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ABSTRACT

The Acatlan Complex (AC) in southern Mexico is a critical lithodemic province for Paleozoic
paleoreconstructions. It is mainly composed of low-grade volcano-sedimentary sequences, yet
quantitative geothermobarometric data are scarce in the literature, and the southern-central portions
remain poorly described. This lack of information hinders our ability to refine the geological
history of the AC. In this study, we investigate the San Martin Zacatepec area in the state of Oaxaca,
Mexico, where low-grade rocks are in contact with Esperanza metagranitoids along a mylonitic
normal fault. We present new structural and petrological data, phase equilibria modeling results,
and U-Pb geochronological data for the Zacatepec low-grade rocks (ZLGR), as well as petrological
and geochronological data for the associated metagranitoids. Our data show that the ZLGR were
deposited in a submarine environment, with a Mississippian (334 + 8.9 Ma) maximum depositional
age, and major detrital zircon populations at ca. 540, 910, 1100, and 1900 Ma. The ZLGR later
underwent two deformation events (D;g,,), evolving from 0.15-0.27 GPa and 420-450 °C to
0.45-0.65 GPa and 480-540 °C, which produced foliations (S;;;_,) and isoclinal folds (Fi¢,). A
third deformation episode generated upright open folds (F;¢;). The geological characteristics of the
ZLGR indicate that they belong to the pre-Pennsylvanian low-grade rocks (PPLGR) that comprise
most of the AC. The associated metagranitoids display inherited zircon populations at ca. 1100,
1200, and 1400 Ma, and have a peraluminous nature typical of felsic melts derived from crustal
partial melting. Our results support paleogeographic models linking the AC to Oaxaquia and
western Gondwana. However, our zircon data suggest that the source of the detrital and inherited
zircon populations may have been the recently identified Oaxaquia-related metamorphic terranes
in southern Mexico, rather than the traditionally inferred Oaxacan Complex. We additionally
propose that the metamorphic evolution recorded during Dy, , is consistent with tectonic models
that attribute this deformation to the exhumation and overthrusting of high-pressure rocks of the
AC over the PPLGR. The new data from the Zacatepec area provide valuable insights into the
evolution of the PPLGR and the Esperanza granitoids in the AC and may serve as a reference for
comparative studies across the complex and for interpreting its geological and tectonic history.

Keywords: Low-grade metamorphism; metragranitoids; phase equilibria modeling;
geothermobarometry; U-Pb zircon geochronology; Acatlan Complex; Mexico.
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Low-grade rocks in the southern Acatldn Complex

RESUMEN

El Complejo Acatlin (CA) en el sur de México es una provincia litodémica clave para las paleo-reconstrucciones
del Paleozoico. Estd compuesto principalmente por secuencias volcano-sedimentarias de bajo grado, pero los datos
geotermobarométricos cuantitativos son escasos en la literatura, y las porciones centro-sur atin no han sido descritas
a detalle. Esta falta de informacion limita nuestra capacidad para refinar la historia geoldgica del CA. En este
estudio, investigamos el drea de San Martin Zacatepec, en el estado de Oaxaca, México, donde las rocas de bajo grado
estdn en contacto con metagranitoides Esperanza a lo largo de una falla normal milonitica. Presentamos nuevos
datos estructurales y petrolégicos, modelado de equilibrios de fases y datos geocronoldgicos U-Pb para las rocas de
bajo grado de Zacatepec (RBGZ), asi como datos petroldgicos y geocronoldgicos de los metagranitoides asociados.
Nuestros datos muestran que las RBGZ fueron depositadas en un ambiente submarino, con una edad mdxima de
depésito misisipica (334 = 8.9 Ma), y poblaciones principales de circones detriticos ca. 540, 910, 1100 y 1900 Ma.
Posteriormente, las RBGZ experimentaron dos eventos de deformacion (Dyg,_,), evolucionando de 0.15-0.27 GPa y
420-450 °C a 0.45-0.65 GPa y 480-540 °C, lo que generé foliaciones (Sic,1.,) y pliegues isoclinales (Fyz,). Un tercer
episodio de deformacion generd pliegues abiertos hacia arriba (Fy ;). Las caracteristicas geoldgicas de las RBGZ indican
que forman parte de las rocas de bajo grado pre-Pensilvanianas (RBGPP) que componen la mayor parte del CA. Los
metagranitoides asociados muestran poblaciones heredadas de circones en ca. 1100, 1200 y 1400 Ma, y presentan
una naturaleza peraluminosa tipica de fundidos félsicos derivados de la fusién parcial cortical. Nuestros resultados
respaldan modelos paleogeogrdficos que vinculan al CA con Oaxaquia y Gondwana occidental. Sin embargo, los datos
de circones sugieren que la fuente de las poblaciones de circones detriticos y heredados podrian haber sido los terrenos
metamdrficos relacionados con Oaxaquia recientemente identificados en el sur de México, en lugar del tradicionalmente
inferido Complejo Oaxaquefio. Adicionalmente, proponemos que la evolucion metamdrfica registrada durante Dy, ,
es consistente con modelos tectonicos que atribuyen esta deformacion a la exhumacion y el cabalgamiento de rocas
de alta presién del CA sobre las RBGPP. Los nuevos datos del drea de Zacatepec proporcionan informacion valiosa
sobre la evolucién de las RBGPP y los granitoides Esperanza en el CA, y podrian servir como referencia para estudios
comparativos en otras dreas del complejo y para la interpretacion de su evolucion geoldgica y tectonica.

Palabras clave: metamorfismo de bajo grado; modelado de equilibrio de fases; geotermobarometria; geocronologia

U-Pb de circén; Complejo Acatldan; México.

INTRODUCTION

Prograde low-grade rocks are typical constituents of many
metamorphic complexes around the world (Ortega-Gutiérrez, 1978;
Arkai et al., 2003; Zheng et al., 2005; Baltazar and Zucchetti, 2007;
Po et al., 2016; Franceschelli et al., 2017; Balen et al., 2018; Petroccia
et al., 2024), bearing key information on their geological evolution.
They can act as a bridge to understand the geological history of
a zone from protolith formation to metamorphic history, which
highlights the importance of conducting studies that examine different
aspects of their evolution. They tend to preserve primary features,
such as pillow morphologies in metalavas (Ortega-Gutiérrez, 1978;
Baltazar & Zucchetti, 2007) or sedimentary structures and fossils in
metasedimentary rocks (Powell, 2003; Ortega-Obregon et al., 2009),
while geochronometers, such as zircon, experienced low disturbance,
thus preserving valuable information on the protolith history. In
volcano-sedimentary sequences, the neoformation of metamorphic
minerals is often contemporaneous with the development of
foliations, lineations, and folds that inform about the metamorphic
and deformational history of lithodemic provinces (Freeman et al.,
1997; Torres Carbonell et al., 2017). However, obtaining quantitative
geothermobarometric results of those deformation episodes for low-
grade rocks is often challenging due to the scarcity of appropriate
geothermobarometers, the limitations that arise in thermodynamic
phase modeling (such as the wide P-T range of the high-variance
mineral assemblages), the inconsistencies between observed mineral
compositions, the high uncertainties of the compositional models
at low temperatures, and the difficulty to obtain the reactive bulk
composition (e.g. Petroccia et al., 2024).

Low-grade rocks constitute the majority of the rocks outcropping
in the Acatlan Complex, southern Mexico (Figure 1). Data and
interpretations from these rocks have been crucial for refining the
tectonic models proposed for their evolution (e.g., Keppie et al., 2008b;
Ortega-Gutiérrez et al., 2018). Several works provide information on
their contact relationships with other components of the complex,
and the timing of the formation of their protoliths (Keppie et al.,
2006, 2008b, 2008a; Ramos-Arias et al., 2008; Grodzicki et al., 2008;
Hinojosa-Prieto et al., 2008; Morales-Gamez et al., 2008; Kirsch et al.,
2014), their deformational history (Malone et al., 2002; Ramos-Arias
et al., 2008, 2012; Grodzicki et al., 2008; Hinojosa-Prieto et al., 2008),
descriptive and qualitative petrology, as well as the cooling ages of
metamorphic minerals (Hinojosa-Prieto et al., 2008; Ortega-Obregon
et al., 2009; Kirsch et al., 2014). Despite the increasing amount of
information available for the low-grade rocks of the Acatlan Complex,
it primarily focuses on the eastern, northern, and western parts of
the Complex, while the central and southern portions lack detailed
geological information beyond mapping (e.g., Ortega-Gutiérrez
et al., 1999; Mendoza-Rosales et al., 2024). Moreover, quantitative
geothermobarometry in low-grade rocks is scarce in the literature,
which limits our understanding of the tectonometamorphic history
of the Acatlan Complex. In the southern Acatlan Complex, around
the area of San Martin Zacatepec, low-grade rocks in contact with
deformed granitoids occur, but no data have been reported for
them.

To address this gap, we present a characterization of the lithologi-
cal units outcropping in the Zacatepec area, along with structural and
deformational analysis, U-Pb zircon data for metasedimentary rocks
and metagranitoids, and quantitative geothermobarometry data for
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Figure 1. Regional geological map of the Acatlan Complex highlighting the location of the study area (modified from Ortega-Gutiérrez et al., 1999; 2018).

the low-grade rocks, obtained using phase equilibria modeling and
classic thermometry. Our results are relevant for the evolution of the
Acatlan Complex since they report new localities of lithologies cor-
related to other pre-Pennsylvanian low-grade rocks and the Esperanza
granitoids, provide quantitative proxies for the metamorphic evolution
of the pre-Pennsylvanian low-grade rocks, and open the discussion to
the interpretation of the Grenvillian sources of the Acatlan Complex
lithologies, which could be relevant for paleographic reconstructions.

GEOLOGICAL SETTING

The Acatlan Complex (AC; Figure 1) is a Paleozoic subduction-
related metamorphic complex outcropping in southern Mexico
(Ortega-Gutiérrez, 1978; Yafiez et al., 1991; Ortega-Gutiérrez et al.,
1999; Nance et al., 2006; Keppie et al., 2008b). This complex represents
the basement of the Mixteca terrane (Campa & Coney, 1983), which
is bounded to the Zapotecan terrane along the Caltepec fault (Elias-
Herrera & Ortega-Gutiérrez, 2002), where Oaxaquian Grenvillian
rocks and the AC are in contact. To the south, the Chacalapa fault
represents the boundary with the Xolapa Complex (Tolson, 2005;
Torres de Leodn, 2005). To the east, the Mixteca terrane is in contact
with the calcareous rocks of the Cretaceous Morelos platform along
the Papalutla Thrust (Cerca-Martinez, 2004; Silva-Romo, 2008; Ruiz-

126

Arriaga, 2018). To the north, the AC is covered by the Cenozoic rocks
of the Trans-Mexican Volcanic Belt (Gomez-Tuena et al., 2007).
The AC (Figure 1) is mainly composed of low-grade rocks which,
in most of the complex, are tectonically overlain by high-pressure
(HP) rocks. Historically, the low-grade rocks were formerly known
as the Cosoltepec Formation but were later subdivided into several
units (Ortega-Gutiérrez et al., 2018, and references therein). The
high-pressure rocks are commonly grouped in the Piaxtla suite, which
comprises the Esperanza granitoids, the eclogitic and metapelitic rocks
of the Xayacatldn Formation, and blueschists and serpentinitic bodies
(Ortega-Gutiérrez et al., 2018 and references therein). The most recent
quantitative geothermobarometry shows that the eclogites reached
peak conditions at ca. 520-700 °C and 1.8-2.3 GPa (Hernéndez-Uribe,
2022), while the blueschist experienced peak metamorphism at ca.
505 °C and 1.9 GPa (Hernandez-Uribe et al., 2019). The timing and
number of events associated with high-pressure metamorphism are
still debated. Some authors argue for a Late Ordovician-early Silurian
high-pressure event based on monazite 418 + 18 Ma U-Pb ages for
deformed portions of the Esperanza granitoids, which overlaps with
the oldest 410-380 Ma Sm-Nd garnet-whole rock ages obtained from
eclogites (Yafiez et al., 1991). Other authors, in contrast, have presented
garnet Lu-Hf ages for amphibolitic eclogites (352.5+1.6Ma; Estrada-
Carmona et al., 2016), U-Pb zircon ages from retrograded eclogites
(353 = 1 Ma; Elias-Herrera et al., 2007), and Ar-Ar cooling ages of
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phengite and glaucophane from blueschists (341 Ma; Elias-Herrera
et al., 2007), suggesting the HP metamorphism occurred during the
Mississippian.

The Tecomate Formation rests uncomfortably on both the
high-pressure rocks of the Piaxtla suite and the low-grade volcano-
sedimentary rocks, and was deposited during the latest Pennsylvanian
to earliest Permian (Sdnchez-Zavala et al., 2004).

Low-grade metasedimentary units of the Acatlan Complex

Low-grade rocks comprise 70-80 % of the exposed surface of the
AC (Figure 1), with most of them bearing pre-Pennsylvanian protolith
ages with similar characteristics (Ortega-Gutiérrez et al., 2018). Some
authors interpret them as part of a single Cosoltepec Formation/San
Jerénimo assemblage (Ortega-Gutiérrez, 1978; Gonzalez-Ixta, 2024),
while others subdivide them into different metavolcanic-sedimentary
units mainly based on their U-Pb detrital zircon geochronology
(Keppie et al., 2006, 2008a; Grodzicki et al., 2008; Hinojosa-Prieto et
al., 2008; Morales-Gamez et al., 2008; Ortega-Obregoén et al., 2009;
Kirsch et al., 2014). To avoid a formal classification and since the
debate over their division is beyond the scope of this paper, we keep the
names that have been assigned to them locally in previous publications.
However, we refer to them collectively as pre-Pennsylvanian low-grade
rocks (PPLGR) to facilitate their description and further discussion.

The PPLGR mainly consists of metasedimentary rocks interca-
lated with meta-volcanic lithologies and intrusive bodies (Ortega-
Gutiérrez, 1978). The proportion of metasedimentary rocks varies
from location to location, but they are mostly represented by chlo-
rite- and mica-metapelites and metapsammites, with lower propor-
tions of metagreywackes, quartzites, metarkoses, and chert layers
(Ortega-Gutiérrez, 1978; Talavera-Mendoza et al., 2005; Keppie et
al., 2006, 2008 a; Grodzicki et al., 2008; Hinojosa-Prieto ef al., 2008;
Morales-Gémez et al., 2008; Ortega-Obregén et al., 2009; Kirsch et al.,
2014). Meta-volcanic rocks, including pillow lavas (Ortega-Gutiérrez,
1978; Grodzicki et al., 2008; Ortega-Obregdn et al., 2009), rhyolites
(Grodzicki et al., 2008; Keppie et al., 2008a), and rare ash layers
(Ortega-Obregon et al., 2009) appear within the metasedimentary
layers, whose contacts are interpreted as depositional.

The maximum depositional ages (MDA) of the PPLGR have been
interpreted from zircon data, typically on the basis of the youngest
single concordant grain or the youngest cluster of concordant grains.
The interpreted MDA for the defined units consists of two main
groups: (1) Mississippian-Devonian ages for the Zumpango (ca.
327 to 385 Ma, Ortega-Obregdn et al., 2009), Amarillo (339 + 6 Ma;
Kirsch et al., 2014), Salada (352 + 3 Ma; Morales-Gdmez et al., 2008),
El Naranjo (354 + 7 Ma; Ortega-Obregon et al., 2009), Coatlaco
(357 £ 35 Ma; Grodzicki et al., 2008), and Progreso (402 + 4 Ma;
Ortega-Obregon et al., 2009) units; and (2) Ordovician-Cambrian
ages for Las Calaveras (448 to ca. 497 Ma; Hinojosa-Prieto et al. 2008),
Amate (452 + 6 Ma; Morales-Gamez et al., 2008), Huerta (455 + 4 Ma;
Keppie et al., 2006), Canoas (459+14 Ma; Hinojosa-Prieto et al. 2008),
Ojo del agua (466+25 Ma; Keppie et al., 2008a), Mal Paso (482+25
Ma; Keppie et al., 2008a), El Epazote (488+10 Ma; Hinojosa-Prieto
et al. 2008); Las Minas (496+25 Ma; Keppie ef al., 2008a), and Otate
(post-496+25 Ma; Keppie et al., 2008a) units and El Pitayo Lithodeme
(513 Ma, Gonzalez-Ixta, 2024). These MDA are further constrained
by U-Pb geochronology of metagranitoids and pegmatites that
crosscut the metasedimentary rocks, yielding crystallization ages of
485-447 Ma (Keppie et al., 2006; Morales-Gamez et al., 2008). Mafic
dykes with rift-like and intra-plate-like compositions (Grodzicki et al.,
2008; Keppie et al., 2008a; Kirsch et al., 2014) also show Ordovician
crystallization ages (Keppie et al., 2008a; Ortega-Obregon et al., 2009),
suggesting bimodal magmatism. Besides providing age constraints

to the low-grade volcano-sedimentary sequences, the mafic and
felsic dykes, along with the geological observations, indicate that
the protoliths of the PPLGR of the AC were deposited in an oceanic
environment associated with rifting during the opening of the Rheic
Ocean (Keppie et al., 2006, 2008b; Murphy et al., 2006; Hinojosa-
Prieto et al., 2008; Grodzicki et al., 2008; Morales-Gamez et al., 2008;
Ortega-Obregon et al., 2009).

The detrital zircon U-Pb age spectra of the PPLGR show some
variations. However, they commonly depict peaks around 1100 Ma
and 540-560 Ma (Figure 2a) with minor peaks around 600-700 Ma and
1000 or 1200 Ma (Figure 2a). The Cambrian to Neoproterozoic ages
have been typically related to Amazonia, the Brasiliano orogen, and
the Maya block (Keppie et al., 2006; Morales-Gamez et al., 2008; Nance
et al., 2009), while Amazonia and Laurentia have been invoked as the
possible source of the reported Paleoproterozoic ages (Keppie et al.,
2006; Morales-Gémez et al., 2008; Nance et al., 2009). The prevalence
0f 900-1200 Ma zircons has also been associated with the denudation
of the Oaxacan Complex (Keppie et al., 2006, 2008b; Hinojosa-Prieto
et al., 2008; Grodzicki et al., 2008; Morales-Gémez et al., 2008; Ortega-
Obregon et al., 2009). The source of the Mississippian zircon grains is
not well established. However, it has been suggested that they might
represent an eroded arc related to the subduction of the AC (Keppie
et al., 2008b), or zircons from the exposed high-pressure rocks
(Grodzicki et al., 2008; Ortega-Obregon et al., 2009). The provenance
analyses highlight the importance of studying low-grade rocks of
the AC to understand its paleogeography and the configuration of
continental masses during the formation of Pangea.

The metasedimentary rocks and the intruding dykes show signs
of penetrative deformation and metamorphism. Detailed characteri-
zation of the penetrative structures revealed that the PPLGR records
between three and four deformation events (Malone et al., 2002; Grod-
zicki et al., 2008; Hinojosa-Prieto et al., 2008; Ramos-Arias et al., 2008,
2012; Napomuceno-Eslava, 2022). Event D, produced a penetrative
foliation (§,) that was later isoclinally folded (F,) during D, generat-
ing a S, foliation parallel to S, and a distinct lineation (L,), named as
foliation transposition. The tight isoclinal folds of D, generally dip
N-NE. Folds of D, event were openly folded during D;; some sheath
folds developed during D, (Malone et al., 2002; Hinojosa-Prieto et al.,
2008; Grodzicki et al., 2008; Ramos-Arias et al., 2008; 2012). Folia-
tions, lineations, and folds are commonly defined by minerals such
as chlorite, muscovite, and rare biotite (Malone et al., 2002; Hinojosa-
Prieto et al., 2008; Grodzicki et al., 2008; Ramos-Arias et al., 2008,
2012), suggesting sub-greenschist to upper greenschist facies syn-
tectonic metamorphism, although amphibolite facies conditions have
been inferred for the Amarillo unit (Kirsch et al., 2014). Gonzalez-
Ixta, 2024 reported preliminary P-T conditions of 260-360 °C and
0.20-0.43 GPa for the D, , syn-tectonic metamorphism in the locality
of El Pitayo Lithodeme, using chlorite thermometry and pseudosec-
tion modeling. Ar-Ar mica ages in separate grains and K-Ar in-situ
ages suggest D, ,occurred in the Mississippian (328-346 Ma), and it
is interpreted to be associated to the timing of high-pressure rocks
extrusion and thrusting over the PPLGR (Hinojosa-Prieto et al. 2008;
Ramos-Arias et al., 2008; Ortega-Obregon et al., 2009; Kirsch et al.,
2014; Gonzalez-Ixta, 2024), while younger Ar-Ar and K-Ar ranging
from 220 to 270 Ma most likely represent the development of D; and
might be associated to the breakup of Pangea (Hinojosa-Prieto ef al.
2008; Ramos-Arias et al., 2008; Ortega-Obregén et al., 2009; Kirsch
et al., 2014; Gonzalez-Ixta, 2024).

The Tecomate Formation is less studied, but it is also a low-grade
volcano-sedimentary unit occurring in the AC (Figure 1). It is inferred
that its original relationship with other rocks of the AC is depositional.
The Tecomate Formation contains pelitic schists and metapsammites,
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but contrary to the PPLGR, it displays common horizons of metacon-
glomerate and limestone/marble lenses, which show it also was depos-
ited in a subaqueous environment (Malone et al., 2002; Keppie et al.,
2004; Sanchez-Zavala et al., 2004; Morales-Gamez et al., 2008, 2009).
The Tecomate Formation shows variable deformation, but it shares
the second and third interpreted deformation events recorded in the
PPLGR, lacking only the earliest foliation formed during D, (Malone
et al.,2002). Bedding is preserved in some areas, and it was folded into
tight folds (Malone et al., 2002; Morales-Gamez et al., 2009), as well
as upright open folds and sheath folds during Dy, (Morales-Gdmez
et al., 2009). Dy, also developed mineral lineations and elongation of
conglomerate clasts (Malone et al., 2002; Morales-Gamez et al., 2009).
The fabrics of Dy, were later folded by open upright NE-NW folds
during Dy, (Malone et al., 2002; Morales-Gamez et al., 2009). These
two deformation events are generally associated (Malone et al., 2002)
with the Caltepec fault movement (Elias-Herrera & Ortega-Gutiérrez,
2002) during the Permian.

Detrital zircons from different rocks (Sdnchez-Zavala et al., 2004)
at the base of the Tecomate Formation show a dominance of ca. 470 Ma
Ordovician zircons, with smaller populations of ca. 1000-1200 Ma late
Mesoproterozoic zircons, ca. 1400-1500 Ma early Mesoproterozoic
zircons and subordinate grains of Cambrian-Neoproterozoic ages
(Figure 2¢). Granitoid pebbles at the top of the formation returned ca.
280-320 Ma ages, which along with the discovery of latest Pennsyl-
vanian to early middle Permian conodonts and fusilinids in marbles
capping the volcano-sedimentary sequence (Keppie et al., 2004) show
its deposition occurred during the latest Paleozoic, post-dating the
formation of most of the AC rocks. Some similarities are observed in
the zircon U-Pb age spectra of the rocks at the base of the Tecomate
Formation and the PPLGR (e.g., Figure 2), and thus similar sources
have been invoked to explain their age ranges. The main sources seem
to be the Esperanza granitoids that have crystallization ages between
440-470 Ma (Yériez et al., 1991; Ortega-Gutiérrez et al., 1999; Talavera-
Mendoza et al., 2005; Miller et al., 2007; Vega-Granillo et al., 2007;
Ramos-Arias et al., 2008), which is consistent with their proximity
since the Tecomate Formation is often structurally above the granitoids
in direct contact (e.g., Sinchez-Zavala et al., 2004; Mendoza-Rosales
et al., 2024; Maldonado et al., 2025).

Deformed metagranitoids in the Acatlan Complex

Several metagranitoids crop out across the AC (Figure 1).
They commonly exhibit strong deformation developing mylonitic
fabrics with megacrystic alkali feldspar and are collectively known as
Esperanza granitoids (Ortega-Gutiérrez, 1978). Contemporaneous
with the deformation, some of the granitoids underwent high-pressure
metamorphism, with calculated peak conditions of 680-830 °C and
1.5-1.7 GPa, followed by clockwise exhumation to greenschist facies
retrograde conditions (Vega-Granillo et al., 2007; Galaz et al., 2013).
The granitoids are silica-rich and peraluminous, exhibiting evolved Nd
and Sr compositions (Yafiez et al., 1991; Ortega-Obregon et al., 2010).
Their zircon U-Pb age spectra, which range from Mesoproterozoic to
Ordovician, are interpreted to be predominantly inherited, with the
youngest concordant zircons dating the timing of crystallization that
commonly returns Ordovician ages (ca. 474-442 Ma; Yéanez et al.,
1991; Ortega-Gutiérrez et al., 1999; Talavera-Mendoza et al., 2005;
Miller et al., 2007; Vega-Granillo et al., 2007; Ramos- Arias et al., 2008),
although a few Mesoproterozoic crystallization ages have also been
interpreted (Yafiez et al., 1991; Talavera-Mendoza et al., 2005). Within
the inherited zircon, a common population age ranges from 900-1200
Ma, which along with the isotopic data, suggests that the granitoids
represent partial melts derived from a source similar to the nearby
Oaxacan Complex (Yanez et al., 1991; Ortega-Obregén et al., 2010)

www.rmcg.unam.mx | DOI: https://dx.doi.org/10.22201/igc.20072902e.2025.3.1883



Low-grade rocks in the southern Acatldn Complex

METHODOLOGY

We conducted fieldwork in the Zacatepec area (Figure 3), Oaxaca,
to obtain structural information and to identify and describe the
outcropping lithologies. We collected (Table S1 in the supplementary
material) nine samples from the Esperanza granitoids unit, four
from a mylonitic band, twelve from the low-grade rocks, and four
from post-deformation intrusives. Most of the samples are oriented
and cut parallel to the lineations and perpendicular to the foliation,
allowing us to utilize their microstructures in expanding our structural
analysis. We also obtained geochronological, bulk rock chemistry, and
geothermobarometric information from three samples.

The map (Figure 3) was constructed using field-based observa-
tions and data, as well as satellite image analyses (Chaverria-Urrieta,
2025), and follows the general map of the Acatlan Complex presented
by Ortega-Gutiérrez et al. (1999). After field observations and obtain-
ing different control points for the contacts, an analysis was conducted
using Level-2A multispectral images from the Sentinel-2 satellite,
which were obtained from the Copernicus Data Space Ecosystem
(https://dataspace.copernicus.eu/). The images were then processed
with the software ENVI Classic v3.4. Following the parameters es-
tablished by Gupta (2011), false color composites (FCC) and band
ratios using Short-Wave Infrared (SWIR) bands were generated to
identify lithological variations. Visible light bands were used for
Feature-Oriented Principal Component Analysis (FPCA) to extract
principal lineaments according to the criteria of Elsaid et al. (2014).
Additionally, a Digital Elevation Model (DEM) was downloaded from
the Continental Relief section of the National Institute of Geography
and Statistics of México website (https://www.inegi.org.mx/temas/
relieve/continental/). This DEM was used to analyze erosion patterns
and landforms following Thornbury (1969) to distinguish litholo-
gies, lineaments, and structures. The combination of image spectral
analyses and field control points was used to extrapolate and infer
lithological contacts, following the principles of geological mapping.

Bulk rock geochemistry

A garnet-bearing metapelite (JC-2310) and a and a garnet-bearing
granitoid (JC-2323) were selected for bulk rock major element analysis.
The sample was crushed in a tungsten mortar and then dried at 110 °C
for two hours before the analysis. Fused glass beads were obtained with
a mix of 0.8 g of sample and 7.8 g of Li,B,O, and then used to acquire
major element compositions by X-ray fluorescence (XRF) analysis
using a Rigaku ZSX Primus II spectrometer with a rhodium X-ray
source at the Laboratorio Nacional de Geoquimica y Mineralogia
(LANGEM) of the Universidad Nacional Auténoma de México
(UNAM). Loss on ignition (LOI) was determined by measuring the
difference in weight between 1 g of dried sample and the same sample
after heating at 955 °C for 1 hour.

Scanning electron microscopy and microprobe analysis

Scanning electron microscopy (SEM) analyses and imaging were
carried out at Laboratorio de Microscopia Electrénica y Microanalsis,
part of the Laboratorio Nacional de Geoquimica y Mineralogia
(LANGEM) of the UNAM, using a scanning electron microscope
Zeiss EVO MA10 with an X-ray detector Bruker XFlash 30. Energy-
dispersive X-ray (EDS) analyses and backscattered electron (BSE)
images were performed at a high-vacuum and 15 kV voltage.

Electron microprobe analysis (EPMA) point analyses of
garnet, biotite, and muscovite in sample JC-2310 were performed at
Laboratorio Universitario de Petrologia (LUP) at Instituto de Geofisica
of UNAM using a JEOL JXA-8900R. Instrument operating conditions
for garnets are as follows: 20 kV accelerating voltage, 20 nA beam

current, and 1 um beam size, with an acquisition time of 30 s for most
elements, except for Na and K, for which 10 s was used. For micas,
the beam current was changed to 15 nA.

Phase equilibria modeling

For geothermobarometry, phase equilibria models
(pseudosections) were calculated in the MnNCKFMASHTO system
with the Perple_X software version 7.1.2 (Connolly, 2005, 2009)
using the hp62ver.dat file from the internally consistent database of
Holland and Powell (2011). The following a-X models were used for
the calculations: garnet, mica, biotite, chlorite, ilmenite (White et al.,
2014), and feldspar (Holland et al., 2022). Quartz was considered a
pure phase, and fluid compositions were assumed to be pure H,O,
as no carbonates or other phases were observed, suggesting low
concentrations of other volatiles. A fixed X0,=0.01 was used in the
calculations, enough to stabilize the observed epidote in the studied
rock.

For the metapelite, two pseudosections were produced (see
section 5.2). The first pseudosection was modeled using the measured
bulk rock composition (Supplementary Table S2), assuming most of
the volatiles in the sample are derived from the micas, since we did
not observe pervasive amounts of hydrated retrograde/weathering
minerals or carbonates thus for the H,O content, the loss of ignition
value was used. For a second pseudosection, the composition of the
garnet core was extracted (see section 5.2) and weighted to the volume
of garnet predicted, which mainly affected the content of SiO,, AL,Os,
FeO, MgO, MnO, and CaO.

U-Pb zircon geochronology and chemistry

We selected one metapsammite (JC-2326) and one metagranitoid
(JC-2323) for zircon U-Pb geochronology and trace element
chemistry. Zircons were separated using conventional methods and
mounted in epoxy for cathodoluminescence analysis at Laboratorio
de Catodoluminiscencia at the Instituto de Geologia of UNAM.

The U-Pb and trace element zircon analyses were performed
using a Resonetics M050 system equipped with an LPX 220 excimer
laser and a double volume cell S-155 coupled to a plasma Thermo ICap
Qc at the Laboratorio de Estudios Isotdpicos (LEI) at the Instituto
de Geociencias, UNAM, following the methodology described in
Solari et al. (2010). The primary standard used was the 91500 zircon
(1062.4 + 0.4 Ma, Wiedenbeck et al., 1995), with the PleSovice zircon
(337.13 £ 0.37 Ma, Sldma et al., 2008) as the secondary standard. For
the zircon chemistry, the glass NIST SRM 610 was used as the standard
reference material.

The geochronological data were processed using the IsoplotR
software (Vermeesch, 2018). For our analysis and discussion, we use
the concordia dates calculated with IsoplotR (Vermeesch, 2018), and
the discordance was calculated relative to the concordia distance from
the spot analyses. We refer to “concordant dates” as those dates with
discordance and reverse discordance values within 10 % range. We
report the errors as 20.

RESULTS

Lithologies, geological features and structural geology

The studied area around the San Martin Zacatepec town is
dominated by low-grade rocks that are in contact with mega-crystic
meta-granitoids belonging to the Esperanza granitoids (Figure 3).
The contact between the units is diffuse and is marked by a mylonitic
band formed along a normal fault with an NW-SE trend (Figure 3).
To the south, the AC is in contact with thick limestones along a W-E
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Figure 3. (a) Geological map of the Zacatepec area and (b) representative geological cross-section A-A. Constant thickness of the mylonitic band is inferred.
Modified from Chaverria-Urrieta (2025).
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trending normal fault (Figure 3). The metamorphic rocks in the zone
are intruded by different m-sized post-deformational dykes and a ca.
500 m felsic subvolcanic body to the northeast (Figure 3a). Below we
report the fieldwork observations and structural characteristics of
the different lithologies comprising the Zacatepec low-grade rocks
(ZLGR), the Esperanza granitoids in the area, the mylonitic band in
their contact zone, and the intrusive bodies.

Zacatepec low-grade rocks

The ZLGR are dominantly metapsammites and metapelites (Figu-
re 4a—4c) that mainly consist of fine to medium-grained quartz, white
mica, chlorite, and opaque minerals; however, in the lower structural
levels of the unit we found a ca. 4 m two-mica garnet-bearing metape-
litic horizon (Figure 4c). In addition, soft chlorite-amphibole schists
(Figure 4d) occur as m-sized horizons and as two mappable lenses

Figure 4. Field features of the Zacatepec area. (a) Metapelite showing quartz bands defining S;¢, and S; ¢, related to isoclinal folds (Fis,), later refolded (b) by upright
open folds (Fyg;). (c) Metapelitic sequence with garnet-biotite schist (bottom of the photo) and intruded by a boudinaged pegmatite. (d) Amphibole-chlorite schists
layers depicting S;q,, affected by Fics. (¢) Sheath fold in the marble. Megacrystric metagranitoids showing (f) sigmoidal structures and Sggy/2, Frc, and (g) Figs.
(h) Fine layers observed in the ultramylonitic band. Foliations in red lines and fold axis in yellow dotted lines.
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within the meta-sedimentary layers (Figure 3a). For the mappable
chlorite-amphibole schists, we noted a gradual increase in quartz
content towards the contact with the metapelites and metapsammites.
A marble lens with thick calcareous layers and mm-size quartz layers
also occurs in the eastern-central part of the area (Figure 3a).

All the lithologies composing the ZLGR show similar structural
features (Figures 4-5). The earliest observable foliation (S,g,) is defined
by consistently mica schistosity and more clearly by bands of quartz
(Figure 4a-4b, 5a) that are more common in metapsammites and
metapelites. S;, (Figure 5b) is generally parallel to a second foliation
(Sig2)> making their distinction difficult in most outcrops, but the
quartz bands show that such foliation dips towards the SW (Figure
5a). Siey» which dips to the NNE with an average dip of 38° (Figure
5a-5d), developed due to tight isoclinal folding (F,, Figure 4a—4b)
with axes dipping at ~23° towards the NW-NNW (Figure 5a-5d).
The development of F,and S, are contemporaneous with rare quartz
lineations (L;¢,) dipping towards the NW. We identified another set of
open upright folds (F,¢;; Figure 4b, 4d) affecting F, ¢, whose axis dips
at ~20° towards the NW. Rare sheath folds also appear in the marble
layers (Figure 4e) but were not observed in other lithologies in the area.

a) Qz-bands

b) Metapelitic

e Si-2 (n=49)
® Fi-2(n=52)
— ~Slip axis

d) Marble

e) Metagranitoids

The ZLGR are intruded along the foliation by at least one 2 m
pegmatitic dykes that show a boudin structure and parallel to folia-
tion deformation (Figure 4c). Another 1.5 m porphyric mafic dyke
crosscuts the ZLGR almost parallel to foliation, it shows some >0.3 cm
amphibole and plagioclase grains within a chlorite-rich matrix. The
mafic dyke shows a weak foliation parallel to the foliation of the
metasedimentary rocks.

To the northeast of the area, the deformation structures of the
ZLGR are crosscut by a ca. 500 m wide tubular intrusive body (Figure
3a). The rocks of the large intrusive are felsic with a porphyritic
texture and biotite phenocrysts. Magmatic flow textures and apparent
magmatic isoclinal folds occur across the body. These folds are
randomly oriented and show changes in the inclination of their axis,
with some of them being almost vertical while others lie horizontally.

Esperanza granitoids

The Esperanza granitoids in the zone exhibit changes in grain size
ranging from megacrystic (>1 cm) to fine-grained textures (<0.5 cm)
both of which display mylonitic structures with some kinematic
indicators (Figure 4f-4h). The megacrystic granitoids show 0.5-1 cm
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Figure 5. Representative stereograms by lithology: a) Qz bands; b) metapelitic rocks; c) Amp-Chl schist; d) marble; e) metagranitoids, and f) ultramylonitic band.
Stereograms contour color as in the geological map (Figure 3). Pole to plane foliations (S;,/,) are ploted together with fold hinges (Fig,,). Approximate slip axis

are estimated based on Hansen method. Qz: quartz; Amp-Chl: amphibole-chlorite.

132 RMCG | v.42 | nim.3

www.rmcg.unam.mx

DOI: https://dx.doi.org/10.22201/igc.20072902e.2025.3.1883



Low-grade rocks in the southern Acatldn Complex

bands alternating in mineralogy from quartz + chlorite + plagioclase
+ oxides to quartz + chlorite + white mica + garnet + rutile oxides.
They present sigmoidal alkali feldspar (Figure 3f) porphyroclasts
with common quartz mantles surrounding them. The fine-grained
granitoids display 2-5 mm bands defined by quartz + chlorite +
plagioclase grains.

The granitoids bands define the earliest foliation observable
in the rocks (Sgs1), dipping towards the N20°E (Figure 4e, 5¢), and
that contains a lineation (Lgg,) that plunges ~30° to the NEE-NNE.
Sigmoidal features parallel to the lineation found in the field show
that Lgg, is verging towards the SE (Figure 5e). Isoclinal folds (Fgg,)
affect Sgc), developing a second foliation (Sgg,) parallel to Sgs,. Due to
parallelism, the distinction between Sgg, and Sgg, is difficult in most
locations. Fyg, is folded by cm-sized upright open folds (Fig;) with an
axis plunging to the NW-NE (Figure 4g).

A few intermediate porphyritic dykes, showing magmatic flow
defined by plagioclase phenocrysts, crosscut the foliations and folds
of the granitoids.

Ultramylonitic band

The ultramylonitic band (ca. 50 m in thickness) in the contact
zone between the Esperanza granitoids and the ZLGR is not a separate
lithology but rather a normal fault producing a sheared band of
ultramylonites most likely involving both units, which are difficult to
distinguish due to the fine grain and strong deformation (Figure 4h).
Because of the distinct characteristics of the ultramylonite, we briefly
report their features in this separate section. The ultramylonites show
2-5 mm layers composed of quartz + chlorite + opaques and layers
with white mica + quartz + plagioclase + opaques.

The ultramylonites show a strong foliation (Syy;) dipping
~45° to the N15°E (Figure 5f), which is affected by NNE-plunging
isoclinal folds (Fyy), creating a second foliation (Syyp), that is also
indistinguishable from Syy;, as is common in the area with an incipient
development of S-C structures. Late open folds (Fyy;) affect the earlier
foliations, and all are overprinted by a lineation (Lyy;) dipping to
the NW.

Petrography

The thin-section observations provide a more detailed
characterization of the metamorphic evolution of the rocks in the area.
As most of them are oriented rocks, we use the kinematic indicators to
provide further insights into the vergence of the deformation during
the development of the S, and Sgg,,, foliations. Here we present
the summary of the petrographic characteristics of the samples
(Supplementary Table S1), describing in more detail the mineralogy
and microstructures of the garnet-bearing metapelite (JC-2310) that
we used for thermobarometry using phase equilibria modeling, garnet-
biotite, and Ti-in-biotite thermometry.

Zacatepec low-grade rocks

The metapelites commonly show a muscovite + biotite + quartz
+ chlorite + opaque mineral assemblage. Both muscovite and biotite
defining the main foliation; biotite grains are overprinted by chlorite
in their rims. They display different kinematic indicators, such as
sigmoidal quartz and mica aggregates or isoclinal folds (Figure 6a),
indicating verging towards the SE.

Within the metapelites, one sample (JC-2310) presents garnet
porphyroblasts. JC-2310 is a fine grained (<100 pm) foliated rock
with larger garnet porphyroblasts ranging in size from 500-1500 pm
(Figure 6b). Quartz-rich bands and mica-rich bands occur within the
sample and incipient S-C foliations are visible. Foliation is defined by
muscovite and biotite (Figure 6b). Biotite occurs mainly as patches

on the fringes of larger muscovite grains or as thin bands defining
the S’ structures. Garnets are poikiloblastic with <20 um epidote and
titanite, and rare zircon and monazite inclusions (Figure 6c) defining
a spiral-like internal foliation that is generally oblique to Sz, and
that continues towards that external foliation (Figure 6b), indicating
the inclusions and the porphyroblasts are contemporaneous to the
development of S;g,/,. This spiral-like internal foliation in the garnet
also suggests a top-to-the-SE kinematics (Figure 6b). The external
foliation tends to get deflected around garnet porphyroblasts, although
some smaller grains with less inclusions overprint the foliation,
suggesting some of the garnet grew late to the foliation. Epidote and
titanite also occur as <20 pum grains following the foliation. These
microstructural characteristics indicate garnet and biotite are syn- to
late syn-tectonic, suggesting a prograde evolution for the rock. Peak
mineral assemblage for sample JC-2310 comprises quartz + muscovite
+ garnet + biotite + epidote + titanite with accessory zircons, apatite
and monazite.

The metapsammites show an assemblage comprising quartz +
muscovite + chlorite + plagioclase + zircon + tourmaline + opaque.
They generally show alternating fine-grained (<500 pm) and coarse-
grained (>1 mm) bands dominated by quartz that are typically
separated by fine-grained micas. Some sigmoidal polycrystalline
quartz aggregates occur in the vicinity of the bands, showing a top-
to-SE transport.

The chlorite-amphibole schists show different mineral
assemblages that apparently correlate with their proximity to the
metapsammites and metapelites. The schists farther from the contact
typically show distinct mineralogy composed of tremolite + actinolite
+ chlorite + titanite + opaques (Figure 6d). They show a strong
foliation defined by fine-grained actinolite, tremolite, and chlorite, that
wraps around actinolite sigmoidal porphyroclasts showing a top-to-
SE transport (Figure 6d). Titanite and opaque minerals occur both as
inclusions in the actinolite porphyroclasts and as medium-sized grains.
Towards the contact with the metasedimentary rocks, the chlorite-
amphibole schists have the mineral assemblage actinolite + chlorite
+ quartz + calcite + epidote. Epidote tends to occur as medium-sized
grains overprinting the foliated minerals, and closer to the transition,
plagioclase, quartz, and calcite appear in larger proportions. Some
fine-grained sigmoidal quartz aggregates occur in the quartz-rich
zones and show a top-to-SE transport.

The marbles present a simple mineralogy composed of calcite +
quartz + plagioclase (Figure 6e). They display a banded microstructure
mostly dominated by mm-sized bands of calcite with granoblastic
texture and thin (<250 pm) bands of plagioclase and quartz (Figure
6e). Tourmaline appears as rare inclusions in plagioclase.

The mafic dyke crosscutting the ZLGR parallel to the foliation
shows a mineral assemblage of quartz + hornblende + epidote
+ clinozoiste + chlorite + opaques with a dominant granoblastic
microstructure with relic hornblende magmatic phenocrysts that are
overprinted by chlorite and epidote towards the rims. The large felsic
intrusive towards the north shows a porphyric texture with biotite
phenocrysts and microcrystic plagioclase grains in the matrix.

Esperanza granitoids

The fine grained and megacrystic granitoids present slight
differences in their mineralogy and microstructures, which we
describe here. The fine grained granitoids display a diverse mineral
assemblage containing quartz + plagioclase + phengite + chlorite
+ epidote * clinozoisite + allanite + garnet * zircon + rutile *
tourmaline + opaques. Some portions are richer in mica while others
are in epidote. They show a microstructure developing incipient C-C’
foliations, with a top-to-ESE transport, which is consistent with mica
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Figure 6. Photomicrographs with petrographic and scanning electron microscope. (a) Microfolds in a metapelite with SE vergence. (b) Spiral-like syn-tectonic
garnet within a biotite-quartz-muscovite matrix showing a top-to-SE transport. (c) Back-scattered electron image of inclusions in garnet core in the biotite-
garnet metapelite. (d) Sigmoidal actinolite porphyroblasts with top-to-SE transport. (e) Calcite and quartz-plagioclase layers in marble. (f) Sigmoidal mica fish
in metagranitoid with an ESE vergence. (g) Prograde garnet in metagranitoids. (h) Mica fish showing top-to-NW transport in ultramylonite; WM: white mica.
Mineral abbreviations after Whitney and Evans (2010).
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fish (Figure 6f) and sigmoidal magmatic plagioclase porphyroclasts,
the latter presenting a poikilitic microstructure with randomly
arranged inclusions of epidote with allanite-chlorite rims. Rutile and
garnet (Figure 6f) occur, but the lack of inclusions hinders their proper
interpretations as syn- or pre-tectonic grains. Garnet is overprinted
by chlorite and epidote (Figure 6f)

The mineral assemblage of the megacrystic portions contains
quartz + microcline + biotite + phengite + chlorite + plagioclase.
Interpreted magmatic feldspars occur as 0.5-1 cm porphyroclasts
with rare quartz mantles displaying sigmoidal morphologies with a
SE vergence. Late chlorite and epidote occur in the samples.

Ultramylonitic band

As observed in the field, the ultramylonitized rocks occurring
along the normal fault bounding the ZLGR and the Esperanza
granitoids are either characterized by a greater percentage of quartz
or are dominated by micas. The mineralogy of the quartz-rich
ultramylonites consists of quartz + muscovite + chlorite + opaques,
while the mica-rich portions contain muscovite + quartz + plagioclase
+ chlorite + opaques. They present penetrative foliations and mica
fish or rounded porphyroclasts indicating top-to-NW vergence
(Figure 6h).

Mineral and bulk rock chemistry

We obtained bulk rock (Supplementary Table S2) and mineral
chemistry (Supplementary Tables S3-S5) for garnet-bearing granitoid
JC-2323 and garnet-bearing metapelite JC-2310. The garnet-bearing
metapelite is a relative SiO,-poor (54.95 wt. %) and Al,O,-rich (17.54
wt.%) rock with a concentration of 10.06 wt.% of FeO,,, 6.89 wt.%
for K,0, 3.68 wt.% for MgO and < 1 wt.% for the rest of the major
elements. The garnet-bearing metagranitoid is relatively rich in SiO,
(65 wt.%) and AlL,O; (14.78 wt.%) with a concentration of 6.60 wt.%
of FeO,,;, 3.19 wt.% for K20, 2.76 wt.% for Na20 and < 2 wt.% for
the rest of the major elements. The metagranitoid is a peraluminous
rock with an Al/(Ca+K+Na) index =1.51.

Garnets in the metapelite (Supplementary Table S3) are
spessartine-rich (X;,=0.45-0.55) crystals with similar proportions
of almandine (X,,,=0.20-0.28) and grossular (X;,=0.21-0.31) and

XAlm, XGrs, XSps, XPrp

negligible contents of pyrope (X;,=0.005-0.01). Compositional
transects made along two crystals (Figure 7) reveal that spessartine
contents decrease from core to rim, while almandine and pyrope
slightly increase and grossular composition mostly stays constant.
Biotite in the metapelite shows TiO, contents ranging from 1.02-1.55
wt.% and Mg# (Mg/(Mg+Fe)) ranging from 0.43-0.48 (Supplementary
Table S4). Muscovite in the sample shows SiO, concentration of
46.65-51.73 wt.% and Mg# ranging from 0.49-0.61 (Supplementary
Table S5).

Geothermobarometry

To constrain the pressure and temperature conditions during
the prograde metamorphism that developed the earliest foliations
(Sie12), we applied different methods to the garnet-bearing two-
mica metapelite. We calculated temperatures using the garnet-biotite
thermometer (Perchuk and Lavrenteva, 1983) for four garnet-biotite
pairs in direct contact with each other. Temperatures obtained at 0.3
to 0.4 GPa range from 391 to 404 °C. We also applied the Ti-in-biotite
geothermometer (Henry et al., 2005) to biotite crystals and obtained
variable results ranging from 430-555 °C, with a mean value of 512 °C.

To further define the metamorphic conditions and obtain
quantitative pressure results, we produced pseudosections for
metapelite JC-2310 (Figure 8a). Peak assemblage quartz + muscovite
+ biotite + garnet + epidote + titanite is stable in a small field ranging
from ca. 490 to 510 °C ca. 0.47 ca. to 0.55 GPa (Figure 8a). Isopleths for
TiO, wt.% in biotite overlap with the field, and also the isopleths for the
lowest concentrations of SiO, in muscovite (Figure 8b). Composition
of the garnet is well-reproduced with this model. The isopleths for
garnet compositions from core to rim all overlap, defining a small P-T
region ranging from ca. 420 to 450 °C 0.19 to 0.27 GPa (Figure 8a-8b).

Zircon geochronology and trace element chemistry

We selected one metapsammite (JC-2326) and one metagranitoid
(JC-2323) to inspect them under cathodoluminescence (Figure 9a-9b)
for U-Pb zircon geochronology (Figure 9c-9d) and zircon chemistry
(Figure 9e-9f).

Zircons of the metapelite are mostly rounded, elongated grains
showing different textures under cathodoluminescence. They
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display homogenous cores or weak to well-developed oscillatory
zoning (Figure 9a) and rare patchy zoning. Most of the grains do
not show any visible metamorphic overgrowths. Out of the 99
analyzed zircon grains in the sample, 89 of them display a <10%
discordance (Supplementary Table S6). The concordant grains range
from 334 + 8.9 to 2020.9 + 37.2 Ma (Figure 9¢c). The three youngest
grains are concordant, yielding Devonian to Mississippian dates of
334 + 8.9 Ma (0.72% discordant), 378.5 + 8.8 Ma (0.43% discordant),
and 397.2 + 9.4 Ma (-0.93% discordant). The rest of the grains are
pre-Devonian and define a younger population ranging from ca. 411
to 650 Ma, with a peak around and ca. 540 Ma, another population
in the range 800-1200 Ma, with peaks around 910 Ma and 1100 Ma,
and a smaller population ranging from 1810 to 2020 Ma with a peak
around 1900 Ma (Figure 2d). Only two grains with 990-1020 Ma ages
occur in the sample. Zircons show a general Eu negative anomaly, and
higher contents of HREE than LREE (Figure 9¢), except for seven
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grains with dates ranging from ca. 519-579 Ma that display a clear

HREE flat pattern (Figure 9e)
Zircons of the metagranitoi

d are slightly rounded, elongated

grains with homogeneous, and weak oscillatory zoning, with some
grains showing inherited cores (Figure 9b); a few grains show thin
(<20 pm) rims. Out of the 29 analyzed zircon grains, 24 of them
show discordance <10% (Supplementary Table S6). The concordant
grains range from 473.6 + 9.6 to 1487.5 + 20 Ma (Figure 9d). Only
one grain yields a 473.6 + 9.6 Ordovician date (9.9% discordant),
and the next youngest grain has a 6.7% discordance and yields a
645 + 12.5 Ma date; the rest of the grains have dates >817 Ma. The
zircon dates display a population ranging from ¢a.1000-1300 Ma,
with two close peaks at 1100 and 1200 Ma, and another population
with peak centered around 1400 Ma (Figure 10a). The zircons show
negative Eu anomalies and higher contents of HREE than LREE
(Figure 9f).
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Figure 9. Zircon data for the metapsammite JC-2326 (a, ¢, e) and metagranitoid JC-2323 (b,d,f). (a-b) cathodoluminescence images of representative zircons;
(c-d) U-Pb concordia diagrams for each sample (inset in ¢ highlights the <700 Ma zircons); (e-f) Zircon trace element chemistry diagrams normalized to chondrite
(McDonough & Sun, 1995) (patterns highlighted in e display ages between ca. 519-579 Ma).

DISCUSSION

General geological evolution of the Zacatepec area
and correlation with other regions of the Acatlan Complex

The data collected in the Zacatepec area provide insights into the
evolution of two contrasting lithological units. We will first present
the description and our interpretations of the general evolution of
the rocks outcropping in the area and then use this as a framework to
better interpret and correlate the Zacatepec low-grade rocks (ZLGR)
with other low-grade rocks across the Acatlan Complex (AC).
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In the Zacatepec area, the lowest structural unit of the metamor-
phic rocks is represented by deformed metagranitoids, which present
a peraluminous nature as shown by the high Al/(Ca+K+Na) index =
1.51 and the presence of Al-rich minerals such as phengite (Figure
6f), garnet (Figure 6g), plagioclase, and epidote. They also exhibit a
diverse zircon population (473-1487 Ma; Figure 10), most of which is
interpreted as inherited. These characteristics, along with the defor-
mation, are common to the Esperanza granitoids; thus, we interpret
that they belong to this larger suite outcropping along the AC (Figure
1). The peraluminous nature and the presence of inherited zircon
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suggest the metagranitoids in the Zacatepec area are most likely the
product of partial melting of an older crust, an origin common to most
studied Esperanza granitoids (Sinchez-Zavala et al., 2004; Talavera-
Mendoza et al., 2005; Miller et al., 2007; Ramos-Arias et al., 2008).
The partial melting event that produced the Esperanza granitoids
occurred during the Ordovician, as indicated by the youngest and/or
largest zircon populations reported for the granitoids in other areas
(Yadiez et al., 1991; Ortega-Gutiérrez et al., 1999; Talavera-Mendoza
et al., 2005; Miller et al., 2007; Vega-Granillo et al., 2007; Ramos-
Arias et al., 2008). However, a few granitoids bear Mesoproterozoic
zircons as their youngest crystals, which has been interpreted as the
age of crystallization by some authors (Yanez et al., 1991; Talavera-
Mendoza et al., 2005), despite such values (e.g., 1165-1043 Ma; c.f.
Talavera-Mendoza et al., 2005) overlap with the most common ranges
of inherited zircons of the Esperanza granitoids (Figure 10). Here, we
point out that caution must be taken when the youngest zircon grains
in a granitoid with inherited zircons is interpreted as representative
of the timing of crystallization, since in Zr-undersaturated magmas
all the zircons may be inherited grains (c.f. Olierook et al., 2020). We
therefore suggest that all the studied deformed Esperanza granitoids
in the AC crystallized during the Ordovician partial melting event. We
include in this interpretation our metagranitoid, since the inherited
zircon age distribution in our sample is similar to that reported for
the Esperanza granitoids elsewhere (Figure 10). This interpretation
is corroborated, albeit weakly, by the single almost discordant (9.9%
discordance) Ordovician value (473. 6 + 9.6 Ma) that we found in the
garnet-bearing granitoid of the Zacatepec area.

The Esperanza granitoids in the Zacatepec area experienced three
deformation events. The first event Dgg, developed the S, foliations
that were later affected by Dy, which developed rare isoclinal tight
Frc, folds and a second Sgg, foliation parallel to Sg, (Figure 4f-4g);
these fabrics are contemporaneous with phengite (Figure 6f), rutile,
and probably garnet (Figure 6g), indicating high-pressure conditions.
Kinematic indicators (Figure 4f, 6f) suggest top-to-SE transport during
D, The earlier fabrics were later affected by a third deformation
event (Dgg;) that developed upright cm-sized open folds (Fggs; Figure
4g). Retrograde chlorite affects the granitoid, but no clear association
with the (micro)structures was observed.

The Esperanza granitoid here is directly overlain by the ZLGR
along a normal fault that developed a mylonitic band that affected both
units (Figure 3, 4i). We argue that this fault post-dates the deformation
both of the ZLGR and the metagranitoid because of the observed grain
size reduction in both of them, the NW-SE orientation of the fault
that follows the foliations, and the rare opposite top-to-NE kinematic
indicators occurring only within the band.

The ZLGR are predominantly composed of metapelites and
metapsammites, with intercalated <1000 m chlorite-amphibole
schists and marble lenses (Figure 3). Although a deeper analysis of
the protolith of the chlorite-amphibole schists is beyond the scope of
this paper, we suggest that they represent metamorphosed silica-poor
metaigneous rocks deposited within a metasedimentary sequence.
This interpretation is supported by the transitional change to higher
quartz contents towards the contacts with the siliciclastic rocks and
their occurrence as sparse, thin layers across the entire Zacatepec area.
The sediments were probably deposited in a sub-aquatic environment,
as suggested by the presence of marble lenses. For the maximum
deposition age (MDA) we considered the youngest concordant
zircon U-Pb analysis of the metapsammite JC-2326, which returned
a Mississippian age of 334 + 8.9 Ma.

After their deposition, the ZLGR experienced three discrete
deformation events. Dy, produced the NE-dipping S, foliations
(Figure 5a-5d), which were later isoclinally folded (F,¢,) during
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zircons obtained for the metagranitoids JC-2323 and (b) zircons reported
for the Esperanza granitoids (Yanez et al., 1991; Sdnchez-Zavala et al., 2004;
Talavera-Mendoza et al., 2005; Miller et al., 2007).

Dy, developing a second S, foliation parallel to S;g, (Figure 4a),
which makes the distinction between these two foliations difficult.
Dig,., fabrics are the most penetrative of the region and were
contemporaneous to metamorphism that produced minerals like
chlorite (Figure 6a), muscovite (Figure 6a—6b), amphiboles (Figure
6d), biotite (Figure 6b), epidote (Figure 6¢) and rare syn-tectonic
spiral-like garnets (Figure 6b). Kinematic indicators (e.g., Figure
6a-6b, 6d) show that the ZLGR experienced top-to-SE transport
during Dy, , The ZLGR were later affected by a third, less pervasive
deformation event D;;, that created upright mm- to cm-sized open
folds (F;q;, Figure 4b, 4d).

The metagranitoids of the Zacatepec area can be clearly linked to
the Esperanza suite as discussed above. However, the correlation of the
ZLGR with other lithological units of the AC is not straightforward.
For instance, the ZLGR shares some similarities with the Tecomate
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Formation, such as the presence of marble packages or the structural
position overlying the Esperanza grantoids in some sections north
of the study area (Sanchez-Zavala et al., 2004; Mendoza-Rosales et
al., 2024; Maldonado et al., 2025). The general mapping of the AC
also shows a belt-like continuity of the Tecomate Formation from
north to south in areas east and west of Zacatepec (Figure 1). These
features might suggest that the ZLGR is an extension of the Tecomate
Formation, however, we argue that the rocks studied here rather belong
to the pre-Pennsylvanian low-grade rocks (PPLGR) system or units,
as we discuss below.

Despite the PPLGR are generally overthrusted by high-pressure
rocks (c.f. Ortega-Gutiérrez et al., 2018; Figure 1), recent mapping
around the Huajuapan area shows that PPLGR tend to overlie the
Esperanza granitoids along undifferentiated faults or interpreted
stratigraphic contacts (Mendoza-Rosales et al., 2024), a structure
similar to what we describe in the Zacatepec area. The deformation
styles and number of low-grade deformation events recorded in the
ZLGR are also similar to these reported for other PPLGR. The pioneer
work of Malone et al. (2002) described three deformation events in
the Cosoltepec formation, developing fabrics analogous to what is
observed in Zacatepec. Later works described similar structures in
the Epazote, Las Calaveras (Hinojosa-Prieto et al., 2008), Ojo del
Agua (Ramos-Arias et al., 2008), Huerta, and Salada (Morales-Gamez
et al., 2009) units, and the Pitayo Lithodeme (Gonzales-Ixta, 2024);
some units also show sheath folds (Ramos-Arias et al., 2008; Morales-
Gamez et al., 2009). In contrast, only two deformation events have
been documented for the Tecomate formation (Malone et al., 2002;
Morales-Gamez et al., 2009).

Another similarity of the ZLGR and other PPLGR is the detrital
zircon U-Pb age spectra, especially with the Amarillo, Zumpango
units (Figure 2) and El Pitayo Lithodeme, which also present a few
Mississippian-Devonian zircon grains ranging 327-385 Ma (Ortega-
Obregon et al., 2009; Kirsch et al., 2014; Gonzalez-Ixta, 2024). The
interpreted MDA for the Amarillo unit (339 + 6 Ma) even overlaps
with the interpreted MDA for the ZLGR (334 + 8.9 Ma). Contrastingly,
the reported zircon U-Pb age spectra of the Tecomate Formation show
a key population that is not observed in the ZLGR, or generally in
the PPLGR, which is the dominant Ordovician population (Figure 2)
associated with the denudation of the Esperanza granitoid (Sinchez-
Zavala et al., 2004; Nance et al., 2009). It could be argued that the
limited occurrence in Ordovician zircons in the ZLGR might be a
consequence of the scarce availability of Ordovician zircons in the local
Esperanza granitoids (Figure 10). However, the local granitoids do not
seem to have contributed to the detrital populations of the ZLGR, since
the ca. 1400 Ma ages observed in sample granitoid JC-2326 (Figure
10) are almost absent in metapsammite JC-2323 (Figure 2d). Thus,
we contend that, with the current data, it is most likely that the ZLGR
are an extension of the PPLGR outcropping in northern parts of the
AC, rather than a continuation of the Tecomate Formation.

Metamorphic evolution of the low-grade rocks of
the Zacatepec area

Despite the difficulty of applying phase equilibria geother-
mobarometry to low-grade rocks, recent studies have been able to
reproduce the observed mineral assemblages of high-variance low-
grade rocks that are consistent with the geology of the area and that
are validated by other geothermobarometric methods (Po et al., 2016;
Franceschelli et al., 2017; Balen et al., 2018; Petroccia et al., 2024). Such
results suggest that lower-variance (more diverse mineralogy) rocks
might also be ideal candidates for obtaining quantitative P-T results
for low-grade complexes, assumption that we test using the rare Mn-
rich garnet-biotite-bearing schist of the Zacatepec area.

The first approach for phase equilibria we took considered the
measured bulk rock composition of the garnet-biotite-bearing schist
and it successfully reproduced the peak mineral assemblage (Figure
6b-6¢) developed during D, , of sample JC-2310 (Figure 8a), the
garnet composition of all four garnet endmembers, the TiO, wt.%
content in biotite, and the lowest SiO, wt.% content measured in
muscovite (Figure 8b). The compositional isopleths for both TiO,
and SiO, in the biotite and muscovite overlap with the stability field
of the interpreted peak assemblage (Figure 8b), but the intersection
of the garnet isopleths falls within a mineral assemblage field where
plagioclase is stable, a mineral that is not observed in the sample. This
suggests that garnet growth began at 0.15-0.27 GPa and 420-450 °C,
followed by an increase in pressure and temperature to 0.45 to 0.56 GPa
and 470 to 510 °C (Figure 8a-8b). However, the lack of overlapping
of the garnet isopleths, especially for the garnet rim composition,
and the interpreted peak assemblage might also be a consequence
of the change in the reactive bulk composition that evolves as garnet
grows, since the elements used by garnet are no longer available
for metamorphic reactions (Evans, 2004). To test this and further
refine the metamorphic conditions of the sample, we extracted the
composition of the garnet core, where the endmember isopleths
intersect when the model predicts ca. 2.5% volume of garnet formed.

With the modified composition, the peak stability field expands to
pressure values of up to 0.7 GPa (Figure 8c). The garnet composition
is also well-reproduced in this model, but the intersection of the four
end-members isopleths is less constrained than in the measured bulk-
rock composition model (Figure 8d). This intersection overlaps with
the lowest portion of the peak stability field, and Xy, composition
falls within the peak stability field up to 0.65 GPa and 540 °C (Figure
8d). Isopleths for TiO, wt.% in biotite and the lowest contents of SiO,
wt.% in muscovite also fall within the peak assemblage field (Figure
8d). The phase equilibria model with the extracted composition does
not differ significantly from the original phase equilibria model, apart
from the overlapping of Xy, isopleths with the peak assemblage
(Figure 8d) but shows that garnet growth did modify the bulk reactive
composition and suggest that garnet continued growing towards the
conditions of the peak assemblages, as the syn-tectonic to late syn-
tectonic nature of the garnets show (Figure 6b). Thus, we interpret that
the rock experienced an evolution from greenschist facies conditions
at 0.15 to 0.27 GPa and 420 to 450 °C to upper-greenschist-lower
amphibolite facies conditions at 0.45-0.65 GPa and 480 to 540 °C
during Dy, , episode(s).

The interpretations of the pseudosection are validated by Ti-in-Bt
thermometry that returned temperatures of 430-555 °C, which overlap
with the modeled stability fields. The increase in temperature is also
consistent with the garnet profiles, which show a slight increase in
Xprpand a decrease in X, a typical feature of prograde garnet growth
(Florence & Spear, 1991). However, the garnet-biotite thermometry
returned values (391-404 °C) that do not even reach the lower
temperatures obtained with the other methods. This inconsistency
could be a consequence of the high spessartine contents of the garnets,
that could lower temperatures (Holdaway, 2000), highlighting that this
geothermometer might not be useful for low-grade Mn-rich garnets.

Our modeling of the garnet-biotite-bearing schist successfully
reproduced the mineral assemblages and the composition of garnet
and TiO, wt% content in biotite using typical phase equilibria models,
demonstrating that lithologies with a low-variance mineralogy could
provide geothermobarometric constraints in low-grade terranes.
However, garnet-bearing rocks are rare in the PPLGR of the AC
and in most low-grade metamorphic complexes. The stabilization
of garnet at such low temperatures most likely occurred due to the
high content of MnO (ca. 1 wt.%), which is an order of magnitude
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higher (Figure 11a) than the MnO content reported for the PPLGR
of the AC and the median world metapelite composition (Forshaw
& Pattison, 2023). The composition of the rock could also explain
the stabilization of biotite at low temperatures, since it might have
been facilitated by the relatively high, K,O, MgO, and FeO contents
in JC-2310 compared to the rest of the metasedimentary rocks of the
complex (Figure 11b-11d). Such anomalous composition explains
why metapelitic garnets have only been reported in the Amarillo unit
where amphibolite facies conditions have been inferred (Kirsch et al.,
2014), but not in the rest of the PPLGR that underwent greenschist
facies metamorphism, and why it seems to be restricted to a small
layer in the Zacatepec area (Figure 4c). However, we suggest that Mn-
rich garnet-bearing metapelitic layers might be common throughout
the PPLGR, since sparse Mn-rich accumulations have been reported
before (Ortega-Gutiérrez et al., 2018).

Our P-T data could also be used as a proxy for the tectonic
evolution of the PPLGR. Deformation of all the PPLGR was most
likely contemporaneous, since Ar-Ar dating of separate micas from
low-grade rocks in different units have returned ca. 328-346 Ma
ages (Hinojosa-Prieto ef al. 2008; Ramos-Arias et al., 2008; Ortega-
Obregoén et al., 2009; Kirsch et al., 2014; Gonzalez-Ixta, 2024), which
was recently confirmed to be associated to Dyg, , by in-situ dating
of microstructurally constraint micas (Gonzalez-Ixta, 2024). The
timing of the Dy, , metamorphism of the PPLGR is similar to that of

Mississippian cooling of the high-pressure rocks inferred from Ar-Ar
phengite and glaucophane ages (Elias-Herrera et al., 2007), consistent
with the tectonic models that suggest that the deformation and
metamorphism of the PPLGR is associated to the extrusion of high-
pressure rocks (Hinojosa-Prieto et al. 2008; Ramos- Arias et al., 2008;
Ortega-Obregon et al., 2009; Kirsch et al., 2014; Gonzalez-Ixta, 2024).
In this tectonic scenario, the PPLGR were accreted to the northwestern
margin of Pangea. Subduction of the high-pressure suites of the AC
was followed by their extrusion and exhumation, overthrusting them
onto the PPLGR and causing a prograde P-T increase during D, »
across the PPLGR. Although the metamorphic grade might have
varied as suggested by the lower P-T values reported for El Pitayo
Lithodeme (0.2-0.4 GPa and 260-360 °C; Gonzélez-Ixta, 2024) and
the inferred amphibolite conditions in the Amarillo unit (Krisch et
al., 2014), our data indicates that they all might have experienced
prograde history with increasing P-T conditions.

In the Zacatepec area, however, the metagranitoids are not
thrusted over the low-grade rocks (Figure 3a). This structural
arrangement might be a consequence of the change in the geometry
of the general structure of the southern AC (Figure 1) that might
have been modified by post-Mississipian tectonics, a process that has
been observed in different areas of the AC (e.g., Malone et al., 2002;
Morales-Gémez et al., 2009; Kirsch et al., 2014, Jaramillo-Méndez,
2015; Elias-Herrera et al., 2023).
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low-grade rocks (PPLGR) (Grodzicki et al., 2008; Dostal & Keppie, 2009; Ortega-Obregon et al., 2010; Kirsch et al., 2014), the Zacatepec metapelite (this work) and

the worldwide median metapelite composition (Forshaw and Pattison, 2023).
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New constraints on the Grenvillian sources of the PPLGR and
the Esperanza metagranitoids

There is a consensus that the AC evolved at the fringes of
northwestern Gondwana, where the Mesoproterozoic microcontinent
Oaxaquia was also located (Ortega-Gutiérrez et al., 1995; Keppie &
Ortega-Gutiérrez, 2010). This paleogeography is supported by the
presence of Cambrian to Neoproterozoic, as well as Proterozoic,
detrital zircon ages that suggest Amazonia, the Brasiliano orogen, and
the Maya block were relatively close sources (e.g., Keppie et al., 2006;
Morales-Géamez et al., 2008; Nance et al., 2009). The contributions of
Oaxaquia are inferred to come mainly from the Oaxacan Complex
based on 1000-1200 Ma zircons (e.g., Keppie et al., 2006; Nance et al.,
2009) and the proximity of the Acatldn and Oaxacan Complex. Zircons
of ca. 1000-1200 Ma are abundant in the Oaxacan Complex, and the
1100-1200 Ma populations are well represented in the Zacatepec
metapsammite, other low-grade metasedimentary samples across the
AC (Figure 2), and the inherited zircons in the Esperanza granitoids
(Figure 10) but 1000 Ma populations are generally minor or absent
(Figure 2,10). Such characteristic appears to be at odds with the
Oaxacan Complex as a primary source, as other non-metamorphosed
sedimentary formations with clear Oaxacan provenance (e.g., the
Tind Formation) exhibit dominant ca. 1000 ages in the detrital signal
(Guerrero-Moreno et al., 2024). Moreover, flat REE zircon patterns
are common in the ca. 1000 Ma Oaxacan Complex zircons, as in a
large proportion of its rocks zircon crystallized contemporaneously
with garnet (Solari et al., 2014, 2020), but the few grains with flat REE
patterns in our samples range in ages from ca. 513-575 Ma (Figure 9e).

Recent data has shown that other Grenvillian rocks outcrop in
southern Mexico, providing new alternatives to the provenance of early
Neoproterozoic-Mesoproterozoic zircons described in the PPLGR
and the Esperanza granitoids. Zircons recovered from rocks of El
Triunfo Complex (Weber ef al., 2018; Valencia-Morales et al., 2022),
Sierra de Judrez Complex (Espejo-Bautista et al., 2022, 2023) and the
Rio Hondo Gneiss (Solari et al., 2024) have returned ages around ca.
900 Ma, 1020-1100 Ma, >1400 Ma, and more importantly a relevant
occurrence of ca. 1200 Ma ages in their rocks, whereas ca. 1000 Ma
zircons are not dominant (Weber ef al., 2018; Espejo-Bautista et al.,
2022, 2023; Valencia-Morales et al., 2022) or are even absent (Solari
et al., 2024). Such <990 Ma and >1020 Ma zircon ages are found in
the Zacatepec area and the larger PPLGR and Esperanza granitoids,
suggesting the old continental crust involved in the formation of the
Acatlan protoliths might be these recently discovered Oaxaquian-
related terranes, rather than the classic Oaxaquia basement, as it has
already been suggested for the source of the Esperanza granitoids
(Solari et al., 2024). Consequently, this novel interpretation of
the Grenvillian-related sources of the AC rocks underscores the
importance of understanding the exposure and location of classic
Oaxaquia and the associated terranes during the Paleozoic.

CONCLUSIONS

Our work provides new data of a poorly explored area in the
southern Acatlan Complex. We found that the Zacatepec low-grade
rocks (ZLGR) were deposited in a submarine environment, with a
Mississippian (334 + 8.9 Ma) maximum deposition age, and were later
affected by three deformational events D,g, ; These characteristics
coincide with the descriptions of other pre-Pennsylvanian low-grade
rocks (PPLGR), showing the ZLGR are their continuation in the
southern portions of the complex. Moreover, we obtained quantitative
geothermobarometric data that show that the ZLGR evolved from 0.15
to 0.27 GPa and 420 to 450 °C to 0.45-0.65 GPa and 480 to 540 °C
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during the development of D, ,, which we propose as a proxy to
the prograde evolution of the PPLGR. This metamorphic evolution
is consistent with the previously proposed scenario where the low-
grade metamorphism of the Acatlan Complex is associated to the
overthursting of the exhumed high-pressure rocks. Furthermore, we
suggest that the detrital and inherited zircon U-Pb age spectra of the
low-grade rocks and Esperanza metagranitoids at Zacatepec and the
rest of the Acatlan Complex indicate that non-Zapotecan Oaxaquian
metamorphic terranes might have been the sources of the rocks rather
than the Oaxacan Complex as commonlly interpreted. Our work
shows that integral studies of low-grade rocks can provide valuable
information for tectonic and paleogeographic models.
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