-lithic and

Geochemistry
Geochronology

U-Pb detrital zircon age
Provenance analysis

litho-quartzo-feldspathic (Del Monte and Guacamaya formations). The petrological and geochemical
data indicate a derivation from felsitic, intermediate, and basic rocks, intense to moderate weathering,
and high to moderate recycling of the source area. The geochronological data can be organized into
three main detrital zircon U-Pb age groups: (1) a Meso-Neoproterozoic group, likely derived from
Oaxaquia and the Maya block, which is also the probable source of 1.5-1.6 Ga zircon grains; (2) an
Ordovician-Silurian group that is likely sourced by igneous Maya Block intrusions or from local units
such as the Ordovician Peregrina Tonalite; and (3) Pennsylvanian and Permian zircon that can be derived
from magmatic arc-related intrusions from the diachronous Rheic closure. Additionally, major, trace, and
rare earth element concentrations and ratios from the Tamatan Group indicate a passive margin that
evolved into magmatic arc sources within the upper continental crust. The integration of our data indi-
cates that the Tamatan Group was deposited in an unreported back-arc basin from the northernmost
part of Oaxaquia near the Maya Block along the northwestern Gondwanan margin during the closure
of the Rheic Ocean priori to complete Pangea.

© 2020 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.

1. Introduction

Northeastern Mexican Paleozoic sedimentary basins are underrep-
resented in the paleogeographic reconstructions (e.g., Campa and
Coney, 1983; Sedlock et al., 1993; Dickinson and Lawton, 2001) of
Mexico due to data scarcity. One of these basins is represented by the
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Paleozoic strata of the Tamatan Group near Cd. Victoria, Tamaulipas.
The Tamatan Group, comprising the Silurian Cafién de Caballeros For-
mation and the Carboniferous to Permian Vicente Guerrero, Del
Monte, and Guacamaya Formations, overlies the crystalline basement
of the Huizachal-Peregrina Anticlinorium. Together, they conform the
basement of the Sierra Madre/northern Oaxaquia terrane (Ortega-
Gutiérreza et al., 2018; Fig. 1). This basement represents the most
complete suites of Precambrian metamorphic, and Paleozoic metamor-
phic, magmatic, and sedimentary rocks in northeastern Mexico
(e.g., Barboza-Gudirio et al., 2011). The position of the Tamatan Group
can be related to adjacent Mexican peri-Gondwanan terranes, which
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Fig. 1. Simplified plate tectonic setting in Mexico and northern South America, showing general distribution of Paleozoic and Proterozoic basement, and Mexica-Central America blocks
with northwest Gondwanan affinity (modified from Sanchez-Zavala et al., 1999 and Weber et al., 2020). 1 = North-central Oaxaquia, including Las Delicias terrane (Coahuila), Oaxaquian
(Nuevo Léon and Tamaulipas) and Huayacocotla Anticlinorium (Hidalgo). 2 = Southern Oaxaquia, including Oaxacean complex (Oaxaca). 3 = Mixteco Terrane, including the Acatlan
Complex (Puebla). 4 = Maya Block including Chiapas-Yucatdn, Guatemala, and Belize. 5 = Northern South American Terranes, including Merida (Venezuela), and Santander

Massif (Colombia).

may be related to Paleozoic rocks in central-southern Mexico as well as
Venezuela-Colombia terranes in northern South America. Several au-
thors (e.g., Talavera-Mendoza et al., 2005; Rosales-Lagarde et al.,
2005; Weber et al., 2006; Martens et al., 2010; van der Lelij et al.,
2016; Fig. 2) described in Southern Mexico terranes, such as the
Mixteca-, southern Oaxaquia-, and Maya-Terrane, adyacent to the
northern Gondwanan margin, which were shuffled along the Laurentia
margin during early Paleozoic subduction phases. Thus, the subsequent
migration toward Laurentia may also constrain the interaction between
Laurentia and peri-Gondwanan terranes during the Paleozoic and the
paleogeographic evolution and closure of the Rheic Ocean. The paleon-
tological record of the Paleozoic Tamatan Group indicates that the
oldest succession (Cafién de Caballeros Formation) evolved along the
northwestern Gondwanan border during the Early Paleozoic (Stewart
et al., 1999). The younger ones were closer to Laurentia, documented
by the presence of North American realm fauna (Boucot et al.,, 1997)
in the Late Paleozoic. However, to date, there have been no studies on
its provenance or tectonic setting.

In this paper, we present new information including modal petrog-
raphy, the first whole-rock geochemical analysis from the sedimentary
units, and U-Pb detrital zircon ages of coarse-grained sandstones from
the Tamatan Group. Data analysis has permitted the provenance of
these rocks to be inferred, with tectonic implications for these clastic
systems. We propose a new configuration model for the northwestern
margin of Gondwana during the Middle to Upper Paleozoic.

2. Geological setting

The plate tectonic setting in Mexico and northern South America is
characterized by several Proterozoic, Paleozoic, and Paleozoic sedimen-
tary units as well as Mexican-Central America blocks with northwest
Gondwanan affinity (Sdnchez-Zavala et al., 1999; Weber et al., 2020),
which comprise 1) north-central Oaxaquia, including Las Delicias
terrane (Coahuila), northern Oaxaquia (Nuevo Léon and Tamaulipas)
and Huayacocotla Anticlinorium (Hidalgo); 2) southern Oaxaquia
(Oaxaca); 3) Mixteco Terrane, including the Acatlan Complex (Puebla);
4) the Maya Block including Chiapas-Yucatan, Guatemala and Belize,
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and 5) the northern South American Terranes, including Merida
(Venezuela) and Santander Massif (Colombia) (Fig. 1 and Fig. 2).

2.1. Sierra Madre/Northern Oaxaquia

Pre-Mesozoic rocks in northeastern Mexico document the geologic
history of the region from Proterozoic Grenvillian age to the formation
of Pangea during Permian-Triassic. These rock sequences are located
in only a few outcrop areas and are spatially separated by the coverage
of huge deposits of Mesozoic and Cenozoic age. Additionally, metamor-
phic processes resulting from deformation events in the Proterozoic, Pa-
leozoic, and Mesozoic have influenced some localities (Flawn and Diaz,
1959; Cunningham, 1975; Centeno-Garcia, 2005).

Paleozoic outcrops of the Las Delicias Formation are bounded in the
south by the Coahuila marginal folded belt and in the north by the San
Marcos fault, yet neither footwall nor hanging wall limits have been re-
ported. For example, most upper boundaries consist of discordant con-
tact with the overlying Las Uvas Formation and Lower Cretaceous
limestones. McKee et al. (1999) divided the Las Delicias Formation
into eleven Late Mississippian-Permian lithosomes.

In the Aramberri and Miquihuana uplifts, the Granjeno Complex is
most widely exposed (Carrillo-Bravo, 1961; Torres-Sanchez et al.,
2016) and is composed of greenschist facies metasedimentary and
metaigneous rocks, including the massive and irregular Victoria
serpentinite body (Ramirez-Fernandez and Jenchen, 2016; Torres-
Sanchez et al., 2017). The Granjeno Complex has been interpreted as
part of an accretionary unit (Granjeno-Acatlan Complex, former Sierra
Madre Terrane; Keppie, 2004; Barboza-Gudifio et al., 2011), including
the obducted oceanic crust (Victoria Serpentinite) from an active mar-
gin of Gondwana during the Carboniferous.

In the deeply eroded tectonic windows of the Sierra Madre Oriental,
Precambrian and Paleozoic units crop out in the Huizachal-Peregrina
Anticlinorium:

* The Novillo metamorphic complex consists of (i) a metaigneous suite
subdivided into the Old Suite (1235-1115 Ma; Cameron et al.,, 2004),
including felsitic gneiss, metagranites, mafic, and migmatitic gneiss,
and the younger “AMCG Suite” (anorthosite, mangerite, charnockite,
granite), dated at 1035-1010 Ma (Cameron et al., 2004). (ii) A
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Fig. 2. Simplified Paleozoic stratigraphy of peri-Gondwanan terranes and ages of the basement rocks in Mexico, adjacent areas, and northern South American. Eastern Mixteca Terrane:
Keppie et al. (2006); Acatlan Complex: Nance et al. (2006), Ortega-Gutiérrez et al. (2007), Estrada-Carmona et al. (2016); Las Delicias Basin: Poole et al. (2005), Lawton et al. (2020);
Aramberri Uplift: Nance et al. (2007), Torres-Sanchez et al. (2015, 2017); Huizachal-Peregrina Anticlinorium: Stewart et al. (1999), Sour-Tovar et al. (2005); Alemdn-Gallardo et al.
(20193, 2019b); Hidalgo/Huayacocotla-Anticlinorium: Rosales-Lagarde et al. (2005), Weber & Schulze (2014), Martinez-Sanchez (2016); Tamaulipas Arch: Coombs et al. (2020); Oaxaca:
Solari et al. (2001), Ortega-Obregén et al. (2014), Torres-Martinez and Sour-Tovar (2016); Chiapas and Belize: Weber et al. (2008, 2009, 2020); Guatemala: Martens et al. (2010); Mérida

Andes and Santander Massif: van der Lelij et al. (2016); Tazzo-Rangel et al. (2018).

metasedimentary suite composed of meta-arkose-anphibolite inter-
calations and calcsilicate marble. Both units of the Novillo metamor-
phic complex are considered part of the Oaxaquia microcontinent
(Ortega-Gutiérrez Ortega-Gutiérrez, 1978; Keppie, 2004; Trainor
et al, 2011) and metamorphosed during the Zapotecan phase
(990 Ma), related to the Rodinia assemblage (Solari et al., 2003;
Cameron et al., 2004; Aleman-Gallardo et al., 2019b). These rocks
have also been intruded by rift-related, subvolcanic, basaltic
(E-MORB) dykes, yielding an early Ediacaran age (approximately
619 Ma; Weber et al., 2019). The latter are related to the Rodina
breakup and the onset of the opening of the lapetus Ocean. The
Novillo Complex has tectonic contact with the potentially early Car-
boniferous Granjeno Complex (Carrillo-Bravo Carrillo-Bravo, 1961;
Trainor et al,, 2011).

The Granjeno Complex crops out on the borders of the core of the
Huizachal-Peregrina Anticlinorium (Fig. 1) and comprises low-grade
metamorphic poly-assemblies including metasedimentary rocks
(e.g., metapsammite and metapelite; Barboza-Gudifio et al., 2011),
metavolcanic clastic units (e.g., metatuff, meta-flow, and meta-
pillow lava), and a serpentinized ultramafic unit (Victoria
Serpentinite; Torres-Sanchez et al., 2017; (Fig. 1). In the Aramberri
and Miquihuana uplifts, the Granjeno Complex is most widely
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exposed (Carrillo-Bravo, 1961; Nance et al., 2007; Barboza-Gudifio
et al., 2011; Torres-Sanchez et al., 2015, 2016). Metamorphism is
dated at 300 Ma (Dowe et al., 2005; Nance et al., 2007) and is associ-
ated with an obducted accretionary prism resulting from convergence
along the western Gondwanan margin (Torres-Sanchez et al., 2015).
The Ordovician Peregrina Tonalite, is exposed in the Novillo,
Peregrina, and Caballeros canyons (Fig. 1; Aleman-Gallardo et al.,
2019b). Its zircon U-Pb age is 449 + 3 Ma (Katian stage; Aleman-
Gallardo et al., 2019b). This tonalitic pluton has been associated with
the Famatinian Magmatic Arc in South America (Chew et al., 2007),
which is termed the Peregrina-Motozintla Arc in Mexico (Estrada-
Carmona et al.,, 2012; Gonzalez-Guzman et al., 2016; Aleman-
Gallardo et al., 2019b). A close relationship between the Tamaulipas
(former Sierra Madre Terrane) and the southern Maya block (Chiapas,
NW Guatemala, Belize) is therefore suggested.

The Tamatan Group consists of non-metamorphic sedimentary de-
formed strata and comprises the Cafién de Caballeros, Vicente Guer-
rero, Del Monte, and Guacamaya formations (following Stewart
et al,, 1999). It was informally named by Aleman-Gallardo et al.
(2019a) as the Tamatan succession. Fossil fauna in these sedimentary
strata indicates a depositional age of Silurian to Permian (Boucot et al.,
1997; Stewart et al., 1999), with a major hiatus during the Devonian.
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Fig. 3. Geological map of the study area (modified from Ramirez-Ramirez, 1992; Stewart et al., 1999). Blue dashed boxes indicate the study areas.

* Additionally, the Tamatan Group contains banded felsite flows termed
the Aserradero Rhyolite (Stewart et al., 1999) with unclear contacts to
the Vicente Guerrero and Del Monte formations (Gursky, 1994;
Stewart et al., 1999; (Fig. 3). The Aserradero Rhyolite exhibits two fab-
rics: (i) a weak porphyritic texture with quartz, feldspar, and musco-
vite distributed within a very fine crystalline groundmass; and (ii)
phenocrysts of quartz, alkaline feldspar, and very rare plagioclase and
biotite. Detrital zircon U-Pb ages are 334 + 34 Ma (Stewart et al.,
1999). The Aserradero Rhyolite has been interpreted as a part of a Car-
boniferous arc along the western margin of Pangea (Kirsch et al., 2012).
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Finally, in the Huayacocotla Anticlinorium (Hidalgo state), the
basement consists of the Huiznopala Gneiss, granulite facies metamor-
phic rocks, and igneous intrusions of Meso-Neoproterozoic ages,
which can be interpreted as analogous to the Novillo Complex
(Weber and Schulze, 2014), and Carboniferous igneous intrusions of
the Maxala granite (Martinez-Sanchez, 2016). This unit is covered by
the Tuzancoa Formation, a Permian volcano-sedimentary succession
with abundant andesitic and basaltic intercalations, which is consid-
ered to be equivalent to the Guacamaya Formation (Rosales-Lagarde
et al,, 2005; Fig. 2).
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2.2. Oaxaca complex (Southern Oaxaquia)

The Oaxaca complex corresponds to the southmost part of Oaxaquia,
including high-grade metamorphic rocks with an age of ~990 Ma, with
granitic intrusions (~1.14-1.11 Ga) and AMCG rocks (~1.01 Ga; Solari
et al, 2003). Together with the Novillo and Huiznopala complexes, the
Oaxaca Complex has been interpreted as an allochthonous microco-
ntinent of North America during the Precambrian-Early Paleozoic evo-
lution (e.g., Ortega-Gutiérrez et al., 1995; Fig. 2). The Paleozoic
sedimentary successions discordantly overlay the Oaxaca Complex,
including limestone, siltstone, shale, and minor sandstones, which are
considered marine deposits from the Cambrian-Ordovician Tifiu
Formation, the Mississippian Santiago Formation, and Pennsylv-
anian Ixtaltepec Formation (Gillis et al.,, 2005; Fig. 2). Some authors (in-
cluding Navarro-Santillan et al., 2002; Sour-Tovar and Martinez-
Chacén, 2004) documented that the Mississippian Santiago (Oaxaca),
Patlanoaya (Puebla), and Vicente Guerrero (Tamaulipas) formations
show similar Mississippian brachiopods, whereas the Ixtaltepec Forma-
tion contains abundant Pennsylvanian fauna, including brachiopods and
radiolaria. Both units are related to North American species (Torres-
Martinez and Sour-Tovar, 2016). The detrital provenance of this forma-
tion indicates a pronounced derivation from the local Oaxaca complex
according to U-Pb detrital zircon age at ~981 Ma (Gillis et al., 2005).
Correlations with the Mississippian Vicente Guerrero and the Pennsyl-
vanian Del Monte formations are plausible. In addition, igneous intru-
sions exposed in the Oaxacan complex, such as Cuanana pluton (ca.
311 Ma), the Honduras batholith (ca. 290 Ma; from the Juchatengo Ig-
neous Complex), the Zaniza Batholith (ca. 287 Ma), La Carbonera
Stock (ca. 272 Ma), and the Etla Granite (ca. 255 Ma), are all interpreted
as associated with a continental arc and to the closure of the Rheic
Ocean prior or during the assembly of Pangea (e.g., Ortega-Obregén
et al., 2014; Fig. 2).

2.3. Mixteca Terrane

The Mixteca terrane is juxtaposed on the western side of the Oaxa-
can Complex (Fig. 1). The basement is represented by the Acatlan com-
plex, a lithotectonic complex with Ordovician to Permian deposits
associated with ocean floor crust, trench turbidites, and reworked Pro-
terozoic crust (Keppie et al., 2008). The Acatlan complex is limited to
the east by the Caltepec fault (Estrada-Carmona et al.,, 2012) and divided
into two major groups.

 The Petalcingo group is composed of three units, the low- to high-
grade metamorphic rocks from the Magdalena and Chazumba forma-
tions, which are considered as clastic wedges (Keppie et al., 2006),
and the Cosoltepec Formation, which includes phyllites and quartzites
with minor mafic intercalations whose depositational ages range from
Ordovician to Lower Devonian (e.g., Talavera-Mendoza et al., 2005;
Keppie et al., 2007).

The Piaxtla suite consists of metasedimentary rocks locally with
eclogites (Keppie et al., 2006).

Both groups are unconformable overlain by the Carboniferous-
Lower Permian Tecomate and Patlanoaya formations that include
siliciclastic and volcano-siliciclastic rocks, which can be, according to
the fauna, correlated with the fauna of the Mississippian Del Monte For-
mation (Fig. 2; Esquivel-Macias et al., 2004). The latest Paleozoic sedi-
mentary rocks are formed by alluvial deposits from the Matzitzi
Formation (Centeno-Garcia et al., 2009). A contemporaneous age to
the Guacamaya Formation, but in a quiet different depositional environ-
ment, as suggested by Vachard et al. (2004). The igneous rocks of the
Esperanza megacrystic granite (440 + 14 Ma; Talavera-Mendoza
et al.,, 2005), the La Noria Granitoid (371 4 34 Ma; Yafez et al.,, 1991;
Miller et al., 2007) and the Totoltepec Plutons (287 4+ 2 Ma) are also ex-
posed to this complex (Kirsch et al., 2013; Fig. 2).
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2.4. Maya Block

The Maya block includes the Yucatan Peninsula, parts of the coastal
plain of the Gulf of México and southeastern México from the
Tehuantepec Isthmus to Chiapas, northwestern Guatemala and Belize.
Different pre-Mesozoic exposures comprise the basement of the Maya
Block. (1) West of the Tehuantepec Isthmus, the Guichicovi Complex
(Weber and Kéhler, 1999; Weber et al., 2010) contains 1.25-1.2 Ga
igneous protoliths, AMCG suite rocks and metasedimentary sequences,
altogether metamorphosed to granulite facies at 990-980 Ma. The
Guichicovi Complex is indistinguishable from the Oaxacan Complex
and other Oaxaquia exposures. (2) East of the Tehuantepec Isthmus
Mexico's largest Permian batholith forms most of the Chiapas Massif
(e.g. Damon et al., 1981). Precambrian to Paleozoic basement inliers as
well as abundant ca. 1.0 Ga inherited zircon in the batholithic rocks in-
dicate unexposed Precambrian basement and crustal anatexis forming
the Permian granitoids (Weber et al., 2006, 2007). (3) Along the south-
eastern edge of the Chiapas massif, Late Meso- to Neoproterozoic
gneisses and amphibolites of the Candelaria Unit (1.02-0.91 Ga;
Estrada-Carmona et al., 2012;Weber et al., 2018) and coeval massif-
type anorthosites suite rocks (Socunusco -Mariscal anorthosite;
Cisneros de Ledn et al.,, 2017) comprise the metaigneous basement of
the El Triunfo Complex. The metasedimentary Jocote Unit of Ediacaran
age (Gonzalez-Guzman et al, 2016) discordantly overlays the
Candelaria Unit (Weber et al., 2008, 2018). Rift-related (E-MORB)
dykes intruded both metaigneous and metasedimentary basement
rocks at ca. 615 Ma (Weber et al., 2020). The El Triunfo Complex stands
out by Ordovician medium- to high-grade metamorphism, anatexis and
the intrusion of the Motozintla plutonic suite (~480-450 Ma; Estrada-
Carmona et al., 2012; Gonzalez-Guzman et al., 2016; Weber et al.,
2018). (4) Similar Ordovician plutons of the Rabinal granite suite
(462-453 Ma; Ortega-Obregoén et al., 2008) and the Altos Cuchu-
matanes (461 Ma; Solari et al., 2010), both in central Guatemala, in-
truded an older, metasedimentary basement. (5) Silurian to earliest
Devonian (420-400 Ma) granitic plutons (Mountain Pine Ridge) and
rhyolitic volcanic rocks (Bladen volcanic member) of the Maya Moun-
tains in Belize (Steiner and Walker, 1996; Martens et al., 2010; Weber
etal, 2012) represent the latest stage of Early Paleozoic arc magmatism
in the Maya Block. This semi-continuous Ordovician-Silurian magmatic
belt (Estrada-Carmona et al., 2012) was probably connected with coeval
Ordovician plutonic rocks in Tamaulipas, and it is interpreted as the
northeastern extension of the Early Paleozoic Famatinian belt (Weber
et al, 2018; Aleman-Gallardo et al,, 2019a; Fig. 2). (6) The Yucatan Pen-
insula is mainly composed of Cretaceous successions. Its crystalline
basement is only known from Chicxulub ejecta suggesting ~545 Ma gra-
nitic basement (Krogh et al., 1993a, 1993b; Keppie et al., 2011) and from
a borehole on the peak ring of the Chicxulub crater that drilled into
a ~ 326 Ma granitic pluton (Zhao et al., 2020). Similar, Carboniferous ig-
neous rocks are known only from the Altos Cuchumatanes, Guatemala
(~317 Ma; Solari et al., 2010) and they are interpreted in terms of the
onset of convergence and subduction of the Rheic Ocean beneath north-
ern Gondwana prior to its collision with Laurentia (Zhao et al,, 2020).

Early Paleozoic sedimentary rocks dominate the Maya Mountains
(Belize), namely the Baldy Unit (Cambrian-Ordovician?) and the
volcaniclastic Bladen Formation (~406 Ma; Martens et al., 2010). The
Baldy Unit possibly correlates with similar metasedimentary sequences
in northern Guatemala (San Gabriel sequence and Barillas complex;
Ortega-Gutiérrez et al., 2007). Similar to the Ediacaran Jocote unit, the
Baldy unit contains - besides abundant 1.2-0.9 Ga zircon - a significant
number of 1.6-1.5 Ga detrital zircon grains, uncommon for Oaxaquia
(Weber et al., 2008; Martens et al., 2010).

After a Devonian hiatus, Mississippian-Early Permian siliciclastic
succession and fossiliferous limestones of the Santa Rosa, the Grupera,
and Paso Hondo formations, crop out in eastern Chiapas (Hernandez-
Garcia, 1973) and northern Guatemala (Clemons and Burkart, 1971).
The flysch-type Santa Rosa Formation in Chiapas (Santa Rosa Group in
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Guatemala) contains a wide range of detrital zircons from Achaean to
Carboniferous (~340-325 Ma youngest detrital zircon grains) but
most zircon grains indicate sources related to Pan-African-Brasiliano
type orogens (Weber et al., 2006, 2009). In the Maya Mountains, the
contemporaneous conglomerates and sandstones of the Macal Forma-
tion contains mostly local detritus from the Mountain Pine Ridge gran-
ites (Martens et al., 2010). A temporal correlation has been observed
between the Upper Paleozoic Santa Rosa Group in Guatemala and the
Del Monte and Guacamaya formations in Tamaulipas (Fig. 2).

2.5. Northern Andes

The Venezuelan Andes, which include the Merida and Caparo local-
ities, show an Ediacaran-Cambrian basement (~520 Ma; van der Lelij
et al.,, 2016), consisting of high- to low-grade metamorphic rocks. The
basement includes amphibolite and greenschist facies from the Iglesias
Complex (Sierra Nevada-, Bella Vista-, and Tostos suites; Gonzdlez
Gonzalez de Juana et al., 1980; Bellizzia and Pimentel, 1994; Tazzo-
Rangel et al., 2018). The Iglesias complex is intruded by Ordovician—
Silurian granitoids (van der Lelij et al., 2016) and is overlain by
Ordovician and Pennsylvanian metasedimentary and sedimentary suc-
cessions from the Caparo- and Mucuchachi formations, which are
interlayered by felsite rocks (Bellizzia and Pimentel, 1994). Clastic and
carbonate rocks with abundant Silurian fossils from the El Horno Forma-
tion (Boucot et al., 1999) document a fauna similar to the Cafién de Ca-
balleros Formation. A remarkable hiatus between the Devonian and
Mississippian deposits caused by tectonic compression and restricted
marine circulation (Gonzélez de Juana et al., 1980) has been docu-
mented. The Upper Paleozoic deposits are composed of siliciclastic
and carbonate rocks intruded by Permian-Triassic felsitic and mafic
rocks (Sabaneta and Palmarito formations; Laya and Tucker, 2012;
Tazzo-Rangel et al., 2018; Fig. 2).

In Colombia, the Eastern Cordillera, also referred to as Chibcha Ter-
rane (e.g., Bellizzia and Pimentel, 1994), includes the Quetame Massif,
the Santander Massif, the Floresta, Santa Marta, and Colombian Perija
Mountains. The outermost Precambrian units outcrop in the Santander
Massif and Santa Marta Mountains, consisting of paragneisses, marbles,
and migmatites from the Bucaramanga Gneiss basement (945 + 40 Ma;
Garcia et al., 2005; Uruefla-Suarez and Zuluaga, 2011). The Bucara-
manga gneiss is overlain by the Ordovician to Devonian Silgara Forma-
tion, formed phyllites, quartzites, and metasiltstones, intruded by
igneous rocks. The first metamorphism occurred prior to the Middle De-
vonian (Garcia et al., 2005). The Paleozoic sedimentary rocks from the
Middle Devonian Floresta Formation comprise marine sedimentary
rocks that uncomfortably overlay the Silgard Formation. These forma-
tions, together with the overlying Late Carboniferous Diamante Forma-
tion, are metamorphosed under low-grade conditions, different from
the basement, metamorphism appears to be related to a different
event that predates the deposition of the younger Tiburén and Bocas
formations (e.g., Vinasco et al., 2006; Cochrane et al., 2014; Spikings
et al,, 2015; van der Lelij et al., 2016; Tazzo-Rangel et al., 2018; Fig. 2),
whereas the sedimentary cover is associated with several marine cycles,
developed as deep- and shallow-marine even deltaic deposits in a
pericratonic foreland basin during the closure of the Rheic Ocean and
the Pangea amalgamation (e.g., Laya and Tucker, 2012).

3. Geological background

The Huizachal-Peregrina Anticlinorium is located in the northwest
of Ciudad Victoria, Tamaulipas. It covers an area of 35 km? and is aligned
northwest-southeast (Fig. 3). The Huizachal-Peregrina Anticlinorium is
the result of two Mesozoic deformation events: an early thin-skinned
and second thick-skinned deformation that controlled the uplift and
basement exposure (Zhou et al., 2006; Fitz-Diaz et al., 2018). The differ-
ent rock units within can be accessed most easily along the canyons that
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cut across the anticlinorium (e.g., the Caballeros, Peregrina, and Novillo
canyons; Fig. 3).

The Tamatan Group is exposed along the central axis of the
Huizachal-Peregrina Anticlinorium, being limited to the west by the
metamorphic basement (the Novillo Metamorphic Complex; Aleman-
Gallardo et al., 2019a) and to the east by Mesozoic sedimentary cover
and the Granjeno Complex (Fig. 3).

The Paleozoic sedimentary strata of the Tamatan Group were first
described by Girty (1926) and latterly by Carrillo-Bravo, 1961. He de-
fined seven sedimentary units formed by the La Presa Quartzite,
Cari6n de Caballeros Formation, Vicente Guerrero Formation, Naranjal
Conglomerate, Del Monte Formation, Victoria Limestone, and
Guacamaya Formation. The overall thickness of this succession in the
Canyon Peregrina reaches 1600 m (Carrillo-Bravo, 1961; Gursky and
Michalzik, 1989). Later, Ramirez-Ramirez (1992), Gursky (1994), and
Stewart et al. (1999) redefined and merged the stratigraphy units pro-
posing the following formations.

* The Silurian Cafién de Caballeros Formation is composed of conglom-
erates containing volcanic clasts, sandstones, and limestones with
abundant Silurian fauna (Boucot et al,, 1997) and has been deposited
in marine shallow-water conditions (Stewart et al., 1999).
The Lower Mississippian Vicente Guerrero Formation includes con-
glomerates, sandstones, and shales. Silty sandstones with abundant
Mississippian brachiopods represent the oldest record of mixed
faunas of South America and North America fossils (Stewart et al.,
1999; Sour-Tovar and Martinez-Chacén, 2004).
The Pennsylvanian Del Monte Formation, which unconformably over-
lays the Vicente Guerrero Formation, initiates with a basal conglomer-
ate with large clasts of sandstones and black siltstones, previously
referred as the Naranjal Conglomerate. The upper part is composed
of bioclastic limestones with abundant quartz grains, sandstones,
and siltstones. (Carrillo-Bravo, 1961; Ramirez-Ramirez, 1992). The
Del Monte Formation has been interpreted as a product of turbidity
flow units associated with proximal debris flows (Ramirez-Ramirez,
1992; Stewart et al., 1999).
Banded felsite flows, termed as the Aserradero Rhyolite (Stewart et al.,
1999), crop out in an unclear manner due to the dense local vegeta-
tion between the Vicente Guerrero and Del Monte formations.
(Gursky, 1994; Stewart et al., 1999; Fig. 3).
* The Lower Permian Guacamaya Formation has been described as clas-
sical turbidites (flysch-type deposits) by Gursky and Michalzik (1989)
and Stewart et al. (1999).

4. Methodology
4.1. Field work

Geological mapping was performed along the Santa Ana River in the
Caballeros Canyon (23°47.7'-23°49.2'N, and 99°16.8'-99°18'W) and
along the San Felipe River in the Peregrina Canyon (23°46.2'-
23°47°0.4 N and 99°14.7-99°16.5 W; Fig. 3). According to Tucker
(2011), lithological characteristics as well depositional environments
corresponding to each formation were described. The stratigraphic sec-
tions were measured based on the sections described in Carrillo-Bravo,
1961, Ramirez-Ramirez (1992), and Stewart et al. (1999). However,
some outcrops expose high-deformation or massive strata (an example
is shown in Fig. 5 in Casas-Pefia et al., 2021). Thus, we denoted local
parts from type-localities as well as the best exposed key-outcrops. In
this study, we documented a total of 260 m from five local sections. Out-
crops are shown in Figs. 3-7 (Casas-Pefia et al., 2021). We collected 101
samples of coarse- to fine-grained sandstones—39 in the Caballeros
Canyon and 62 in the Peregrina Canyon. The synthesis of the lithology
and sample location is presented in Table 1 (of Casas-Pefia et al., 2021).
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Fig. 4. Stratigraphic column of the Huizachal-Peregrina Anticlinorium (modified after Stewart et al., 1999), stratigraphic positions of the sections (S1 - S5), and sample locations. Note:

geochronological samples are highlighted with asterisk (*).

Section 1 (S1,40 m) includes the Guacamaya Formation along the San
Felipe River in the Peregrina Canyon.

Section 2 (S2, 40) consists of the Lower and Upper members of
Vicente Guerrero Formation and Del Monte Formation, around to
Vicente Guerrero Ranch.

Section 3 (S3, 20 m) corresponds to the Lower Member and Santa Ana
Limestone of the Cafién de Caballeros Formation as well as the Lower
member of the Vicente Guerrero Formation, which is exposed along
the Cuchilla La Yerba path.

Section 4 (S4, 50 m) includes the Lower and Upper members from the
Cafién de Caballeros Formation, outcropping along the road to the
local talc mine, and the Lower Member of the Vicente Guerrero For-
mation about ~400 m in the West of the Aserradero Ranch.

Section 5 (S5; 110 m) includes the Del Monte and Guacamaya forma-
tions. It is exposed along the Santa Ana River in the Caballeros Canyon.

4.2. Sandstone petrography

In total, 69 samples were used for petrographic analysis (Tables 1 to
5; Casas-Pefia et al., 2021). The texture and composition of the frame-
work components were analyzed using 300-600 points per thin section
according to the Gazzi-Dickinson method (Ingersoll et al., 1984; Zuffa,
1985). Modal compositions were plotted in ternary diagrams based on

Garzanti (2016) and Garzanti (2018), modified from Ingersoll and
Suczek (1979), Dickinson and Suczek (1979), Dickinson et al. (1983),
and Dickinson (1985). Non-carbonate grains, microfossils, and bioclasts
were counted as sedimentary lithic fragments; micas, opaque minerals,
chlorite, heavy minerals, and the proto matrix phase were excluded
from the petrographic plots. The 95% and 99% confidence intervals
(Student's t-test; Borradaile, 2003) are shown in Fig. 6 and were plotted
in distinct colour shades. More details concerning the recalculated and
statistical parameters are presented in Tables 3-5 from Casas-Pefia
et al. (in proc.).

4.3. Whole-rock geochemical analysis

All samples were used for whole-rock geochemical analysis. A de-
tailed description of the geochemical processing and analytical methods
used is provided in the supplementary data (Casas-Pefia et al., 2021).
Raw and processed data are listed in Tables 10 and 11 (Casas-Pefia
et al., 2021). The distributions of the elements in random samples
were described using the arithmetic mean and confidence limits (95%
and 99%, respectively) supplied by the Student's t-test (Borradaile,
2003; Tables 12 and 13; Casas-Pefia et al.,, 2021). Major elements were
analyzed by inductively coupled plasma optical emission spectrometry
(ICP-OES) and trace elements by inductively coupled plasma mass
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Fig. 5. Microphotographs of petrographic samples. Cafiién de Caballeros Formation: (a) polycrystalline quartz with three components and sutured internal contact, (b) sedimentary grain
and monocrystalline quartz with inclusions (red arrow), (c) monocrystalline quartz with embayment (red arrow), K-feldspar with clay replacement and undulose quartz. Vicente
Guerrero Formation: (d) feldespatho-quartzose sandstone, (e) polycrystalline quartz with more than three crystals (Qp > 3), (f) brachiopod fragment (Fo). Del Monte Formation:
(g) microcline (Fk) and albite plagioclase with polysynthetic twins (Pna) undulose quartz (Qmo), with calcite cement, (h) Na-feldspar with perthitic texture (Pna) and fusulinid
bioclasts (LsBi), (i) sparite fragment (LsCe). Guacamaya Formation: (j) coarse sandstone with volcanic quartz (Qmr), sodic plagioclase with clay replacement (Pki) and igneous
fragments with felsitic texture (Lvf), (k) igneous grain with lathwork texture, (1) igneous grains with felsitic texture in a coarse-grained sandstone.

spectrometry (ICP-MS) at the ACME laboratories, Vancouver, Canada.
Geochemical data were plotted separately for each section into the fol-
lowing diagrams: K,0/Na,O (Jenchen, 2018a, 2018b), SiO,/Al,03
(Jenchen and Rosenfeld, 2007; Jenchen, 2018a, 2018b), Ti/Nb-SiO,/
K,0 (Jenchen, 2018a, 2018b), Cr-Th/Sc (Jenchen, 2018a), Al,05-
Ca0* 4 Nay0-K,0 (Nesbitt and Young, 1982; Fedo et al., 1995), Th/
Sc-Zr/Sc (McLennan et al., 1993), SiO,/Al,03-K,0/Na,O (Jenchen,
2018a, 2018b), Th-Co-Zr/10, and La-Th-Sc (Bhatia and Crook, 1986)
as well as Rock/Chondrite vs. REE normalized (Taylor and McLennan,
1985). In addition, a composite stratigraphic column with selected geo-
chemical parameters of the Tamatan Group is shown in Fig. 12.
Displaying a summary of compositional changes during the develop-
ment of the Tamatan successions.
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4.4. U-Pb geochronology

Geochronological analyses were conducted for four coarse-
grained sandstone samples that were considered representative
of each formation of the Tamatan Group. In particular, samples
CC64-04 and CC54-14 were obtained from the lower members of
the Cafién de Caballeros and Vicente Guerrero formations in sec-
tion 5 (Caballeros Canyon). Samples CP207-07 and CP197-03
were obtained at the middle portion of the Del Monte and
Guacamaya formations in sections 2 and 1 (Peregrina Canyon; see
Fig. 3). All samples were routinely analyzed for U-Pb detrital zir-
con ages with a total of 441 spots (109 from the Cafién de Caballe-
ros Formation, 113 from the Vicente Guerrero Formation, 110 from
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the Del Monte Formation, and 109 from the Guacamaya Formation,
as shown in Tables 14-21 (Casas-Pefia et al., 2021).

All zircons from the samples were processed following standard pro-
cedures at the Geology Department at the “Centro de Investigacién
Cientifica y de Educacién Superior de Ensenada Baja California (CICESE)”
using a Wilfley table, a Frantz isodynamic separator, and sodium
polytungstate heavy liquid and final selction by handpicking. Zircon
grains were placed on epoxy mounts and polished. We performed laser
ablation multicollector inductively coupled plasma mass spectrometry
data acquisition at the Central Analytical Facilities, Stellenbosch Univer-
sity in South Africa. A Thermo® Element2® mass spectrometer coupled
to a NewWave UP213 laser ablation system (A = 213 nm, f = 10 Hz)
was used, following the analytical and data processing described in
Gerdes and Zeh (2006, 2009) and Frei and Gerdes (2009). U-Pb geochro-
nological analysis was conducted on randomly selected grains; however,
cores were preferred in order to avoid the influence of possible meta-
morphic overgrowths. The GJ-1 reference zircon was used as the primary
standard (ID TIMS 608.5 + 0.4 Ma; Jackson et al., 2004). U-Pb data were
obtained using a spot diameter of 30 pm. For quality control, the
PleSovice (Slama et al., 2008) and M127 (Nasdala et al., 2016) zircon ref-
erence materials were analyzed. The following masses were measured:
ZOZHg, 204(Pb + Hg), 206Pb, 2O7Pb, ZOSPb' 232Th, 235U, and 238U. The
292Hg mass was measured to monitor 2°*Hg interference on 2°4Pb
(using a 2°?Hg/?**Hg ratio of 4.36).

Age-probability plots (Ludwig, 2012) were constructed using the
“best apparent age,” that is, the 2°°Pb/228U age for zircon grains younger
than 900 Ma, and the 2°’Pb/?°°Pb age for zircon grains older than
900 Ma. The rationale for this division at 900 Ma results from the in-
creasing uncertainty of 2°Pb/238U ages and decreasing uncertainty of
207pp296pp ages as a function of age. Ages of >10% discordance were
discarded. All ages were plotted on Wetherill Concordia and relative
age-probability diagrams using IsoplotR (Vermeesch, 2018). Probability
peak ages and 2 o errors were calculated using radial bivariate scatter
plots in the IsoplotR software.

5. Results
5.1. Field observations

The outcrops of the Tamatan Group exhibit a scattered outcrop pat-
tern; they are discontinuous, commonly exhibit local faults, and are sep-
arated by unconformities from the underlying Precambrian rocks and
the overlying Mesozoic redbeds.

5.1.1. Cafion de Caballeros Formation (Silurian: Wenlock-Ludlow)

The Silurian Cafién de Caballeros Formation forms the oldest
strata of the Tamatan Group. It is exposed in both canyons (Caballe-
ros and Peregrina) and represents the following three incomplete
subunits of shallow-marine sediments containing a Silurian fauna
(Stewart et al., 1999).

1. The Lower Member (up to 25 m; middle Wenlock after Boucot et al.,
1997; Fig. 4) is best preserved in the Caballeros Canyon (section S4;
Fig. 4). It consists of alternating conglomerates and coarse-grained
sandstones, normally graded from coarse- to fine-grained sand-
stones and includes more silty portions with shale at the upper
parts. Massive sandstones with cross-bedding dominate the upper
part (Fig. 3a; Casas-Pefia et al., 2021). The Lower Member is in tec-
tonic contact with gneisses of the Novillo metamorphic complex
(Fig. 3a; Casas-Pefia et al., 2021). In the Peregrina Canyon, the
Lower Member is unconformably overlain by the younger Santa
Ana member and/or the Vicente Guerrero Formation (Fig. 4). In the
Peregrina Canyon (Section S3; Fig. 4), consist of thickness coarse-
grained sandstones with concave lamination and very thin shale
beds (~8 m). This member is probably unconformably overlain by
the younger Santa Ana member and the Vicente Guerrero Formation.
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. The Santa Ana member consists of 9 m of light gray, highly fractured
bioclastic grainstone with abundant clay and iron-oxide filled
stylolites intercalated with thin shale beds. The unit features a
Wenlock to Ludlowian fauna (Boucot et al., 1997; Stewart et al.,
1999; see Fig. 3 in Casas-Peia et al., 2021).

. The Upper Member (Ludlow to Pridoli; Boucot et al., 1997) (Fig. 4)
comprises fine-grained sedimentary rocks, including shales, silt-
stone, and fine-grained sandstone, with an overall thickness of ap-
proximately 13 m. However, Stewart et al. (1999) determined a
thickness of 100 m (Fig. 3d; Casas-Pefia et al., 2021).

The complete Cafidn de Caballeros Formation is characterized by
upward-fining sequences (Fig. 3, Casas-Pefia et al., 2021), local lenticu-
lar bedding, and cross-stratification. Considered together with the re-
ported marine organisms, an interpretation of shallow-marine
deposits is postulated.

5.1.2. Vicente Guerrero Formation (Carboniferous: Early Mississippian)

The Vicente Guerrero Formation crop out in the Peregrina Canyon,
either in tectonic contact with the Novillo Complex or uncomfortably
overlying the Cafién de Caballeros Formation. In the Caballeros Canyon
it is exposed ca. 400 m west of the Aserradero Ranch. There is overlain
by an angular unconformity by the younger Del Monte Formation.
(Fig. 4, Stewart et al., 1999).

This formation is divided into two members:

1. The Lower Member is composed of medium- to fine-grained sand-
stones and occasionally conglomerate (~11 m thick; Fig. 3 and
Fig. 4). In the Caballeros Canyon, channelized sandstones reach
their greatest thickness. In the Peregrina Canyon, thin beds
(~10-30 cm) of conglomerate with fossiliferous boulders and
coarse-grained sandstones are intercalated with medium- to fine-
grained sandstones (Fig. 3e; Casas-Pefia et al., 2021). A shallow
water fauna has been described by Stewart et al. (1999) and Sour-
Tovar et al. (2005).

. The Upper Member (Fig. 4) is exposed exclusively to the Peregrina
Canyon (20 m), where it is composed of silty fine-grained sandstone
interbedded with strongly deformed siltstone and shale. Occasional
local slumps as well as large sandy channels of massive, coarse sand-
stone with basal conglomerate, containing elongated and rounded
clasts up to 10 mm (see Fig. 3, Casas-Pefia et al., 2021), occur with
brachiopod-rich horizons arranged randomly.

5.1.3. Del Monte Formation (Carboniferous: Middle Pennsylvanian)

The Del Monte Formation (200 m; Carrillo-Bravo, 1961; Gursky,
1994) outcrops are widespread in both canyons (Fig. 4). It discordantly
overlies the Vicente Guerrero Formation in the Caballeros Canyon and is
unconformably overlain by the Guacamaya Formation in both canyons.

In some instances, wavy and irregular bedding exist. The Del Monte
Formation includes several calcarenite facies, such as calcareous debris
flows with mud rip-up clasts, calcareous sandstones, and massive ma-
rine calcarenite with local fining upward sequences (Fig. 4i; Casas-
Pefia et al., 2021), and calcarenites alternating with dark-gray laminar
calcareous siltstones. Calcareous strata contain fusulinids, corals, and
ammonite molds of Moscovian age (Stewart et al., 1999). The deposi-
tional environment marks a change from shallow marine to marine
slope or canyon fill deposits.

Parts of flysch facies such as graded bedding, mud rip-up clasts, hor-
izontal and ripple laminations, and segmented trails of organisms are
present in thin- to medium-bedded sandstones (see Fig. 4, Casas-Pefia
etal, 2021). Calcareous strata contain bioclastic fusulinids, corals, and
goniatide molds (Fig. 4, Casas-Pefia et al., 2021) of Moscovian age
(Stewart et al,, 1999). We also identified the former basal Naranjal Con-
glomerate (Carrillo-Bravo, 1961) which forms now the basal part of the
Del Monte Formation. It consists of abundant angular to sub-rounded
fragments (~3 to 20 cm) of granitic igneous, metamorphic, and sedi-
mentary (sandstone) clasts (see Fig. 4, Casas-Pefia et al,, 2021).
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5.1.4. Guacamaya Formation (Permian: Cisuralian)

The Early Permian Guacamaya Formation discordantly overlies the
Del Monte Formation (Gursky and Michalzik, 1989; Gursky, 1994). In
the Caballeros Canyon, it is overthrusted by the Granjeno Complex. In
the Peregrina Canyon this formation is discordantly covered by the Ju-
rassic La Boca Formation. The Guacamaya Formation consists of distal
turbiditic deposits. In the Caballeros Canyon, it exhibits massive con-
glomerates, coarse sandstones, and poorly stratified sandstones. In the
Peregrina Canyon, outcrops include rhythmic intercalations of shales
and sandstones and classical Bouma sequences (Bouma, 1962).

The conglomerate beds can comprise quartz and feldspar fragments,
whitish limestone clasts, and dark igneous fragments bound in calcare-
ous cement (1 to 5 cm; see Fig. 5; Casas-Pefia et al., 2021). Bedding
strata are quite sharp but sometimes rippled. Common internal bedding
structures are horizontal, cross-current ripple, minor convolute lamina-
tions, and graded bedding. The Bouma sequence is also common (Fig. 5,
Casas-Pefa et al.,, 2021).

5.2. Sandstone petrography

Sandstones from the Cafidén de Caballeros and Vicente Guerrero for-
mations are dominated by non-carbonate extrabasinal grains (NCE;
Zuffa, 1985; see table 3 to 5, Casas-Pefia et al., 2021). Both formations ex-
hibited a high to moderate quartz detrital mode in the Lower member
and low quartz in the Upper member (e.g., Fig. 5a-f). Grains are rounded,
sub-rounded, and sub-angular, exhibiting low compaction and domi-
nance of point contact. Most grains are associated with the illite matrix.
The samples can be classified as feldspatho-lithic-quartzose and litho-
feldspatho-quartzose, respectively (after Garzanti, 2016; Fig. 6a).

The mineralogical composition of the Cafién de Caballeros and
Vicente Guerrero formations consists of monocrystalline quartz. Quartz
with straight extinction is more abundant than quartz with undulose
extinction, and the mean values of Qmr/Qmo ratio are x = 0.42 and
0.38, respectively. Monocrystalline quartz grains are euhedral to
subhedral and sometimes elongated (Fig. 5a-e); some contain embay-
ments, inclusions, fractures, vacuoles, and some are filled by clay min-
erals (e.g., Fig. 5b-c). Regarding quartz, the polycrystalline quartz
grains with 2-3 crystals are more abundant (Qpncg X = 15% and 13%)
than those with >3 crystals (Qp,_3/Qp~3 x = 1.2 and 5.9) and sutured
contacts between crystals are typical (Fig. 5a). Feldspars are dominated
by sanidine and microcline, which are sometimes partly replaced by il-
lite (e.g., Fig. 5¢), albitic plagioclase is scarce with a mean P/F ratio of 0.2
and 0.05, respectively. Both the Cafién de Caballeros and Vicente Guer-
rero sandstones show abundant monocrystalline quartz (x = 63% and
59%, respectively) and K-feldspar content (x = 29% and 39%, respec-
tively) but low plagioclase content (x = 7% and 2%), as shown in Fig. 6b.

Among the lithic fragments (Fig. 6a), igneous fragments are more
dominant (x = 48% and 36%, respectively). They include microcrystal-
line felsitic clasts, plutonic rock grains with K-feldspar, biotite, and sed-
imentary clasts (x = 32% and 48%) such as clastic silty lithics,
extrabasinal carbonaceous grains (CE) (e.g., sparite fragments and mi-
crofossils; (Fig. 5f), and bioclastic intrabasinal fragments (CI). The less
frequent metamorphic lithoclasts (x = 19% and 16%) include largely
elongated grains, mostly from low-grade metapelitic and metapsa-
mmitic fragments (e.g., Table 7, Casas-Pefia et al., 2021). Other compo-
nents include chert, biotite, muscovite, chlorite micas, and Fe-minerals
(hematite and pyrite). From the total of the components they comprise
only 6% in Cafidn de Caballeros Formation and 7% in Vicente Guerrero
Formation. Heavy minerals such as zircon, apatite, and titanite corre-
spond to 1% and 3%, respectively. In the Cafién de Caballeros and Vicente
Guerrero formations, rare recrystallized carbonate grains, as well as am-
phibole grains are documented (sample CP187-04; Table 6 and Table 7,
Casas-Pefa et al., 2021).

The content mean values of the samples of the Cafién de Caballeros
and Vicente Guerrero formations is similar: 52% and 56% total quartz,
21% and 29% total feldspar, and 27% and 14% total lithics, with values
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of 41% and 48% total monocrystalline quartz, 24% and 34% total feldspar,
and 35% and 18% total lithics, respectively. These formations are
grouped in the recycled orogen field, with a mixed trend toward the
continental block provenance field (Fig. 6¢-d).

Sandstones from the Del Monte and Guacamaya formations com-
prise grains with low to moderate compaction, as shown by the domi-
nance of point and plane contact (Table 8, Casas-Pefia et al., 2021).
Their grains are sub-angular to sub-rounded and occasionally fractured.
The Del Monte and Guacamaya formations samples are classified as
feldspatho-quartzo-lithic and litho-quartzo-feldspathic (Fig. 6a).
The Del Monte and Guacamaya formations have lower monocrystalline
quartz detrital modes (x =43% and 44%) but higher K-feldspar (x = 33%
and 29%) and plagioclase content (x = 24% and 27%), respectively, than
Cafién de Caballeros and Vicente Guerrero formations (Fig. 3g-1 and
Fig. 4b; Tables 6-9; Casas-Pefia et al., 2021).

Most components from the Del Monte Formation samples are em-
bedded in calcite cement with a patch of dolomite rhombs, with the ex-
ception of the Guacamaya Formation, which presents both clay and
calcite cements. Quartz is mostly monocrystalline (Qmycg X = 28%
and 24%), predominantly with straight extinction (Qmr/Qmo x = 0.6
and 0.3); however, monocrystalline quartz with inclusions and
syntaxial overgrowths is also common. Polycrystalline quartz mostly in-
cludes elongated grains composed of more than three crystals, which
tend to be joined by point and sutured crystal contacts and, more rarely,
with calcite and/or clay replacement (Fig. 5j). In the samples from the
Del Monte Formation the K-feldspar/plagioclase relation is lower than
1 (P/Fx = 0.4 and 0.5). K-feldspar mostly shows Carlsbad twinning or
a microcline grid (e.g., Fig. 5g). Plagioclase exhibits polysynthetic twin-
ning, zonation, as well as sericitic and calcite replacement (Fig. 5g-h).

Among the lithic fragments from the Del Monte and Guacamaya For-
mations, sedimentary (x = 52% and 27%, respectively) and igneous (x =
33% and 61%, respectively) are more abundant than metamorphic lithics
(x = 15% and 12%, respectively). Chert is also present (x = 4% and 7%,
respectively; (Fig. 6a). The sandstones of Del Monte Formation display
igneous grains with felsitic textures showing phenocrysts of quartz,
feldspar, and mica (e.g., (Fig. 5j-1). In the Guacamaya Formation, volca-
nic microlitic and lathwork textures are common (Fig. 5k). Sedimentary
fragments are also frequently observed (see Table 5 and Table 6, Casas-
Pefia et al., 2021), consisting primarily of sparite (e.g., Fig. 5i), micrite,
and arenite fragments. In the Del Monte Formation, microfossils are
abundant, including biserial foraminifera, conchoids, and miliolids
(e.g., Fig. 5h) as well as ooids and other bioclastic intrabasinal grains.
Metamorphic grains (x = 16% and 10%) mostly have a metased-
imentary texture characterized by lithic grains with quartz and mica.
Mica (biotite, muscovite), heavy minerals, and opaque minerals
(e.g., pyrite) also occur.

The Del Monte and Guacamaya Formations exhibit mean values
of 39% and 36% total quartz, 40% and 35% total feldspar, and 21%
and 28% total lithics, with values of 32% and 30% total monocrystal-
line quartz, 41% and 37% total feldspar, and 27% and 33% total lithics.
These formations can be grouped in the magmatic provenance field
(Fig. 6¢-d).

5.3. Geochemistry

5.3.1. Mineralogical and lithological classification

The highest SiO, concentrations can be observed in samples of the
Cafién de Caballeros and Vicente Guerrero formations, ranging from
69% to 78% (x = 73%) and 49% to 85% (x = 74%) with moderate Al,03
values of 8% to 15% (x = 11%) and 5% to 14% (x = 10%) and K0 values
of 2% to 4% (x = 3) and 0.36% to 4.0% (x =2%), respectively; Na,0, CaO,
MgO, MnO, P,0s, and TiO, values are low (x = 2%). Low quantities of
Na,0, Ca0, and MgO were found in the upper members of both forma-
tions (Casas-Pefia et al., 2021).

In contrast, the Del Monte and Guacamaya Formations exhibit lower
SiO, contents of 28% to 57% (x = 46%), 35% to 71% (x = 56%), and
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moderate Al,O3 contents from 4% to 11% (x = 8%) and 9% to 18%
(x = 13%) as well as K,0 contents ranging from 1% to 3% (x = 2%)
and 0.5% to 1.5% (x = 1%), while their Na,O contents range from 1% to
2% (x =2%) and 1% to 7% (x = 3%), respectively. Due to the high carbon-
ate content, the CaO concentration ranges from 9% to 35% (x = 19%) and
from 0.2% to 19% (x = 6%).

Most samples from the Cafién de Caballeros and Vicente Guerrero
formations are classified as psammites, with the exception of several
Vicente Guerrero samples, which are distinguished by their CaO enrich-
ment. All Del Monte samples were classified as CaO-enriched sedi-
ments. The Guacamaya Formation is classified within CaO-enriched
pelites (Fig. 21a; Table 13; Casas-Pefia et al., 2021). Arkoses exhibit a
negative correlation between Al,03 and SiO,, whereas greywackes ex-
hibit negative correlations of both SiO, and Al,05 with CaO (Fig. 7b).

5.3.2. Weathering, recycling, and source area

In the Tamatan Group, the Cafién de Caballeros and Vicente Guer-
rero formations show a high to moderate interval of alteration. Values
of the “Chemical Index of Alteration” (CIA; Nesbitt & Young,1982)
range from 61 to 83 (mean x = 75) and 56 to 84 (x = 76), whereas
the lowest values were found in the Del Monte and Guacamaya Forma-
tions, where CIA values range from 40 to 68 (meanx = 56) and 51 to 78
(mean x = 61), respectively. The mean values are also included in the
Plagioclase Index Alteration (PIA; Fedo et al., 1995) and chemical
index of weathering (CIW; Harnois, 1988) of the Tamatin Group
range from 60 to 92 (table 10-13, Casas-Pefia et al.,, 2021). The CIA ter-
nary plot (Nesbitt and Young, 1982; Fedo et al., 1995) can reflect the
provenance of the material. For the Cafién de Caballeros and Vicente
Guerrero formations, an initial felsitic source trend, whereas the Del
Monte and Guacamaya Formations from a mafic-intermediate source
trend. The Tamatan Group shows a similar geochemical trend to the av-
erage theoretical values of basalt, gabbro, granodiorite, rhyolite, and
granitic compositions (e.g., Nesbitt and Young, 1982; Condie, 1993;
(Fig. 8a).

The chemical composition of the Tamatan sedimentary rocks is also
influenced by recycling. Zr enrichment is distinguished in the Cafién de
Caballeros and Vicente Guerrero formations, with a high Zr/Sc ratio
mean value of x = 138 (range from 38 to 245) and x = 48 (range,
7-202), respectively. The lower values in the Del Monte and Guacamaya
formations show Zr/Sc ratios with mean values of x = 18 (range from 10
to 26) and x = 5 (ranging from 3 to 8; see Table 14, Casas-Pefia et al.,
2021). Conversely, because Th and Sc are incompatible and compatible,
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respectively, in igneous differentiation processes, the Th/Sc ratio indi-
cates the degree of igneous differentiation (McLennan et al., 1993).
The Cafién de Caballeros and Vicente Guerrero formations have rela-
tively high to moderate Th/Sc ratios x = 2.7 and x = 0.8, respectively;
these values typically denote felsitic compositions. The Del Monte and
Guacamaya formations show moderate to low values (x = 0.7 and
x = 0.2), indicating intermediate to basic sources (Fig. 33b; Table 14,
Casas-Pefia et al., 2021).

5.3.3. Provenance and tectonic setting

The Tamatan Group reveals a trend from acidic (Cafién de Caballeros
and Vicente Guerrero formations), intermediate (Del Monte Formation)
to basic sources (Guacamaya Formation; (Fig. 9a). The Cafién de Cabal-
leros Formation exhibits low to moderate Ti/Nb ratios ranging from 3.6
to 423 (x = 128) and Si0,/K,0 ratios ranging from 17 to 40 (x = 28),
whereas the Vicente Guerrero and Del Monte formations show moder-
ate values with ranges of 66 to 600 (x = 384) and 300 to 671 (x = 501),
including the SiO,/K,0 ratio between 18 and 223 (x = 47) and 16 to 34
(x = 24), respectively. The Guacamaya Formation exhibits the highest
Ti/Nb ratio, ranging from 706 to 3340 (x = 1373), and has a high
Si0,/K;0 ratio, averaging 70 (Fig. 9b).

The Cafi6n de Caballeros and Vicente Guerrero Formation are associ-
ated with a passive margin field (Fig. 9c-d); however, some Vicente
Guerrero and Del Monte samples are related to continental arcs. Sam-
ples from the Del Monte and Guacamaya Formations exhibit a trend
from the active continental margin toward the oceanic island arc field
(Fig. 9c-d).

The sum of rare earth elements from Tamatan Group is on average
122 ppm, with a moderate enrichment in the light rare earth elements
(LREE), an average Lan/Smy ratio of ca. 3.0 for all units, and flat heavy
rare earth element patterns, with average Gdy/Yby ratios of 1.4
(Fig. 10a). The Eu anomaly is most extreme in the Cafién de Caballeros
Formation (Eu/Eu* = 0.4). The other units have Eu/Eu* values of
0.6.0.8 (Fig. 38; Table 15, Casas-Pefia et al., 2021). Average chondrite-
normalized REE patterns are relatively similar to those of the Upper
Continental Crust (UCC), Post Archean Australian Shale (PAAS), and
North American Shale Composite (NASC; Gromet et al., 1984; Taylor
and McLennan, 1985).

The average REE distribution of the Tamatan Group is relatively sim-
ilar to that of UCC (Fig. 10). Among the Tamatan units, the REE pattern of
the Cafién de Caballeros Formation is notably different. This can be
explained through transport and recycling processes, since mature
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sandstones are typically enriched in LREE and tend to have sparse Na-
plagioclase with a strong Eu-anomaly (Fig. 10b). Significant differences
in REE composition are probably due to the evolution of the passive
margin toward magmatic arc settings, as reported in Bhatia (1985)
and McLennan et al. (1993).

5.4. U-Pb detrital-zircon ages of the Tamatdn Group

Zircon grains from the Cafién de Caballeros Formation exhibit a great
variety of morphologies, including short, prismatic, pyramidal, and
rounded. Similarly, cathodoluminescence (CL) images show low- and
high-luminescence grains and growth zones with oscillatory and patchy
zoning. A total of 109 zircon grains from CC64-04, of which 105 grains
yielded <20% discordant and < 10% inversely discordant data, were an-
alyzed. The resulting age ranges from 1712 + 42 Ma to 397 + 11 Ma. Al-
most half of the analyzed zircon grains (48%) yielded Ordovician to
Early Devonian ages with a peak age of 426 + 2 Ma (Fig. 11a). U-Pb iso-
tope data from most other zircon grains plot along the concordia be-
tween 1330 and 990 Ma with probability peaks at 1260 + 14 Ma
(23%) and 1029 + 5 Ma (29%). Two zircon grains show significantly
older ages of 1.42 Ga and 1.71 Ga (Table 16 and Table 17, Casas-Pefia
etal, 2021).

Zircon grains from the Vicente Guerrero Formation (sample
CC54-14) exhibit a variety of morphologies and sizes and are mostly
rounded. These grains show very low luminescence in CL images with
or without oscillatory zoning, but a smaller number of grains have
highly luminescent growth zones. A total of 113 zircon grains were an-
alyzed. Two out of three Paleozoic zircon grains, two yielded strongly
discordant ages. All other zircon grains yielded Precambrian ages rang-
ing from 1680 to 910 Ma (Fig. 11b). Most grains were aged between
1310 and 970 Ma, with peaks at 1187 4 7 Ma (47%) and 1054 4 6 Ma
(24%; Fig. 10b). A group of nine concordant grains between 950 and
911 Ma yielded a weight mean age of 934 + 9 Ma (not shown). A
group of twelve zircon grains yielded 2°’Pb/2°°Pb ages between 1.69
and 1.44 Ga, with a peak age of 1563 + 13 Ma (Fig. 11b).

Most zircon grains from the Del Monte Formation (sample
CP207-07) are rounded with dark, low luminescent CL images, whereas
others show internal zoning that is mostly complex and not always os-
cillatory. A total of 110 zircon grains were analyzed; 103 were < 20%
discordant and < 10% were inversely discordant. The youngest concor-
dant grain is Ediacaran in age (586 4 15 Ma), while the oldest dates
from the Early Paleoproterozoic (2394 + 36 Ma). U-Pb isotope data
from all other concordant zircon grains plot along the concordia line be-
tween 1483 Ma and 1003 Ma. From the analyzed grains, 48% correspond
to a peak at 1328 + 7 Ma, 42% to a peak at 1166 + 8 Ma, and only eight
grains define a weak peak at 1027 4+ 19 Ma (Fig. 11c).

Zircon grains from the Guacamaya Formation (sample CP197-03)
show short prismatic bi-pyramidal morphologies (i.e., not rounded)
and are relatively large (>100 pm). Most CL images display well-
developed oscillatory zoning, occasionally with resorbed cores and
late-stage growth zones. Of the 109 analyzed zircon grains, 16
were > 20% discordant and therefore excluded from further interpreta-
tion. Only two analyses yielded Mesoproterozoic ages; all other zircons
yielded Late Pennsylvanian-Early Permian ages (335-279 Ma), forming
a well-defined peak age at 303 £ 1 Ma (2 o; Fig. 11d).

6. Discussion
6.1. Depositional environment

According to the field observations, the Cafién de Caballeros Forma-
tion is essentially composed of conglomerates, limestones, sandstones,
and shales. The marine fossils reported within (e.g., Boucot et al.,
1997; Stewart et al., 1999) as well as the local sedimentological occur-
rence of lenticular bedding, cross stratification, and upward-fining
grain succession (see Fig. 3; Casas-Pefia et al., 2021), indicate that this
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formation was deposited in a shallow marine environment. As reported
by Walker and Plint (1992), the occurrence of siliciclastic and carbonate
strata as well sand-upward facies successions can accumulate during
coastal progradation associated with a high-energy shallow marine sys-
tem. Therefore, the predominance of conglomeratic to sandstone de-
posits and fossiliferous limestone suggests that the Cafion de
Caballeros Formation was deposited in the high-energy marginal basin
in the proximal part of the coast. According to Silurian fossils, the evi-
dence for the existence of a marginal basin is also reported from
Venezuela (Stewart et al., 1999).

Like the Cafién de Caballeros Formation, the Vicente Guerrero For-
mation is mainly composed of conglomerate, sandstone, and shale de-
posits. The Vicente Guerrero Formation is predominantly composed of
normal grading, massive bank or bars, channel structures, slumps,
cross-stratification, and sandy lens beds (see Fig. 3; Casas-Pefia et al.,
2021). Stewart et al. (1999) interpreted this formation as a sedimentary
record of shallow marine deposits. However, the field observations,
such as normal grading from coarse-grain (e.g., Lower member) to
fine-grain strata (e.g., Upper member) as well as the chaotic arrange-
ment from the Mississippian fauna indicate high energy related to a
shallow marine environment in a marginal basin.

The sedimentary characteristicas, presented in the Pennsylvanian
Del Monte Formation, such as basal polymictic conglomerate, debris
flow deposits, the intercalation calcareous sandstone and shale as well
as gradual lamination, indicate that the formation was deposited as a
proximal turbidite near or within a pronoun submarine slope or canyon,
which is also suggested by Stewart et al. (1999). However, cephalopod
fragments, abundant fusulinids, and bioclastic rocks also suggest a shal-
low water carbonate platform. According to Pemberton and
MacEachern (1992), the persistent segmented tracks indicating the
presence of organisms also imply periods of deposition in a quiet
outer shelf, slope, or in bathyal environment; therefore, the proximal
environment is evident for the Del Monte Formation.

The Guacamaya Formation can be interpreted, based on sedimento-
logical features (e.g., complete Bouma sequences, ripples, and cross-
lamination as well as rhythmic clastic beds) and according to Gursky
and Michalzik (1989) and Stewart et al. (1999), as typical distal turbi-
dite deposits, with coarse-grained massive beds as channel fills, ob-
served in the Caballeros Canyon.

6.2. Provenance of the Tamatdn Group

6.2.1. Cafion de Caballeros Formation

In the Cafi6n de Caballeros Formation, the abundance of quartz, feld-
spar, and igneous grains is notable (e.g., high Qm/Qp (0.42) and low P/K
(0.2) ratios (Fig. 6a-b), which are commonly generated from felsitic ig-
neous (e.g., sample CC64-06, Table 5, Casas-Pefia et al., 2021) and sub-
ordinate psammitic metamorphic sources (Marsaglia, 1991). A felsitic
magmatic source has been proposed as the dominant contributor, but
psammitic sourced also plays an important role and is also associated
with mature sands deposited at passive margins (e.g., McLennan et al.,
1993; Jenchen, 2018a).

A feldspatho-litho-quartzose rock can be inferred from high SiO,
(69-78 wt%), Al,05 (8-15 wt%), and K,0 (2-4 wt%), suggesting that
quartz, feldspar, and mica have been present. The lowest Na,O
(0.03-0.06 wt%) and CaO (0.05-2.3 wt%) values can be attributed to
the scarcity of Na-plagioclase and carbonate (Fig. 6a-b). Low carbonate
contents are also reflected by the relatively high values of the CIA (75%),
which can indicate the plausible alteration of feldspar toward clay com-
ponents (e.g., illite cement), likely causing a high grade of recycling
(e.g., Nesbitt and Young, 1982; Fig. 8a; Fig. 12).

According to discrimination diagrams (Dickinson and Suczek, 1979;
Dickinson, 1985), the Cafién de Caballeros sandstones are associated
with recycled orogenic rocks, indicating that they were supplied from
a mixing source area, as suggested by Garzanti (2016) (Fig. 6¢-d). Ap-
plying the schemes proposed by Bhatia and Crook (1986), McLennan
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etal. (1993), and Jenchen (2018a) for provenance and geotectonic set-
ting, the Cafién de Caballeros samples were constrained in the passive
margin field but associated with felsitic geochemical signals (Fig. 8
and Fig. 9). A different source and geotectonic setting for the Cafién de
Caballeros may be possible and supported because its relatively differ-
ent rare earth element patterns (S-REE = 315) and (La/Sm)y,
(Eu/Eu*)y, and well (Gd/Yb)y ratios than the Carboniferous-Permian
formations of the Tamatan Basin (Fig. 10). According to the petro-
graphic and geochemical signatures of the Cafién de Caballeros Forma-
tion, a felsitic provenance is proposed to be coherent with the abundant
quartz, feldspar, and felsite volcanic clasts of the samples.

The youngest zircon population from the Cafién de Caballeros For-
mation has ages of approximately 442-397 Ma, with a peak age of
426 + 2 (Fig. 11and Fig. 13), which can be interpreted in terms of
their maximum depositional age. Hence, from the fourteen youngest
zircon grains (412-397 Ma) that overlap in age within 2 o, a new
maximum depositional U-Pb age of earliest Devonian for the Cafién
de Caballeros Formation, leads to an important adjustment of the
pre-existing stratigraphic age for the formation. Boucot et al. (1997)
and Stewart et al. (1999) proposed a stratigraphic age of mid-
Wenlock (ca. 430 Ma) to Pridoli (ca. 419 Ma) age established based on
Silurian fossils including rostroconchs, brachiopods, gastropods, bryo-
zoans, corals, ostracods, and potential trilobite fragments. Therefore,
the new geochronological data indicate that the age of the Cafién de Ca-
balleros Formation extends until the Earliest Devonian, younger as re-
ported by Stewart et al. (1999). The fauna of this formation might be
consequently recycled.
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The range between 485 and 419 Ma (Ordovician-Silurian ages;
Fig. 11a, and Fig. 13), are equivalent to 36% of the total zircon spots
and could be considered of igneous origin related to the
Ordovician-Silurian magmatic belt in the Maya block, namely the
Motozintla suite, Chiapas (Estrada-Carmona et al., 2012), the Rabinal
suite, Guatemala (Ortega-Obregén et al., 2008), Altos Cuchum-
atanes, Guatemala (Solari et al., 2010), Mountain Pine Ridge, Belize
(Steiner and Walker, 1996; Martens et al., 2010; Weber et al.,
2012) and Tamaulipas (Peregrina tonalite; Aleman-Gallardo et al.,
2019b). Hence, a close relationship between the Tamaulipas and
the southern Maya block (Chiapas, NW Guatemala, and Belize) can
be suggested (Fig. 13a). Conversely, the Acatlan complex from the
Mixteco Terrane is also reported to be an Ordovician-Silurian bi-
modal magmatic suite derived from a rifting-drifting tectonic setting
(e.g., Piaxtla Suite; Esperanza granitoids; Miller et al., 2007; Keppie
et al., 2008, Martini et al., 2020). The paleogeographic positions for
the Tamatan Basin during the Ordovician-Early Silurian, might be
similar to those proposed for the Mixteco Terrane (e.g., Nance
et al., 2007; Keppie et al., 2008; Fig. 13 and Fig. 14). However, and
in accordance to Weber et al. (2012), felsitic composition and the Or-
dovician to Silurian zircon ages (485 and 419 Ma) from the Cafién de
Caballeros Formation suggest a major derivation of igneous sources
from the Maya block than from the Mixteco Terrane. Thus, the
Tamatan Basin was probably located closer to the Maya block along
the Gondwanan margin.

The most prominent zircon population of the Cafién de Caballe-
ros Formation, ranging in ages between 1331 and 991 Ma (49%
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Fig. 13. Comparison of zircon data from the Tamatan Group and from possible Gondwanan source areas. Additionally, the crystallization ages of igneous rocks, basements, and protoliths
are plotted (references in text). The Maya Block includes data from sedimentary and metasedimentary rocks in Chiapas and Belize (modified from Weber et al., 2008).

from total), can be interpreted as typical for Oaxaquia-type base-
ment (e.g.,, Cameron et al.,, 2004; Keppie et al.,, 2011; Fig. 13;
Fig. 15a). Cores dated with 1.7 Ga and 1.4 Ga could be considered
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from different sources, as there is little to no record of rocks of
these ages from eastern South America and West Africa
(e.g., Cordani et al., 2005).
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6.2.2. Vicente Guerrero Formation

The Vicente Guerrero Formation shows similarities in petrographic
and geochemical features with the Cafién de Caballeros Formation. For
example, the main mineralogical framework is abundant in monocrys-
talline quartz grains with straight extinction, K-feldspar, micas, high
Qmr/Qmo (0.38), and very low P/K (0.05) ratios. However, the Vicente
Guerrero Formation also includes abundant polycrystalline quartz
(Qm/Qp = 0.34; e.g., sample EMA1-08; Table 5, Casas-Pefia et al.,
2021) as well as sedimentary and igneous lithic fragments but scarce
in plagioclase (Fig. 6a-b), which can indicate a felsitic (e.g., granitic
rocks; sample EMA2-10, Table 7, Casas-Pefia et al., 2021) to intermedi-
ate sources with contributions from low-grade metamorphic sources of
psammitic and pelitic protoliths (e.g., sample EMA1-05,-08, Table 7,
Casas-Pefia et al., 2021). Coarse-grain samples of the Vicente Guerrero
Formation show well-rounded lithic clasts (e.g., sample CP187-06;
Table 7, Casas-Pefia et al., 2021) of metamorphic, plutonic, and volcanic
sedimentary sources (e.g., shell fragments), which suggests that the
Vicente Guerrero Formation had a high transport energy. The matrix
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abundance of illite of these sandstones is still lower than that of the
Caiién de Caballeros Formation. Sandstone of the Vicente Guerrero For-
mation is characterized as litho-feldspatho-quartzose and litho-
quartzose (Fig. 6a) (after Garzanti, 2018).

The main mineralogical framework is also traced by the oxides as
well high SiO, (49-85 wt%), K;0 (0.36 to 4 wt%), and Al,05 (5-14 wt
%) as well low contents of Na,O (0 to 3 wt%), which classifies these
rocks in discrimination diagrams as quartz-feldspar sandstone (Fig. 7).
The large compositional range depends on the member of the Vicente
Guerrero Formation; essentially, the lower member tends to have high
SiO, and K30, low Al,03, and very low Na,0, Ca0, and MgO concentra-
tions, which contrast to the upper member. This is because the upper
member has a higher clay content due weathering. Moderate to large
transport has been proposed as the dominant sedimentary process,
which is reflected by the high CIA and PIA values (76% and 61%;
Fig. 8a) as well as moderate Th/Sc (0.75) and Zr/Sc (48) ratios
(Fig. 8b), which indicates significant transport, recycling, and/or selec-
tive sorting of the source (McLennan et al., 1993; Fig. 8b and Fig. 12).
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Fig. 15. Paleogeographic model for the NW Gondwana margin from Silurian to Permian reported in the sediments of the Tamatan Group. a) Early Devonian to Later Silurian passive margin,

b-c-d) Carboniferous-Permian active margin.

Furthermore, the moderate to large transport can also be supported by
the rounded zircon morphologies of the Vicente Guerrero Formation
(Fig. 11b).

Likewise, felsitic to intermediate sources for the Vicente Guerrero
Formation is plausible (Fig. 8 and Fig. 9) which is supported according
to the moderate Ti/Nb (385) and high SiO,/K,0 (48) ratios as well the
Si0,/Al,03 (8.5) and K;0/Na,0 (18.8) ratios (Fig. 9b-c). According to
previous discrimination diagrams (e.g., Jenchen, 2018a; Bhatia and
Crook, 1986), the Vicente Guerrero Formation indicate a passive conti-
nental margin (Fig. 9c-d and Fig. 12). However, and according to tradi-
tional paleogeographic models for the Mississippian a passive setting
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is questionable (e.g., Keppie et al., 2008). Therefore, an active continen-
tal margin with a felsitic source is more plausible and is supported by
the coincidence of REE patterns as well (La/Sm*)y, (Eu/Eu*)y, and
(Gd/Yb*)y ratios with values for the composites as UCC, PAAS, and
NASC (Fig. 10a-b; Taylor and McLennan, 1985).

Two of three Paleozoic zircon grains yielded strongly discordant ages
with the third grain yielding an apparent 2°°Pb/238U age of 305 4 8 Ma,
which may indicate the maximum depositional age; however, in the ab-
sence of further data analyses of this age (see Table 18 and Table 19,
Casas-Pefa et al., 2021), this suggestion is not tenable. Hence, it is pos-
sible that age variations such as 305 and 308 Ma (Vicente Guerrero
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Formation), as well as 397 and 334 Ma (Cafi6n de Caballeros Forma-
tion), from this Paleozoic age group result from analytical uncertainty
or secondary Pb-loss in certain zircon grains.

A group of nine concordant grains between 950 and 911 Ma yielded
a weight mean age of 934 + 9 Ma (not shown), which is significantly
younger than the 990-980 Ma, is typical of granulite facies metamor-
phic Oaxaquia basement rocks (e.g., Solari et al., 2003). All other zircon
grains yielded Precambrian ages ranging from 1680 to 910 Ma
(Fig. 11b). The majority of the grains have ages typical for Oaxaquia-
type between 1310 and 970 Ma, with peaks at 1187 4+ 7 Ma (47%)
and 1054 + 6 Ma (24%; Fig. 11b).

A group of twelve zircon grains yielded 2°’Pb/2%Pb ages between
1.69 and 1.44 Ga, with a peak age of 1.56 + 0.01 Ga (Fig. 11b). Such
ages are not known from the underlying Novillo Complex (Oaxaquia),
which implies different sources for Late Paleoproterozoic to Early
Mesoproterozoic zircon grains. For example, in the Maya block
(e.g., Weber and Kohler, 1999), Colombia (e.g., Putumayo; Ibanez-
Mejia et al., 2011) as well as in the western Amazonia such as Rio
Negro-Jurunea province (RNJ) and Rondénoa-San Ignacio provinces
(RO; Tassinari et al, 2000; Geraldes et al, 2001; Fig. 13),
metasedimentary and igneous rocks have reported zircon ages of
1.6-1.5 Ga. Particularly, in the different units of the Maya Block,
e.g., Jocote Unit and the Baldy Formation, similar Paleo- and
Mesoproterozoic zircon assemblages are also observed in Fig. 13.
Therefore, it is more plausible that the Mississippian Vicente Guerrero
Formation maintains a position on the eastern side of the Oaxaquian
microcontinent, nearby the Maya block (Fig. 14 and Fig. 15b). Such an
interpretation implies that the Maya block and possibly also the
Putumayo complex of Colombia were important sources for
the Tamatan Basin. Conversely, in the Acatlan complex (Mixteca
Terrane), Mesoproterozoic zircon population ages have been reported
(e.g., Sanchez-Zavala et al., 2004; Talavera-Mendoza et al., 2005, 2007;
Gillis et al., 2005; Morales-Gamez et al., 2008; Fig. 13). Nonetheless,
most Acatlan zircon ages are related to local adjacent Oaxaquia sources,
and the Carboniferous sedimentary strata from Acatlan and the Maya
block include a high proportion of Pan-African-Brazilian zircon ages
(Fig. 13). Conversely, such ages are practically unobserved in the
Tamatan Group (Fig. 15b).

6.2.3. Del Monte Formation

The Pennsylvanian Del Monte Formation samples exhibit a remark-
able quantity of perthitic microcline alkaline feldspars and volcanic
quartz (e.g., Qmr/Qmo: 0.6) as well as a high P/F (0.4) ratio; igneous
lithic-fragments (e.g., sample CP207-08; Table 8, Casas-Pefia et al.,
2021) could indicate an increased contribution from granites, andesites
igneous sources, and a dominant signature of magmatic arc influence
(Fig. 6). Low-grade metamorphic sources are also suggested owing to
the presence of polycrystalline quartz with sutured crystals contacting
more than three grains as well metasedimentary lithic fragments
(e.g., sample CC54-05; Table 8, Casas-Pefia et al., 2021). Local carbonate
precipitation from the basin has also been proposed by the high sedi-
mentary bioclastic grains, abundant microfossils, and calcareous cement
(Table 8, Casas-Pefa et al., 2021). In comparison to the above-
mentioned formations, the mineralogical influence of plagioclase-
dominated volcanic inputs is identifiable (Fig. 5 and Fig. 6a-b).

Del Monte Formation samples are considered to be litho-quartzo-
felspathic (Fig. 6a). The have moderate SiO, (28-57 wt%), K;0
(1-3 wt%), Na0 (1-2 wt%), Al,05 (3.9-11.1 wt%), and high CaO
(9-35 wt%) content. Moderate weathering conditions in the source
area could be inferred due to low CIA and PIA (56% and 60%, respec-
tively) values (Fig. 8a and Fig. 12), which are commonly from cool or
arid climate conditions (e.g., Fedo et al., 1995). Direct contributions
from primary sources can be inferred from low Th/Sc (0.73) and Zr/Sc
(17.8) ratios (Fig. 12b and Fig. 13), indicating a decrease in the influence
of sedimentary processes such as transport, sorting, and reworking
(recycling) of the material (e.g., McLennan et al., 1993). The moderate
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Ti/Nb (500) and low SiO,/ K,0 (24.2) ratios also indicate that the chem-
ical features from the intermediate source area do not change (Fig. 8 and
Fig. 9a-b).

Following Jenchen (2018a) and Bhatia and Crook (1986), the Del
Monte Formation samples were plotted in the active margin to subordi-
nate continental island arc fields (Fig. 9c-d), which is plausible due to
previous paleogeographic models reported during the Carboniferous
(e.g., Keppie et al., 2008). According to the REE patterns and the magni-
tude of the negatve Eu anomaly from the Del Monte Formation, which
are similar to the UCC, PAAS, NASC as well igneous rocks derivate
from an active continental setting (for example, Jackson et al., 1995;
Ortega-Obregoén et al., 2008; Aleman-Gallardo et al., 2019a; Fig. 38;
Casas-Pefia et al., 2021).

The detrital zircon ages of the Del Monte Formation range from
2394 to 417 Ma. Zircon dates between 586 4+ 15 Ma and 575 +
15 Ma, and a minor 580 Ma peak suggest sources from the Pan-
Africa-Brazilian orogenic cycle (Fig. 11 and Fig. 13). Such ages are
less abundant in the Del Monte Formation compared to those re-
ported from the Las Delicias Formation in Coahuila, the Santa Rosa
Formation, or similar metasedimentary rocks from the Chiapas Massif
Complex (CMC) of the Maya Block (e.g., Lopez et al., 2001; Weber
et al., 2006, 2008; Martens et al., 2010). A direct Pan-African-
Brazilian source for the Pennsylvanian Tamatan deposition area is,
however, questionable (Fig. 13).

The inherited zircon ages of the Del Monte Formation (1328 Ma and
1166 Ma peaks; Ectasian and Stenian period, Mesoproterozoic) can be
associated with Oaxaquian-type sources (e.g., Keppie and Ortega-
Gutiérrez, 2010; Keppie et al., 2011). One Paleoproterozoic zircon
grain was detected, which might indicate a reworked cratonic source
similarly to those observed in the Pennsylvanian Santa Rosa Formation
(Weber et al., 2006, 2009; Fig. 11and Fig. 13).

6.2.4. Guacamaya Formation

The Guacamaya Formation is dominated by a notable content of K-
and Na-feldspar (P/F = 0.48) and igneous phenocrysts of quartz, feld-
spar, mica, and lathwork texture from volcanic lithic grains, suggesting
a mix of sources from mafic and felsitic rocks (Fig. 6a-b). In particular,
the samples were fed by rhyolitic, andesitic, and gabbroic volcanic
rocks (e.g., sample EMA1-14, Table 9, Casas-Pefia et al., 2021) and plu-
tonic rocks of granitic and granodioritic compositions (e.g., CC34-07,
Table 9, Casas-Pefia et al., 2021). Most of the Guacamaya Formation
can be characterized based on major oxides features according to varie-
ties of pelitic to psammitic rocks, enriched- carbonates sandstone, and
Na-feldspar rich sandstones (Fig. 7a-b and Fig. 12).

Low CIA and PIA (60% and 61%, respectively) indicate moderate
weathering conditions. The low transport energy and non-recycled ma-
terial is indicated by the low Th/Sc (0.15) and Zr/Sc (4.7) ratios
(McLennan et al., 1993; Fig. 8b), which is also notable due to the unal-
tered crystal habit of the Pennsylvanian-Permian zircons (Fig. 11d).
The dominance of intermediate to mafic volcanism can be distinguished
(e. g., Fig. 8a-b) and supported by a relatively high Ti/Nb (1373.3) and
SiO, /K50 (70.3) ratio (Fig. 9a-b; Jenchen, 2018a). Like the Del Monte
Formation, the Guacamaya Formation is associated with a magmatic
arc (Fig. 5¢-d), which is also supported because REE patterns are similar
to magmatic rocks associated with arc systems (e.g., Fig. 9d), the in-
crease in LREE (2.1), and decrease in HREE (1.4) with a slight Eu-
anomaly as well the (La/Sm*)y, (Eu/Eu*)y, and (Gd/Yb*)y ratios also
suggest an Upper Continental Crust provenance (Fig. 10; Bhatia, 1985;
Taylor and McLennan, 1985). Therefore, given the petrography and geo-
chemical signatures, a magmatic arc tectonic setting may correspond to
the main source area of the clastic components shown in the
Guacamaya Formation (Fig. 6¢-d), which is also supported by REE pat-
terns (Fig. 10) as well the relationship obtained by applying the Th-
Co-Zr/10 and La- Th- Sc ternary diagrams after Bhatia and Crook
(1986) for sedimentary clastic rock (Fig. 9d and Fig. 12). Most of the
Guacamaya Formation samples plot within the oceanic island arc field
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in these diagrams. In contrast, the current Permian paleogeographic
models for the Mexican peri-Gondwanan terranes correspond to a con-
stantly diachronous closure of the Rheic Ocean and the collision of
Gondwana against Laurentia (e.g., Coombs et al., 2020).

The geochronological zircon population record from the Guacamaya
Formation ranged from 1130 + 41 Ma to 279 4+ 9 Ma. Most zircon ages
yield in Late Pennsylvanian to Early Permian ages with notable sequen-
tial ages that probably indicate continuity of crystallization ages for
magmatic sources (Table 22, Casas-Pefia et al., 2021). A well-defined
peak age at 303 Ma (2 o; Fig. 11d) suggests that the contemporaneous
igneous sources are relatively close to the study area. Plutonic rocks
with similar ages were reported from the Gulf of Mexico coast drill
cores of Tamaulipas (294-274 Ma, Coombs et al., 2020), from the Chia-
pas Massif Complex (orthogneiss protolith, 272 4+ 3 Ma, Weber et al.,
2007) and from the Mixteco terrane (Totoltepec pluton, 306-287 Ma;
Yafiez et al., 1991; Keppie, 2004; Kirsch et al., 2012). Therefore, during
the Late Carboniferous to early Permian, the Tamatan Basin received a
probable contribution from these igneous systems (Fig. 14and
Fig. 15d). In contrast, a maximum depositional age from the Cisuralian
(Early Permian) for the Guacamaya Formation is suggested, due to the
least ten younger concordant grains, which is consistent with its strati-
graphic age (Stewart et al., 1999).

Slightly older zircon grains in the range from 331 to 301 Ma (52
spots) most probably have their sources from igneous rocks related
to Late Carboniferous arc magmatism along northwestern Gondwana
as reported from the Chicxulub impact site (~325 Ma; Zhao et al.,
2020)), the Altos Cuchumatanes, Guatemala (~317 Ma, Solari et al.,
2010) or more locally from the Aserradero Rhyolite (~334 Ma,
Stewart et al., 1999). A minor group from two spots aged 1130 +
41 Ma and 1130 + 40 Ma can be inferred as typical from the Oaxaquia
source (Fig. 13).

6.3. Tectonic implications for the Tamatdn Basin and the closure of the
Rheic Ocean

Considering the published models and our new age data for the
Tamatan Basin, a more coherent development history is proposed
(Fig. 15). According to the petrography and geochemical signatures in
the Cafi6n de Caballeros Formation felsitic rocks are associated to a pas-
sive margin setting (Fig. 15a). This scenario has only been documented
in southern Mexican terranes for the Ordovician to Early Silurian
(e.g., Nance et al., 2006; Keppie et al., 2007, 2008), where it is inferred
that rifting and drifting moved along the northwestern Gondwanan
margin, leading to the opening to the Rheic Ocean by separating
Avalonia from the northwestern margin Gondwanan margin and, con-
sequently, to the closure of the lapetus Ocean by the collision of
Avalonia with Laurentia (Nance et al., 2012).

In the Mixteca terrane is influenced by bimodal rift-related
magmatism intruded clastic passive margin sediments (Keppie et al.,
2008) whose age of emplacement spans ca. 485-440 Ma (e.g., Piaxtla
suite and Esperanza granitoids, Miller et al., 2007; Morales-Gamez
et al., 2008: Fig. 2). However, evidence for a passive margin in the
Tamatan Basin is indicated by the here presented new geochemical
data (Fig. 9). Therefore, the final stage of a passive margin for the
Cafién de Caballeros Formation can be inferred (Fig. 15a). Weber et al.
(2012) postulated that the rift-drift scenario in the Early Paleozoic
was coupled with uplift and erosion of the Mesoproterozoic basement
(Oaxaquia, Colombia Andes, and other Oaxaquia-Type blocks) attached
to northwestern Amazonia in a basin and range regime (Fig. 15a). This is
consistent with the abundance of Mesoproterozoic zircon grains in the
Cafién de Caballeros Formation as well from Maya block for this time,
which may have originated from local sources as a result of eroding
Oaxaquia basement (Fig. 13).

Abundant Ordovician-Silurian continental arc-related magmatism
not only in the Colombian and Venezuelan Andes (e.g., van der Lelij
et al., 2016; Tazzo-Rangel et al., 2019) but also in the Maya Block
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(Motozintla, Rabinal, Altos Cuchumatanes, Mountain Pine Ridge; e.g.
Estrada-Carmona et al., 2012) and in Tamaulipas (Peregrina Tonalite)
suggest northwestern extension of the Famatinian magmatic arc
(Weber et al., 2018; Aleman-Gallardo et al., 2019a) and ongoing sub-
duction during the early Paleozoic in that regions. At least in the Maya
Block, there is no evidence for Ordovician-Silurian rifting and opening
of the Rheic Ocean, instead, rifting occurred during the Ediacaran open-
ing of the lapetus Ocean (Gonzalez-Guzman et al., 2016; Weber et al.,
2020).

In Mexico, these magmatic intrusions could be exhumed during the
Silurian age for the presence of Middle-Upper Ordovician age zircon in
metasedimentary rocks such as the Granjeno Complex that includes a
peak age of 450 Ma (Barboza-Gudifio et al., 2011; Fig. 13). Although
the geochemical discrimination for the tectonic setting (Fig. 9) conflicts
with this alternative model, the igneous lithic fragment components
(Fig. 6), felsitic geochemical composition (Fig. 12), and age-Ordovician
provenance (Fig. 10) of the Cafién de Caballeros Formation indicates
that the source probably comes also from for these magmatic bodies.
The Bladen unit in the Maya Mountains of Belize contains sandstones
and conglomerates with granitic rock pebbles and interbedded rhyolite
tuff dated at ~406 Ma (Martens et al., 2010). It is associated with a
shallow-marine basin, which can be analogous to the Tamatan Basin
in the Silurian-Early Devonian (Martens et al., 2005, 2010; Fig. 15) and
a correlation with the Cafién de Caballeros Formation can be inferred
from the Oaxaquia-type detrital zircon ages.

Both marginal basins developed between the Paleozoic continental
crust of Oaxaquia and the passive margin along the cratonic side of
Gondwana. Such a geologic scenario accounts for Ordovician-Silurian
igneous rocks from local northernmost Oaxaquia as the proximity of
the Tamatan Basin with the Mayan block (Fig. 15a).

A change in the tectonic scenario from the passive to convergent
margin is inferred but the exact time is questionable due to deposition
lack during approximately 50 Ma between the Silurian-Early Devonian.
This is also suggested by an overall absence of Middle Devonian to Early
Carboniferous detrital zircons. Along the northwestern Gondwanan
margin, an active continental arc was established during the initial
stage of the diachronic closure of the Rheic Ocean and the collision of
Laurentia and Gondwana (Nance et al., 2012; Fig. 15b-c). Clastic and cal-
careous successions of the Carboniferous from the Tamatan Basin were
deposited in a back-arc region. The Vicente Guerrero and Del Monte for-
mations also suggest a change from felsitic to intermediate source rocks
probably associated with a change in tectonic setting as well the prox-
imity of Laurentia and Gondwana. Therefore, the Carboniferous mag-
matic arc in peri-Gondwanan terranes contributed to the igneous
detritus for the Tamatan Basin, which is suggested by the volcanic com-
ponents as well the moderate values of Th/Sc and Ti/Nb. Metamorphic
components are likely derived from Novillo or Granjeno complexes ac-
cording to the lithic fragments, geochemical composition, and Neo-
Mesoproterozoic provenance age. Hence, the Tamatan Basin, together
with other Mexican peri-Gondwanan terrenes (i.e., Coahuila terrane,
Maya block; McKee et al., 1999; Weber et al., 2006) were located at
the northwestern Gondwana margin during the Late Carboniferous by
a zipper-type collision with Laurentia during the Ouachita-Marathon-
Sonora Orogeny (ca. 320 to 280 Ma; Hatcher, 2002; Fig. 15b-c).

During this period, a volcanic continental arc developed in north-
western Gondwana as represented by the Aserradero Rhyolite erupting
atca.334 Ma (Stewart et al., 1999). This igneous body is likely located in
a more internal continental area near the back-arc Tamatan Basin be-
cause the rhyolitic lavas are interbedded with the Carboniferous clastic
successions as Vicente Guerrero and Del Monte formations. For the Late
Carboniferous to Early Permian (ca. 300 Ma), emplacement of the
Granjeno Complex has been suggested (Dowe et al., 2005). Similarly
the Acatlan Complex records contemporaneous juxtaposition against
the Oaxaca complex along the Caltepec fault (Elias-Herrera and
Ortega-Gutiérrez, 2016). Hence, it is plausible to suggest a genetic



J.M. Casas-Pefia, ] A. Ramirez-Ferndndez, F. Velasco-Tapia et al.

relation between Caltepec fault and the contact between Granjeno
Complex and Tamatan Basin sediments and its basement.

The development of deep flysch sediments in the Tamatan Basin is
interpreted to have occurred during the Early Permian. The petrography
and geochemical signatures indicate felsitic and mafic sources, which
can be derived from the Permian arc. Coombs et al. (2020) pointed
out that the Permian magmatism developed in three magmatic phases,
each of which formed in different stages from the oceanic plate in the
same tectonic setting, such as (1) Early Permian (294-274 Ma) granit-
oids associated with a continental arc formed on the margin of
Gondwana during the closure of the Rheic Ocean, prior to the final amal-
gamation of Pangea; (2) Late Permian-Early Triassic (263-243 Ma)
granitoids with supra-subduction affinity formed by crustal anatexis,
related to coeval granitoids in southernmost Oaxaquia and Chiapas
Massif; and (3) Early-Middle Jurassic (189-164 Ma) mafic porphyries
related to synchronous supra-subduction magmatism for the Nazas
arc (post-orogenic magmatism). The Guacamaya Formation shows evi-
dences of a 280 Ma magmatism similar to the first phase, which is sug-
gestive of the arc system from mantle-derived melts mixing with
continental crust, whereas younger pulses were not observed. However,
the geochemical signature is different from the typical arc system in
which the high Ti/Nb and very low Th/Sc suggest mafic sources related
to oceanic and continental island arcs (Fig. 9). Such findings may be
questionable according to established models, but we suggest that this
setting can be a possible relict from an island arc, which can also be ob-
served in other localities, as reported by Rosales-Lagarde et al. (2005) in
the Tuzancoa Formation.

During the final stage of the back arc, Tamatan Basin was closed and
deformed by the collision of Laurentia against Gondwanan; however,
the Tamatan Basin was only affected by deformation but not by meta-
morphism, as the field observation in the Guacamaya Formations beds
indicate (see Fig. 6, Casas-Pefia et al., 2021). Concurrently, the volcanism
was continuously active until the Triassic prior to the Pangea breakup
(e.g., Coombs et al., 2020), and a cordilleran magmatism in the
Permian-Triassic occurred from the Sonora (Sierra Pinta; Arvizu et al.,
2009) to central (Gulf Coast Plain; Coombs et al., 2020) and southern
Mexico (Chiapas Massif, Maya block; Weber et al., 2007) and the north-
western Andes (e.g., Cochrane et al.,, 2014). Plutonic rocks with similar
ages were reported from the Gulf of Mexico coast drill cores of Tamau-
lipas (294-274 Ma, Coombs et al., 2020), from the Chiapas Massif Com-
plex (orthogneiss protolith, 272 4 3 Ma, Weber et al., 2007) and from
the Mixteco terrane (Totoltepec pluton, 306-287 Ma; Yaflez et al.,
1991; Keppie, 2004; Kirsch et al., 2012).

7. Conclusions

The mineralogical, geochemical, and geochronological variations ob-
served in the Tamatan Group reveal the progressive evolution of a pas-
sive margin to a active continental margin. The paleogeographic
reconstruction of the region can be described as follows (see Fig. 15):

Contrasting effects from source composition and sedimentary rocks
can be distinguished. This confirms that the Tamatan Group exhibits
considerable variation: (i) the older Cafién de Caballeros and Vicente
Guerrero formations reveal high Zr/Sc ratios and sedimentary recycling
with stable mineral additions (e.g., zircon, apatite, tourmaline, quartz,
etc.); (ii) the Del Monte and Guacamaya formations reveal moderate
to low Zr/Sc ratios with lower addition of stable minerals.

The Cafi6én de Caballeros Formation was deposited in a marginal basin
following the Ordovician-Silurian magmatic arc setting from the peri-
Gondwanan margin between the Upper Silurian and the Lower Devo-
nian, showing a high affinity to Oaxaquian source areas and influence
from Maya Block sources. A connection to the Rheic Ocean was con-
firmed by the presence of Gondwanan Silurian fauna (Fig. 15a).

An increasing influence of zircons probably derived from with the
Maya Block in the Vicente Guerrero Formation suggests a connection
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between the Tamatin deposition area and the Maya Block
(e.g., 1.5-1.6 Ga; Jocote unit; Fig. 13). However, for both localities, an
affinity for Oaxaquia is also essential (Fig. 13b). This affinity was rein-
forced during the deposition period of the Pennsylvanian Del Monte
Formation. Moreover, a possible first erosion of the Novillo Complex
can be postulated based on the 1328 Ma and 1166 Ma peak ages
(Fig. 15¢).

* The geochemical and sedimentological features of the Guacamaya For-
mation are markedly different from those of the other Tamatan sedi-
mentary units. These characteristics may indicate the influence of an
oceanic island arc system.
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