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18 19  Abstract
19 20

20 21  Anextensive dataset of existing and new geo/thermochronological data from several areas in

21 22 Southern Mexico constrains the tectonic history of the region, as well as various source-to-sink

22 23 relationships and local burial histories. Our interpretation acknowledges that not all cooling/heating
23 24 observed in the source areas is due to erosional exhumation/burial but, in some cases, due to

24 25 advective heat transfer from magmatic sources, which potentially overprinted earlier events. In this
25 26 work, we identified several areas that have been exhumed since the Early Cretaceous and potentially
26 27  provided clastic material to the southern Gulf of Mexico area.

28 29 we help to document how the Mexican (Laramide) Orogeny propagated eastwards and southwards
29 30 from the Late Cretaceous through the early Oligocene. The first sediments reaching the Tampico—
30 31 Misantla and Veracruz basins derived mostly from eroded Cretaceous carbonate material that

31 32 covered the Sierra Madre Oriental, the Sierra de Juarez Complex and the Cuicateco belts, as well as
32 33 foredeep/intra-orogenic basin deposits formerly covering them. Possibly by the end of the Mexican
33 34 Orogeny, the clastic Jurassic and older crystalline basement rocks became exposed and became the
34 35 main sources of quartz-rich clastic material to the most easterly foreland basins and Gulf of Mexico.
35 36 Exposure was probably assisted by higher angle basement thrusts such as the Vista Hermosa/Valle
36 37 Nacional faults. The Mixtequita and Guichicovi blocks have also provided an important source of

37 38 quartz-rich and metamorphic lithic-rich material to the southern Veracruz Basin possibly since the

38 39  Eocene.

jg 41 For most of the Cenozoic, the Chiapas and the Sureste basins were sourced from areas south of the
4o 42 Chiapas Massif, i.e., the North America—Caribbean plate boundary zone along today’s Chiapas
43 43 coastal plain. This plate boundary zone accommodated relative displacement between Mexico and
a4 44 the Chortis Block of the Caribbean Plate. Paleocene—middle Miocene sediments within the Chiapas
45 45 Basin were at least partially sourced from i) metamorphic complexes in the northern Chortis Block; ii)
46 46 the parautochthonous Chontal Complex, an oceanic-like basin sandwiched between Chortis and

a7 southern Mexico; iii) the elongating volcanic arc along southern Mexico and western Chortis; and iv)
48 the Cretaceous and Jurassic sedimentary cover of the southern flank of the Chiapas Massif,

50 50  The westward telescoping of southern Mexico onto the Cocos Plate in the wake of Chortis has
51 51 produced flat slab subduction geometry and eastwardly-younging uplift of the Xolapa Belt (Oligo—
52 52 Miocene) and the Chiapas Massif (late Miocene). It also caused reorganization of the drainage
53 53  systems providing material to the Chiapas and Sureste basins.

55 55 Our results highlight the importance of understanding relative block and plate boundary

56 56 displacements in a dynamic hinterland and consider the role of major faults when interpreting source-
57 57  to-sink relationships in the area. We describe the latter relationships for several geologic time

58 58 intervals in which reservoir-prone sediments were delivered to the southern Gulf of Mexico. Finally,
59 59  we integrate the source-to-sink history to provide an assessment of reservoir quality and hydrocarbon
60 60  prospectivity in the region.
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1 Introduction

Source-to-sink analyses aim to integrate the collective sedimentary systems that extend from eroding
mountainous areas, through transfer zones and finally to depositional sink areas, usually deep-sea
basins (Allen, 2017). Although these types of analyses are not a new concept (see Walsh et al., 2016;
Helland-Hansen et al., 2016), their utility for the determination of the dispersal of sediments and
potential resources contained in those sediments is unparalleled (Allen and Allen, 2013). Variations in
the distribution and amount of sediments reaching the depositional areas reflect ultimately changes in
tectonic activity and/or climate, particularly in active and highly dynamic areas such as the North
American continental interior (Galloway et al., 2011).

The tectonic and/or erosional exhumation of continental and oceanic litho-tectonic units exposed in
southern Mexico has significantly contributed to the sediment flux into the Gulf of Mexico and adjacent
basins, beginning in the late Mesozoic (Winker and Buffler, 1988; Gray et al., 2021; Graham et al.,
2020; Sierra-Rojas et al., 2020; Beltran-Trivifio et al., 2021). Although a number of individual studies
have assessed the post-Jurassic uplift and exhumation history of certain areas in northern (Fitz-Diaz
et al., 2014; 2018, Gray et al., 2001; 2021) and southern Mexico (Ducea et al., 2004; Witt et al., 2012;
Abdullin et al., 2016; Gray et al., 2021; Villagomez and Pindell, 2020a, 2020b; Hernandez-Vergara et
al., 2021), we still lack a synthesis explaining when and how the continental margin was exhumed and
where the potential sink areas were located.

We have determined the Cretaceous and younger exhumation history for southern Mexico by using a
number of geochronological and thermochronological techniques on litho-tectonic units from the
southern Sierra Madre Oriental to western Guatemala. We have linked these “source” areas to
potential depositional areas based on published studies and industrial data. Our work also addresses
some depositional aspects of clastic sediments reaching the Gulf of Mexico basins.

Our results show that the Cretaceous and younger exhumation history of the region directly relates to
the progressive evolution of the Farallon/Cocos—North America—Caribbean plate boundaries,
including the relative displacement of the Chortis Block along Mexico as part of the NW Caribbean
Plate. This paper presents a series of paleogeographic and depositional reconstructions that account
for i) regional tectonics, ii) exhumation-related information, iii) detrital provenance analysis, and iv)
depositional studies in the different foreland basins of southern Mexico.

This work highlights the importance of sedimentary reworking as a fundamental aspect when
determining provenance and reservoir quality in Southern Mexico. These “second cycle” sediments
are more texturally and compositionally mature when re-deposited farther out into the basin, therefore
with improved reservoir characteristics.

2 Geological setting

The following summary and Appendix 1 synthesize the geology of the main litho-tectonic units in
Southern Mexico, which are shown in Figure 1. Most of the litho-tectonic units described here are
primarily identified based on their stratigraphy and deformation history, and do not necessarily carry
any genetic implication even if some of them were allochthonous prior to a given time. Nonetheless,
they are usually bounded by major faults (currently exposed at surface or not) with a clear geological
relevance and displacement history based on geological mapping and/or exhumation-related
information. For the purposes of this contribution, we have subdivided the Cuicateco Belt into several
workable sub-units or sub-belts based on mapped faults and differential lithologies. The different
regional-scale litho-tectonic units discussed below are characterized by internal geological
homogeneity, tectonic style, exhumation, and deformation history and are bordered by the structures
shown in Figure 1. Some of the most important litho-tectonic units and major structures are shown in
cross sections (Figures 2a and 2b)

2.1 Geologic and tectonic aspects of the different litho-tectonic units

2.1.1 Xolapa
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The Xolapa Complex records Jurassic—Cretaceous magmatism with concurrent Upper Jurassic—
Lower Cretaceous sedimentation followed by an intense and eastwardly diachronous Cenozoic
magmatism. This history suggests that Xolapa corresponds to a Jurassic—Cretaceous arc and
associated peri-arc basin (Talavera-Mendoza et al., 2013; Pefia-Alonso et al., 2018). The rocks also
record several tectono-thermal events including: i) Late Jurassic tectonic foliation development, ii) a
pre-129 migmatization (Herrmann et al., 1994, Solari et al., 2007), iii) Paleocene—early Eocene
migmatization and ductile to brittle deformation (Pefia-Alonso et al., 2017), and iv) conspicuous
Eocene—-Oligocene sinistral shearing (Pefia-Alonso et al., 2017, 2021; Kazachkina et al., 2020).

The northern limit of the Xolapa Unit is a series of faults with ductile and brittle kinematic indicators
such as (Las Ventas)-Tierra Colorada (Riller et al., 1992), and the Chacalapa mylonitic (Tolson,
2005) faults (Figures 1 and 2a). All of these faults may represent a strand of the long-lived North
America—Chortis plate boundary (Graham et al., 2020), and seem to be offset by the offshore
Chipehua Fault (Sanchez-Barreda, 1981).

2.1.2 Mixteca and Oaxaca blocks

The basement of these blocks comprises Late Mesoproterozoic gneisses and Paleozoic granitoids,
amphibolite and metasediments (Keppie et al., 2003; Weber et al., 2010) intruded by Permian—Early
Triassic anatectic granites. The Mixteca and Oaxaca blocks (which are separated by lithospheric
Caltepec Fault; Elias-Herrera and Ortega-Gutiérrez, 2002) have likely behaved as a coherent crustal
block at least since Middle Jurassic (Nieto-Samaniego et al., 2006; Pefia-Alonso et al., 2017). The
two blocks have a thick Mesozoic sedimentary cover with only limited evidence of Jurassic syn-rift
extension (Martini and Ortega-Gutiérrez, 2018; Campos-Madrigal et al., 2013; Zepeda-Martinez et al.,
2021), widespread Upper Jurassic shallow water deposition and a record of Early Cretaceous back-
arc extension (Sierra-Rojas et al., 2016). On the east, the Oaxaca basement is covered by the deep-
water Lower Cretaceous Jaltepetongo Fm. (Sierra-Rojas et al., 2020). Both blocks are covered by
extensive Albian—Cenomanian platform deposits, as well as by a series of Coniacian to Paleogene
clastic continental deposits. Late Cretaceous—Eocene compressional deformation is observed in both
the Mixteca and Oaxaca blocks (Nieto-Samaniego et al., 2006; Fitz-Diaz et al., 2018; Ruiz-Arriaga,
2018). The latter deformation is related to the so-called Mexican Orogeny, traditionally referred to as
the Laramide Orogeny (see discussion in Fitz-Diaz et al., 2018). The Oaxaca Block is widely intruded
by Oligocene—Miocene arc-related intrusive bodies (e.g., Ejutla Batholith) and covered by Oligo—
Miocene volcanic rocks which locally host magmatic-hydrothermal deposits mostly of Miocene age
(Camprubi et al., 2019). The Oaxaca Block is bounded to the East by the brittle, west-dipping normal
Oaxaca Fault (Figures 1 and 2a), which is possibly a late reactivation of a structure that may have
been associated with the Jurassic strike-slip assembly of Southern Mexico (Pindell et al., 2020a) and
the opening of the Gulf of Mexico (Fitz-Diaz et al., 2022).

2.1.3 Sierra de Juarez Complex

We consider the Sierra de Juarez Complex to include the crystalline rocks located along and between
the Oaxaca Fault and the Siempre Viva Fault to the east. The Siempre Viva Fault is a major thrust
that puts the Sierra de Juarez Complex above the Cuicateco Belt (Figure 1). The Sierra de Juarez
Complex forms a ~170 km long and ~10-15 km wide migmatitic-mylonitic belt previously interpreted
as a thrust zone reactivated by possibly dextral shearing during the opening of the Gulf of Mexico
(Delgado-Argote, 1988; Alaniz-Alvarez et al., 1996). This complex includes a series of ortho- and
para-gneisses that show evidence of partial migmatization and mylonitization. The metamorphic rocks
have been separately named Sierra de Juarez Mylonitic Belt in the south (Alaniz-Alvarez et al., 1994)
or Teotitlan Migmatitic Complex in the north (Angeles-Moreno, 2006; Angeles-Moreno et al. 2012).
Most recently, they have been interpreted to share a common deformational history related to hyper-
extension (Villagémez, 2014; Pindell et al., 2020a; Graham et al., 2020). The protoliths of the
metamorphic rocks have Paleozoic, Neoproterozoic and Mesoproterozoic (Espejo-Bautista et al.,
2021) ages and the rocks are intruded by Late Jurassic—earliest Cretaceous plutons (Pindell et al.,
2020a; this work). Migmatization related to decompression has been dated at ~147-133 Ma
(Angeles-Moreno, 2006; Coombs, 2016; Pindell et al., 2020a) and was likely synchronous with
mylonitization in the latest Jurassic—earliest Cretaceous (Graham et al., 2020; Pindell et al., 2020a).

2.1.4 Cuicateco Belt




=
QUOWONOUIAWNE

DO UIUIUIUUUIUICTUODNRARNANARNDNARNANARNWWWWWWWWWWNNNNNNNNNNRPRPRERRRPRRR
ORONPROOONOGOROMNROOOVNOURWNROOONONRONROOONOUNRWNROOONOORNWNER

180
181
182
183
184
185
186
187
188
189
190
191

The Cuicateco Belt, also known as the Juarez Terrane (Campa and Coney, 1983), includes a series
of sub-belts located between the Siempre Viva Fault and the Valle Nacional/Soyaltepec thrusts
(Figure 1). The southern region is dissected by a series of faults (e.g., Villa Alta, Vista Hermosa,
Aloapan faults; Figure 1) that have brought the crystalline basement to surface levels. This deeper
level of exposure in the southern region has removed much of the conspicuous Cretaceous—lower
Cenozoic sedimentary cover observed in other regions of Southern Mexico. The northern region of
the Cuicateco Belt is clearly less exhumed and preserves the so-called Cretaceous Cérdoba Platform
(Ortufio-Arzate et al., 2003).

Southern region: Although poor exposure prevents a better lithological discrimination, three main sub-
belts (Units 4a—c; Figure 1) can be distinguished in the southern portion of the Cuicateco Belt, which
from west to east are (see also Appendix 1):

a) Paleozoic metasedimentary rocks covered by variably deformed sediments of the Todos Santos
(Jurassic), Jaltepetongo, Chivillas (Lower Cretaceous) and Tamaulipas and Tecamalucan (mid—-Upper
Cretaceous). This sub-belt is pervasively intruded by Neogene plutons.

b) A massive sub-belt of Paleozoic schists named Mazateco Complex in the North (Angeles-Moreno,
2006; Angeles-Moreno et al., 2012) and Mazatlan Complex in the South, floored by Paleozoic
metasediments and metaigneous rocks of the Tuxtepec Complex (Ordovician maximum depositional
age; Molina-Garza et al., 2020a).

¢) A plutonic metamorphic complex that includes serpentinized gabbros of the Tuxtepec Complex;
thrust over and overlain by Jurassic Todos Santos Formation and partially covered by Lower
Cretaceous back-arc volcanic rocks of the Xonamanca Fm.

Northern region (Unit 4d; Figure 1): The Cdrdoba Platform and Zongolica fold-and-thrust belt includes
Upper Jurassic marine strata and Lower Cretaceous back-arc volcanic and sedimentary rocks of the
Xonamanca and Chivillas formations followed by middle Cretaceous platform deposits and Upper
Cretaceous siliciclastic deposits (Lawton et al., 2020). All of these Mesozoic sedimentary successions
are deformed, forming a NNW-SSE oriented fold-and-thrust belt with eastward vergence. The origin
of this belt, also known as the Zongolica fold-and-thrust belt, is related to the Mexican Orogeny and
occurred during Late Cretaceous and early Cenozoic time (Fitz-Diaz et al., 2018; Carfantan, 1985).
There are a few remnants of piggy-back basins with Paleocene and Eocene clastics deposited
between thrusted carbonate rocks (Ortufio-Arzate et al., 2003).

2.1.5 Veracruz Basin

The western flank of this basin contains Cretaceous lithologies similar to those observed in the
Cérdoba platform, but the main depocenter is filled with Cenozoic foreland deposits above an
uncertain Mesozoic stratigraphy. This is because drilling has rarely reached the Mesozoic, and some
evolutionary models (e.g., Pindell and Kennan, 2001; 2009; Pindell et al., 2016; 2021) consider the
eastern half of the basin as part of the Jurassic oceanic Gulf of Mexico. The Cenozoic deposits were
dominated by deep-water submarine fans, at least until the latest Pliocene. Miocene re-activation of
older structures is recognizable even beyond the deformation front into the western Veracruz Basin
(Figure 1) and was responsible for the observed folding and thrusting beneath the coastal plain (Prost
and Aranda, 2001; Graham et al., 2020).

2.1.6 Sierra Madre Oriental

The Sierra Madre Oriental remains one of the most prominent topographical expressions of the
Mexican Orogeny (Figure 1). Folded and thrusted rocks currently exposed in the Sierra Madre
Oriental Belt include Upper Triassic through middle Eocene strata. The Sierra Madre Oriental Belt
grew during the Mexican Orogeny as a forward propagating system from ~90 Ma to ~43 Ma (Fitz-Diaz
et al., 2014; Gray et al., 2021). This progressive but episodic deformation started in the western
hinterland and propagated eastwards (Fitz-Diaz et al., 2014, 2018; Gray et al., 2001, 2021) forming
various generations of km-scale folds. The frontal region of the southern Sierra Madre Oriental
accommodated sedimentary and tectonic overburden throughout most of Mexican Orogeny times
(Fitz-Diaz et al., 2018).

2.1.7 Tampico—Misantla Basin
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This basin corresponds to the foreland basin related to the Mexican Orogeny, although Jurassic rifts
form its deeper parts. Maastrichtian—Eocene synorogenic turbidites were deposited in foredeep
depocenters and onlapped topographical highs (e.g., Tuxpan Platform; Carrillo, 1980; Horbury et al.,
2003). The turbidites, composed of siliciclastic and calcareous detritus, were overlain by post-
orogenic Oligocene—Miocene eastward propagating sedimentary wedges. It has been a depositional
area throughout the Cenozoic with possibly a few episodes of erosion between 30 and 10 Ma (Gray et
al., 2021; Villagébmez et al., 2019).

2.1.8 Mixtequita Massif

Several authors (Pindell and Kennan, 2001, 2009; Nguyen and Mann, 2016) trace the landward
expression of the East Mexico Transform (previously named Tamaulipas—Golden Lane—Chiapas fault
by Pindell, 1985; or Western Main Transform fault by Martén and Buffler, 1994) through the Veracruz
Basin and Tehuantepec as lying along the western side of the Mixtequita Massif (Figure 1). The
metamorphic and granitic rocks located east of this fault zone (locally named the Petapa Fault;
Molina-Garza et al., 2020a) include the Mixtequita Unit in the north (Permian and Jurassic granitoids)
and the Guichicovi Unit in the south (Precambrian granulitic gneisses). The Mixtequita was probably
derived from partial melting of the Guichicovi (Weber and Hecht, 2003). Both units are surrounded by
Jurassic Todos Santos with some possible Todos Santos outliers upon them, suggesting strong
extensional unroofing during rifting and after the partial melting (Pindell et al., 2021).

The northern border of the Mixtequita Block is buried beneath the southern Veracruz Basin (Pindell et
al., 2016, 2020a) whereas the eastern border seems to be continuous with the greater Chiapas
Massif, although beneath Cenozoic sediments (Molina-Garza et al., 2020a). The southern flank of the
Guichicovi Block is overthrust by folded and cleaved Todos Santos, as well as by Cretaceous
metasediments from the Chontal Complex (see below). The Mixtequita and Guichicovi units
experienced a long history of sedimentary and tectonic burial during the Cretaceous and were
arguably cooled and exhumed in the late Eocene (Molina-Garza et al., 2020a).

2.1.9 Chontal Complex

Upper Cretaceous metamorphosed volcanic and basinal sedimentary rocks, possibly extruded and
deposited in an oceanic back-arc setting (Carfantan, 1981; Pindell et al., 2011; Molina-Garza et al.,
2020a). These rocks are interpreted as being accreted to the paleo-Pacific continental margin of
southern Mexico, forming the so-called Chivela Nappes (Figure 1; Molina-Garza et al., 2020a). As
revealed by magnetic anomalies and field mapping, the Chontal Complex is thrusted tens of
kilometres over the Mixtequita Block (Molina-Garza et al., 2020a).

Detrital zircon U-Pb ages from the Chontal metasediments have maximum depositional ages of 77
Ma (Pérez-Gutiérrez et al., 2009). The rocks experienced low-grade metamorphism (Molina-Garza et
al., 2020a) and deformation after Maastrichtian times (protolith U-Pb age of 66 Ma age; Pérez-
Gutiérrez et al., 2009). These metamorphic rocks are partially and unconformably overlain by
continental Oligocene—late Eocene sediments (Carfantan, 1981) of the Huamelula Fm. The
Huamelula sediments contain Chontal-like lithologies, as well as older granite boulders (Molina-Garza
et al., 2020a), providing a minimum age constraint for the metamorphism and accretion of the Chontal
Complex to the Mexican margin. These relationships indicate that the Chontal rocks were
metamorphosed to low-grade conditions and then were exhumed to surface levels by the late
Eocene, possibly during final accretion. All the units were subsequently intruded by Miocene
granitoids.

2.1.10 Chiapas Massif and Basin

The Chiapas Massif is mainly composed of Permian granitoids, which intrude Upper Paleozoic
metasedimentary rocks (Weber et al., 2006; 2007). The massif was likely detached from the
basement of the Tampico—Misantla Basin (Tamaulipas Arch and other basement highs) in Bathonian
times (Villagomez et al., 2019; Pindell et al., 2020a), when it began to rotate clockwise along with the
Yucatan Block along the East Mexico Transform (Figure 1; Molina-Garza et al., 1992; Pindell et al.,
2016). The Chiapas Massif has been roughly at North American paleo-latitudes since the Hauterivian.
However, a small clockwise rotation (15-20°) has been recorded by paleomagnetic studies on
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overlying middle Eocene strata prior to late Miocene, probably in the middle Miocene (Molina-Garza
et al., 2020b).

The Chiapas Basin developed above the southwest Yucatan Block since the Early Jurassic. Bed-
plane shearing due to shortening and/or salt deformation in the Chiapas fold-and-thrust belt arguably
started in the Eocene (Witt et al., 2012; Villagémez and Pindell, 2020a; Hernandez-Vergara et al.,
2021), although most deformation is middle Miocene to Recent (Chavez-Valois et al., 2009).
Shortening in the Chiapas fold-and-thrust belt was most probably driven by the clockwise rotational
translation of the Chiapas Massif, which in turn was likely caused by the onset of Cocos subduction
beneath Chiapas in the wake of Chortis during middle to late Miocene times (Pindell and Miranda,
2011; Pindell et al., 2020b; Graham et al., 2020; Molina-Garza et al., 2021).

The Chiapas Massif is presently bounded to the South by the Tonala Fault (Figures 1 and 2b), a sub-
vertical ductile transcurrent shear zone (Molina-Garza et al., 2015, 2021), which, along with the
Motagua and Baja Verapaz faults, is likely to represent major strands of the North America—
Caribbean plate boundary zone (Graham et al., 2020).

2.1.11 Eastern Chiapas, Chortis (mobile) and the Tehuantepec Shelf

The geology of the southeasternmost tip of the morphological Chiapas Massif (south of the Polochic
Fault) is composed of Lower Paleozoic metasedimentary rocks (Weber et al., 2008), which arguably
resemble the lithologies of Chortis (Appendix 1). In Mexico, this tip of the Massif has been named the
Huixtla Block and interpreted by Villagémez and Pindell (2020a) as more highly exhumed,
allochthonous with respect to Chiapas Massif, and with a slightly older exhumation history than the
rest of the massif.

In addition, two volcanoclastic rocks obtained from the Salina Cruz-1 well offshore Tehuantepec
contained consistently unimodal U-Pb ages of 88 Ma and 69 Ma (Tectonic Analysis Ltd., pers.
comm., 2022, unpublished data). This shows that the dated units correspond to Upper Cretaceous
volcanoclastic rocks, which are not known in autochthonous onshore areas. However, these rocks are
relatively close in age with plutons observed onshore in the Huixtla Block, south of the Polochic Fault
(64.8+1.3 Ma; Villagébmez and Pindell, 2020a), suggesting that offshore Tehuantepec Shelf and the
Huixtla Block might be the western continuation or tail of the mobile Chortis Block.

3 Published thermochronology in Southern Mexico
3.1 Thermochronology basics and applications

Thermochronology provides information on the timing, duration and magnitude of heating and cooling
events recorded by rocks (Braun et al., 2006). This information can be further used to evaluate the
influence of tectonic and magmatic events, crustal or stratal exhumation of mountainous areas, basin-
forming mechanisms, delivery of clastic material to sedimentary basins, as well as burial and erosion
history of sedimentary basins (Armstrong, 2005). This information is therefore critical when
determining the timing and possible pathways of sediments delivered to a depositional site, for
instance the Gulf of Mexico.

All isotopic systems in minerals behave as open systems if the ambient temperature is sufficiently
high. In such cases, isotopes are able to rapidly partition into fluid rich phases and solid phases with
lower concentrations of the solute (i.e., daughter isotope). It is reasonable to assume that daughter
isotope loss is dominated by thermally activated diffusion, hence we can define a temperature range
where daughter isotopes are partially retained within their lattice of origin. It is also possible to define
a closure temperature (Dodson, 1973), which lies within the temperature range of daughter isotope
retention and is approximately equivalent to the temperature at which more than half of the daughter
isotopes are retained.

Various geo- and thermo-chronometers with a wide range of retention temperatures are customarily
employed in thermochronology in order to elucidate the thermal path of a rock within the middle and
upper crust. Common methods currently used are U-Pb in zircon (closure temperatures >900°C,
considered a geochronometer, and usually a proxy for zircon crystallization), 4°Ar/3°Ar in a variety of
mineral phases, and fission track and (U-Th)/He in zircon and apatite.
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The closure temperature of the “0Ar/3°Ar system depends on the dated mineral phase. For instance,
temperatures for hydrous phases such as hornblende and muscovite range between ~545-511°C and
~440+40°C respectively (McDougall and Harrison, 1999; Harrison et al., 2009). The retention
temperatures of radiogenic “°Ar are lower in K-feldspar, ranging from ~350°C to ~150°C (Lovera et al.,
1991).

Other methods that are relevant to this study include the following: zircon fission track (ZFT), zircon
(U-Th)/He, apatite fission track (AFT) and apatite (U-Th)/He, which provide thermal information on
temperatures between ~290-210°C, ~200-130°C, ~120-60°C and ~90—40°C, respectively (Bernet
and Garver, 2005; Wolfe and Stockli, 2010; Ketcham et al., 2007; Farley, 2002).

3.2 Published high- and medium-temperature thermochronological data in southern Mexico

Except for a few thermochronological studies focusing on Oaxaca/Mixteca (e.g., Vega-Granillo et al.,
2007; Kirsch et al., 2014), Xolapa (Moran-Zenteno et al., 1996), the Sierra Madre Oriental (e.g., Fitz-
Diaz et al., 2014, 2018) the Sierra Juarez Complex (Delgado-Argote et al., 1992; Angeles-Moreno,
2006), and the Chiapas Massif and Basin (Villagomez and Pindell, 2020a; Hernandez-Vergara et al.,
2021; Fitz-Diaz et al., 2022), many uncertainties remain on the significance of the high- and medium-
temperature thermochronological information (e.g., multi-phase “CAr/3°Ar).

The most reliable and robust thermochronological data obtained in Sierra Juarez Complex were
presented by Angeles-Moreno (2006) and they correspond to undisturbed plateau 4°Ar/3°Ar ages in
muscovite (closure temperature of ~440+40°C; Harrison et al., 2009) from three metamorphic rocks
collected south of Tehuacan (one granitic gneiss, one granitic dike and one white mica schist). The
muscovite 40Ar/3%Ar ages are indistinguishable within error and range from 130 Ma to 133 Ma. A fourth
hornblende “°Ar/*°Ar age from a migmatitic gneiss from the same Sierra de Juarez Complex yielded
an age (~144 Ma) which is older than its zircon U-Pb age (140 Ma; Angeles-Moreno, 2006),
suggesting that excess argon was present in the hornblendes (making the “°Ar/3°Ar age suspect).

Hornblende 4°Ar/3°Ar ages obtained by Delgado-Argote et al. (1992) from three granitoid rocks
collected from the road between Teotitlan and Vigastepec yielded slightly disturbed spectra (showing
excess 49Ar in the initial steps). Ages from the two less disturbed samples suggest that the rocks were
cooled at the closure temperature of hornblende between 132 Ma and 134 Ma. All white mica and
hornblende ages range from ~134 Ma and ~130 Ma, which undoubtedly indicates a regional period of
rapid cooling during Hauterivian time in the western Cuicateco Belt.

3.3 Published low-temperature thermochronological data in Mixteca/Oaxaca, Xolapa, Chiapas
and Chortis

There are a few reliable AFT and apatite U-Th/He data from the Mixteca and Oaxaca blocks. The
Xolapa Block, on the contrary, has been extensively studied by a number of authors (e.g., Ducea et
al., 2004; Shoemaker et al., 2004; Villagémez and Pindell, 2020b) and summarized in Villagémez and
Pindell (2020b). The latter authors sampled for AFT and apatite and zircon (U-Th)/He a number of
Eocene and older rocks along the whole extension of the Xolapa Block across three main traverses
between Acapulco and Puerto Angel (Figure 3). Their thermochronological results yielded a clear
eastward-younging trend with thermal models constraining cooling between ~32—20 Ma in the west
(Acapulco location) and ~19-11 Ma in the east (Puerto Angel location). Villagémez and Pindell
(2020b) demonstrated that cooling along the present-day Pacific margin was eastwardly diachronous.
These authors explained cooling as a consequence of erosional exhumation with moderate
exhumation rates of around 0.3 to 0.6 km/My during the previously mentioned periods of time.

Apatite Fission Track and U-Th/He cooling ages from the Chiapas Massif are mostly middle and late
Miocene (Witt et al., 2012; Villagémez and Pindell, 2020a). The last and main period of cooling and
exhumation observed in the northwestern and central portions of the Chiapas Massif probably started
at around 10-8 Ma (Villagémez and Pindell, 2020a). Exhumation rates in these regions range from
0.7 to 0.4 km/My. The easternmost tip of the morphological Chiapas Massif (South of the Polochic
Fault; an area that shows a geology which greatly resembles part of the Chortis Block) started to cool
earlier (at 15-14 Ma) than the rest of the Chiapas Massif (<10 Ma; Villagdémez and Pindell, 2020a).
This middle Miocene cooling is relevant because it was obtained from rocks that are located away
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from thermal influences of Miocene magmatism emplaced along the Tonala Shear Zone. Villagbmez
and Pindell (2020a) considered this block (so-called the Huixtla Block, south the Polochic Fault) to be
part of the tail of the Chortis block rather than part of the Chiapas Massif.

Although it has not been thoroughly studied, there are a few publications that have dealt with
thermochronological aspects of the Chortis Block in Central Guatemala, in particular from the
ChuacUls and Las Ovejas complexes (e.g., Ratschbacher et al., 2009; Simon-Labric et al., 2013).
These regions are allochthonous with respect to present-day Guatemala (Solari et al., 2013).
Published zircon U-Th/He and Ar—Ar data from the Chuacus Complex (north of the Motagua Fault
and south of the Polochic Fault; Figure 7a) record early Paleocene—early Miocene cooling ages
(Ratschbacher et al., 2009; Simon-Labric et al., 2013). In addition, zircon U-Th/He and AFT cooling
ages from Las Ovejas Complex (south of the Motagua Fault; Figure 7a) suggest the region
experienced cooling from 40 Ma to 10 Ma (Ratschbacher et al., 2009; Simon-Labric et al., 2013).
Overall, these data suggest that the northern complexes of Chortis (Chuacus and Las Ovejas) cooled
and were exhumed from early Paleocene to late Miocene, and possibly are still being exhumed today
(Brocard et al., 2020).

3.4 Published thermochronological data in the southernmost Sierra Madre Oriental Belt and
the northern Cuicateco Belt (eastern Cérdoba platform)

The Sierra Madre Oriental has been considerably studied for thermochronology and the data show
that the Mexican Orogeny deformation possibly started at ~90 Ma in the hinterland (western foothills)
and at ~50 Ma along the eastern edge of the belt (Fitz-Diaz et al., 2014, 2018; Gray et al., 2001;
2021). This generally forward propagating system during the Mexican Orogeny saw the development
of a syn-tectonic basin above the eastern toe of the active belt. This basin in the northern Sierra
Madre Oriental (called Mayran Basin by Gray et al., 2021) was buried and heated older rocks until at
least ~40 Ma, when it was finally inverted. This inversion caused quick erosion of the basin, providing
detrital material first eastward into the Gulf of Mexico, then southward toward the Tampico—Misantla
Basin. The youngest (Oligocene—Miocene, post-Mexican Orogeny) compressional features affected
pre-Miocene sedimentary units and are mainly observed in the adjacent foreland region (not in the
interior parts of the fold belt; Gray et al., 2001). An interpreted northward-younging diachronous uplift
and deformation during Oligocene—Miocene time along the length of the Sierra Madre Oriental is
plausible from the thermochronological data (Gray et al., 2001).

Farther to the south, in the northern Cuicateco Belt (the Sierra de Zongolica s.s./Cérdoba platform)
only two AFT ages have been published (Gray et al., 2001). The AFT pooled ages were obtained
from Santonian—Campanian sediments and yielded a partially reset age of 74+7 Ma and a fully reset
age of 33+2 Ma. Fluid-inclusion homogenization temperatures suggest that the sample with the
younger age was buried and heated above 130°C, due to burial, prior to final exhumation. The older
aged sample was probably not buried enough and recorded detrital AFT information (Gray et al.,
2001).

4 New geochronological and thermochronological data

We have obtained 15 new geochronological ages (zircon U-Pb), two new K-feldspar “°Ar/3°Ar ages,
13 new AFT ages, one new ZFT age, four new apatite (U-Th)/He) and 14 new zircon (U-Th)/He ages
(Figure 3 and Tables 1-6). We have also reinterpreted AFT age data from four samples in the
Tampico—Misantla Basin and 17 samples in the Cuicateco Belt published by Gray et al. (2021),
considering the new geo and thermochronological data obtained in this work. The details of the
methodologies used in this study are shown in Appendix 2. All the age results are shown in Tables
1-6 and are grouped according to the litho-tectonic units described in Figure 3.

We have also run a controlled random search procedure (HeFTy; Ketcham, 2012) to identify thermal
histories that closely match our medium- and low-temperature thermochronological analytical data
within certain statistical parameters by using an inverse modelling procedure (Ketcham, 2005;
Ketcham et al., 2007). By doing so, we have created time—Temperature paths (Figures 4a and 4b)
that help us to identify periods of cooling and heating in southern Mexico described below.

4.1 Mixteca and Oaxaca blocks
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We have obtained a few AFT ages in western Mixteca Block ranging from 62.4 Ma and 83.2 Ma
(Figure 3; Table 3). Dated lithologies include low-grade metamorphosed and deformed sediments of
the Cosoltepec Fm. of the Paleozoic Acatlan Complex (DH-23-12-3-11; DH-24-12-3-11) and fine-
grained volcanoclastic sandstones of the Upper Paleozoic Olinala Fm. (DH-22-12-3-11). Although the
rocks did not yield enough AFT length information required for thermal modelling, consistent
Campanian to early Paleocene AFT ages suggest that western Mixteca experienced cooling during
the Mexican Orogeny.

Samples located farther to the east and close to the Oaxaca Fault (gneiss 18-01-18-01 covered by
Jaltepetongo Fm.) record continuous heating from Early Cretaceous through the latest Cretaceous
with cooling starting only at about 60 Ma (Figure 4a). We have also obtained zircon U-Pb from
intrusive and volcanic rocks in central Oaxaca (samples 17-01-18-01, 17-01-18-04, 17-01-18-05, 17-
01-18-06; Table 1). These crystallization ages span 33 Ma to 23 Ma, which attest to a continued
Oligocene—early Miocene magmatism that has undoubtedly affected the Miocene paleo-geothermal
gradient south of Oaxaca City (Figure 3). Thermal models from one Jaltepetongo Fm. sandstone (17-
01-18-03) intruded by the Oligo—Miocene granites yielded middle Miocene elevated cooling rates
(Figure 4a).

4.2 Sierra Juarez Complex (high and medium temperature data)

Alkali-feldspar from two orthogneiss samples 5-11-11-02A (zircon U-Pb age of 15813 Ma, Pindell et
al., 2020a) and 5-11-11-03A (zircon U-Pb age of 137.2 + 2.2; Coombs, 2016) collected approximately
50 km SE of the city of Tehuacan (Figure 3) were dated by “°Ar/3°Ar. Both samples present excess
40Ar at the initial steps (sample 5-11-11-03A presents higher percentage of excess “°Ar based on a
more defined U-shaped spectrum; Figure 5a). Alkali-feldspar from sample 5-11-11-03A consequently
presents a more disturbed spectrum with one hump at approximately 40% of the 3%Ar released. In
contrast, sample 5-11-11-02A shows a more consistent stair-like spectrum with the younger reliable
single step ages ranging from 90+9 Ma to 13315 Ma (2-sigma error; Figure 5a; Table 2). We
consider the latter as a more representative and less disturbed sample.

Higher temperature domains (closure temperature of ~350°C) within the K-feldspar yielded a single-
step age of 13315 Ma (5-11-11-02A), which overlaps within error with muscovite and hornblende
40Ar/3°Ar ages of 134-130 Ma, previously reported by Angeles-Moreno (2006) and Delgado-Argote et
al. (1992). This reinforces the idea that the K-feldspar age data successfully complement the thermal
history of the region at least since ~130 Ma.

Alkali-feldspars degassed by step heating with a CO2—IR laser arguably provide a semi-quantitative
thermal history of the sample within the zone of partial “°Ar retention (see discussion in Villagémez et
al., 2019). Age spectra show that there might be some excess 4°Ar at the initial steps, but alkali-
feldspar from crystalline samples from the Sierra de Juarez Complex record a slow protracted cooling
from ~130 Ma to ~90 Ma (Figure 5a).

4.3 Sierra Juarez Complex (low-temperature data)

Orthogneiss 5-11-11-02A and migmatitic orthogneiss 5-11-11-03A from the Teotitlan Migmatitic
Complex (northern Sierra de Juarez Complex) were also dated by AFT yielding indistinguishable ages
within error (51.945.6 Ma and 57.2+6.0 Ma, respectively; Table 3). Apatite (U-Th)/He was obtained
from one sample (5-11-11-02A) and yielded a weighted mean age of 16.4+0.5 Ma (Table 4). Inverse
thermal modelling using AFT data and Apatite (U-Th)/He in both samples shows similar patterns. The
good solutions and best-fitting thermal models (Figure 4a) show: i) an onset of moderate cooling in
the latest Cretaceous—Paleocene, lasting until about 50 Ma as observed in the best constrained
model; ii) that there is no evidence of significant late Eocene—early Miocene cooling in those rocks;
and iii) a renewed cooling at about 10 Ma.

4.4 Cuicateco Belt

4.4.1 West of Villa Alta and Aloapén faults, East of Siempre Viva Fault

We dated a number of samples for thermochronology including deformed/low-grade metamorphosed
Jurassic sediments (Todos Santos-like units) and Cretaceous sedimentary rocks (Jaltepetongo Fm.),
which are conspicuously intruded by Oligo—early Miocene plutons. In order to precisely determine the
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timing of Cenozoic magmatism, we dated two San Juan Juquila plutons, which yielded U-Pb zircon
crystallization ages of 17.3-17.5 Ma (Table 1). We also dated by zircon U-Th/He an undeformed
dacitic porphyry (26Feb16-6B) collected near the locality of Las Animas, which gave a middle
Miocene crystallization age (15.7 Ma; Table 5).

All the thermal models show that the Jurassic and Cretaceous rocks (16-01-18-05A; 16-01-18-08A,
16-01-18-09A; 18-01-18-03; 26Feb16-7A) were continuously heated after deposition to temperatures
above ~120°C until about 30-20 Ma, after which they were finally cooled (Figure 4a).

4.4.2 Between Villa Alta/Aloapén and Vista Hermosa faults (Mazateco Complex)

We modelled AFT age data published by Gray et al. (2021), including new apatite and zircon U-
Th/He data (Tables 3-5). The new thermal models from Paleozoic metamorphic rocks, as well as
from Todos Santos red beds, show cooling starting at 45 Ma and continuing through the latest
Miocene (Figure 4a). The best constrained sample is a low-grade Paleozoic metamorphic rock (21-
01-18-01), which included AFT, apatite and zircon U-Th/He constraints. Its thermal model shows that
the rocks experienced continuous cooling possibly from 45 Ma, with probable pulses after 10 Ma. The
late Eocene onset of cooling is also supported by a different Paleozoic sample (21-01-18-04), which
yielded a ZFT age of 40.6 Ma (Table 6). This continuous cooling starting in the middle Eocene is also
recorded in red beds from the Todos Santos Fm. (27Feb16-3B), which yielded early Oligocene zircon
U-Th/He cooling ages (Table 5).

4.4.3 Between Vista Hermosa and Valle Nacional faults

Two Jurassic sandstones from the Todos Santos (20-01-18-08 and 19-01-18-10) and a Cretaceous
litharenite from the Xonamanca Fm. (19-01-18-06) yielded AFT ages of 27.6 Ma and 19.7 Ma.
Samples of similar lithologies (27Feb16-4B and 27Feb16-5B) were dated by zircon U-Th/He but they
yielded partial reset ages with uninterpretable discordant single grain ages (Table 5). This points out
that the region never reached sufficient temperatures to fully reset the zircon U-Th/He system
(~200°C). Nonetheless, the AFT modelling suggests that samples were heated since deposition until
about 35 Ma, when they were subsequently cooled (Figure 4a).

4.4 Remodelling of published data from the Tampico—Misantla Basin

We have dated detrital zircons (DZ) for U-Pb from a number of Chicontepec sandstones (COAP17-1,
SANT17-2A, SANT17-2B, SFRAN17-1; Table 1) and our results consistently indicate that the basal
Chicontepec has a Paleocene maximum depositional age, while middle and upper Chicontepec
members have lower Eocene maximum depositional ages. We modelled the Time—temperature
history from key samples (COAP17-1, ACAT17, SANT17-1, ALTO17-2; Figure 3) also reported in
Gray et al. (2021). Our models (Figure 4b) show an eastward younging trend in both heating and
cooling in the region, in line with Gray et al. (2021) interpretation. The most relevant samples are
described below.

4.4.1. Samples located close to the Sierra Madre Oriental fold-thrust-belt

Lower Chicontepec samples located close to the Sierra Madre Oriental fold-thrust-belt were heated
after deposition to 100°C (probably even to 120°C) and started cooling between 45 Ma and 25 Ma
according to Gray et al. (2021). The middle Chicontepec sample ACAT17 shows minor reworking and
includes sub-angular carbonate and volcanic clasts rich in euhedral zircons, which suggests that a
large component of the grains were sourced from a proximal, contemporaneous volcanic source. It is
very likely that the middle Chicontepec units experienced only some partial thermal resetting
(temperatures above 60°C but below ~120°C) after deposition based on its AFT length distribution.
Since then, the sample underwent final cooling in mid Miocene time, as suggested by the U-Th/He
data.

4.4.2 Samples from more central regions of the Tampico—Misantla Basin

Thermal models from basal Chicontepec samples (COAP17-1), as well as older samples, such as a
Cretaceous breccia straddling the K/T boundary (SANT17-1) and the Jurassic Cahuasas red-beds
(ALTO17-2) show cooling in the late Oligocene—Miocene. The pre-Chicontepec units were heated
enough to reset the AFT system (temperatures above 120°C) but not enough to reset the zircon U—
Th/He age (temperatures below ~200°C; see sample SANT17-1).

4.5 Guichicovi and Mixtequita blocks

10
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We dated one Mixtequita Permian granitoid (27Mar17-3A) by a number of methods in order to unravel
the thermal history of this block. The granitoid yielded a zircon U-Th/He age of 108.6 Ma, AFT age of
42 Ma, and apatite U-Th/He age of 8.2 Ma. The Jurassic Todos Santos Fm. was deposited on the
flanks of the Guichicovi and Mixtequita blocks, indicating that this sample was located near the
surface in the Jurassic. The composite thermal models (Figure 4b) suggest that the rocks reached
temperatures of around 180°C prior to mid Cretaceous. The Mixtequita granitoid was subsequently
cooled from ~70 Ma through 30 Ma, with increased cooling rates from 10 Ma to Present.

On the other hand, samples from the Guichicovi Block experienced a different Cenozoic thermal
history than that of the Mixtequita Block. Precambrian Guichicovi metasediments (26Mar17-3A and
26Marl17-5A) yielded zircon U-Th/He cooling ages ranging from 31 Ma and 43 Ma. A different
Guichicovi sample (Precambrian granulitic gneiss 19-07-04-1) yielded an AFT age of 23 Ma. All U-
Th/He ages and the AFT thermal model (Figure 4b) suggest that the Guichicovi samples were heated
prior to Middle Eocene and it was subsequently cooled during the late Eocene—Miocene (with
increased rates from ~27 Ma till ~16 Ma).

4.6 Chontal Complex (Western Tehuantepec)

We sampled for AFT (Table 3) a few middle Miocene plutons (U-Pb crystallization ages presented in
Pindell et al., 2020b) in the western Tehuantepec region, as well as one Cretaceous phyllite (19-07-
03-2B) from a complex lithodeme south of the Chivela Nappe. The thermal modelling systematically
shows that all samples in Western Tehuantepec were cooled from ~15 Ma with increased rates of
cooling from ~10—7 Ma to the Present (Figure 4b).

4.7 Chiapas Massif

One porphyritic granite (19-07-05-4) located in westernmost Chiapas Massif yielded an AFT age of
8.3 Ma (Table 3), attesting to late Miocene—Recent cooling. Moreover, one Triassic migmatite
(25Marl17-1A) and one Triassic granitoid (27Mar17-2A) yielded a zircon U-Th/He and apatite U-
Th/He age of 7.7 Ma and 13.3 Ma, respectively (Table 5). The two samples are located approximately
150 km apart (Figure 3), and these ages suggest an important middle to late Miocene cooling event.

5 Interpretation and discussion

Heating and cooling periods constrained by our data are related to burial and exhumation (either
erosional or tectonic) or to advective heat transfer (e.g., thermal relaxation due to in-situ or nearby
magmatism). We use the term erosional exhumation to mean vertical upward movement of rocks with
respect to the Earth’s surface, representing a reduction of overburden due to erosion (England and
Molnar, 1990; Braun et al., 2006).

Several regions, such as the easternmost outcrops of the Oaxaca Block and the westernmost
Cuicateco sub-belts (south of Villa Alta and Aloapan faults) are extensively intruded by Oligo—
Miocene magmatic rocks and affected by hydrothermal fluids (Camprubi et al., 2019; and references
therein). We consider the Cenozoic heating observed in some host rocks in the previously mentioned
regions to be a consequence of advective heat transfer from the plutons, leaving the pre-Oligocene
thermal history nearly completely erased. Similarly, we treat the observed cooling from these two
regions with a degree of scepticism, as Miocene cooling might record sub-solidus thermal relaxation
following the emplacement of the plutons (see for instances sample 17-01-18-06 Ejutla pluton, which
yielded zircon U-Pb and apatite fission track ages that are similar within error).

5.1 Sierra de Juarez Complex and the Cuicateco Belt

5.1.1 Pre-Mexican Orogeny
Muscovite and hornblende “°Ar/3°Ar data suggests that the migmatitic—mylonitic rocks of the Sierra de
Juarez Complex were cooled at extremely fast rates during Hauterivian (~134—-130 Ma) until ~350-

300°C. Alkali-feldspar 4°Ar/3°Ar data show that migmatites subsequently cooled slowly from the
Barremian and reached temperatures of ~150°C by ~90 Ma. This indicates that the migmatites were

11
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not exposed at surface levels when the Lower Cretaceous Chivillas Fm. was deposited in the northern
Cuicateco Belt.

Any model on the tectonics of Sierra de Juarez Belt should explain the existence of these mid-crustal
rocks (migmatites and mylonites) and their emplacement into higher crustal levels at extremely fast
rates during the Hauterivian. The two existing models, Angeles-Moreno (2006) and Mendoza-Rosales
et al. (2010), do not explain the quick exhumation of mid-crustal rocks of the Sierra de Juéarez
Complex. It would be unlikely for mid-crustal rocks to be elevated in multiple small pull-apart basins
(Angeles-Moreno 2006), or along a transform margin (Mendoza-Rosales et al., 2010) to expose the
migmatites and mylonites to nearly the surface, while allowing the deposition of the overlying Lower
Cretaceous Chivillas Fm. in such a short period. Our K-feldspar “°Ar/3°Ar data show, in fact, that the
migmatites from the Sierra de Juarez Complex only reached the 150°C-isotherm (~5 km depth) in the
Late Cretaceous (~90 Ma), meaning that these rocks were not close to the surface during most of the
Cretaceous.

The Hauterivian cooling in migmatitic rocks cannot be solely a consequence of magmatic cooling
because there was an ongoing tectonic deformation (shearing and deformation D2 of Angeles-
Moreno, 2006), along with a decrease of the metamorphic grade (amphibolitic to greenschist facies;
Angeles-Moreno, 2006). The only mechanism fast enough to allow quick cooling (from ~550°C to
350°C, during ~134-130 Ma) concurrent with the observed deformation is tectonic unroofing on low-
angle detachment faults during regional-scale extension, perhaps in a similar way to metamorphic
core complexes (Lister and Davis, 1989). However, the orientation of the stretching lineation in the
mylonites indicates N—S shear on west-dipping planes, pointing to sinistral transtension as the driver
(Graham et al., 2020). The fast cooling (from ~134 Ma through ~130 Ma) indicates large-scale hyper-
transtension possibly accompanied with retrograde metamorphism (Figures 5b and 6).

Syn-extensional supra-detachment basins usually develop above the exposed detachment surface
(Friedmann and Burbank, 1995; Gawthorpe and Leeder, 2000), and they are probably represented by
the Jaltepetongo Fm. and possibly by the basal units of the Chivillas Fm. (Graham et al., 2020). While
the migmatitic rocks exposed in the north possibly did not reach the surface during the stretching
process, our field evidence suggests that the mylonitic rocks (mainly proto-mylonites) exposed in the
south possibly reached surface levels in the Early Cretaceous, based on clasts observed in the
Jaltepetongo Fm. Nevertheless, it appears that the quick stretching process decelerated drastically by
~130 Ma (Figures 5b and 6).

Subsequently, slower but protracted cooling from ~130 Ma to ~90 Ma in the Sierra Juarez Complex
was contemporaneous with more stable platform and basinal depositional conditions in the northern
Cuicateco area, and in particular the Cérdoba Platform. This precludes any possibility of an important
exhumation phase between ~130 Ma and ~90 Ma. We propose that the thermal relaxation of the crust
(lowering of the geothermal gradients) that followed the high thermal (migmatization at ~147-134 Ma)
and the rapid extensional (~134-130 Ma) events was responsible for overall basement cooling
(Figure 5b and 6). This cooling accompanied long wavelength thermal subsidence of the Cuicateco
Belt and probably the neighbouring Oaxaca Block during the middle and Late Cretaceous. Thermal
relaxation and cooling probably lasted >40 My (as shown by the feldspar °Ar/3°Ar data) and reflect a
slow decay of geothermal gradients in the mid—upper crust. Net cooling was not greatly affected by
the moderate sediment burial that accompanied the subsidence itself in quasi-stable conditions
(maximum thickness of 2 km of middle—Upper Cretaceous carbonate platform). Depositional burial
lasted until the Maastrichtian, when samples from the Sierra de Juarez Complex began to be cooled
further during Mexican Orogeny-related exhumation.

5.1.2 Syn-Mexican Orogeny

Thermochronological data from the basement rocks of the Sierra de Juarez Complex show that
cooling probably started as early as Maastrichtian (Figure 4a) with increased rates (~5°C/My)
observed during ~60-50 Ma. Cooling was likely driven by erosional exhumation and this produced
contemporaneous foredeep sediments that were deposited to the east and fed the Veracruz Basin. If
we convert cooling into exhumation assuming a normal geothermal gradient of 30°C/km, then it is
estimated that this hinterland region exhumed at low rates of ~0.2 km/My during the early Paleocene—
middle Eocene.
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There is no evidence of the late Eocene exhumation within the Sierra de Juarez Complex (Figure 6),
in contrast to the Mazateco Complex (this work) and the foreland Veracruz Basin (Gray et al., 2001).
This may suggest that the deformation and exhumation migrated in-sequence as thrusting propagated
eastwards, away from the Sierra de Juarez Complex.

Mexican Orogeny-related thrusting and deformation in the Sierra de Juarez Complex appears to have
continued to slightly younger times (early Paleocene—middle Eocene) than compressional
deformation observed in other regions (Figure 6) such as in the Mixteca and Oaxaca blocks
(Campanian—early Paleocene; this work) and the Guerrero—Morelos platform (Latest Cretaceous;
Nieto-Samaniego et al., 2006; Ruiz-Arriaga, 2018). Although the direction of shortening during the
Mexican Orogeny may be variable (E-W in the Guerrero—Morelos platform and NE-SW in the
Zongolica fold-and-thrust belt), there is a slight eastward migration of the deformation as proposed by
Nieto-Samaniego et al. (2006). It seems that regional deformation was preferentially partitioned along
the main basement structures within the Cuicateco Belt.

Exhumation of the Mazateco Complex (sub-belt 4b in Figure 1) from samples near the Vista Hermosa
Fault began in the middle Eocene (~45 Ma) and lasted through the latest Miocene. This exhumation
phase is not observed in the hinterland region (Sierra de Juarez Complex). This delayed cooling
compared with the western hinterland regions supports the idea that Mexican Orogeny related-
exhumation propagated eastwards.

Rocks from the easternmost Cuicateco belt (sub-belt 4c in Figure 1) were most likely heated due to
sedimentary burial (possibly in a foredeep setting) and/or thrust imbrication until about 35 Ma, when
they were finally cooled (due to tectonic uplift and erosional exhumation) and brought to present-day
surface levels. We envisage that the Cenozoic heating of sub-belt 4b and 4c (Figure 4b) involved
development of piggy-back basins and imbrication of nappes as a consequence of the Mexican
Orogeny compressional deformation, mostly eroded today. Most of the Cretaceous—Paleogene
sedimentary pile was eroded from ~35 Ma onwards in sub-belt 4c (Figure 4b). This suggests that the
first stages of the Mexican orogenesis in the Cuicateco Belt led to the development of a topography
dominated by folding, thrusting and nappe piling, while the erosional exhumation phase in the
easternmost Cuicateco sub-belt came at the very end of the Mexican Orogeny (Figure 6) and it was
probably renewed in Miocene times (see below).

Cretaceous sediments from the Cérdoba Platform (sub-belt 4d) record Oligocene AFT ages that are
fully reset (reaching T>130°C, Gray et al., 2001). This resetting suggests that either sediment
accumulation in the foreland was thicker than the present-day preserved section or, alternatively,
thrust stacking provided significant tectonic burial prior to the Oligocene. It is likely that migration of
deformation towards the Zongolica foreland occurred only after the Eocene and was possibly
responsible for partial erosion of the early Mexican Orogeny molasse (Gray et al., 2001).

It is worth noting that the amount of exhumation in the Mazateco Complex (sub-belts 4b and c) was
higher than in the northern regions of the Cuicateco Belt such as the Zongolica Belt/Cordoba platform
(sub-belt 4d). This might imply steeper thrust ramps or greater shortening toward the south, the latter
of which could suggest minor anti-clockwise rotation of the thrusts during shortening.

5.1.3 Post Mexican Orogeny

The high-angle Oaxaca (normal) Fault (Figure 1) started to grow and propagate in the Oligocene
(Nieto-Samaniego et al., 2006; Davalos-Alvarez et al. 2007) down-dropping the Oaxaca Block as a
hanging-wall relative to the Cuicateco Belt. This extension also formed several grabens on the
Oaxaca Complex during the Oligo—Miocene (Nieto-Samaniego et al., 2006). It is impossible to
guantitatively determine the amount of exhumation experienced in the westernmost sub-belt of the
Cuicateco (sub-belt 4a) during Oligo—Miocene times given the conspicuous presence of Oligocene—
early Miocene plutons in the region (Camprubi et al., 2019; and references therein). Given that these
plutons east and south of Oaxaca City are currently exposed at surface, we estimate that this region
experienced at least 4-5 km (plausible pluton emplacement depths) of exhumation since the middle
Miocene (approx. 16 Ma).

On the other hand, the easternmost Cuicateco Belt (sub-belt 4c) underwent exhumation since the
early Oligocene, probably peaking in the early—-middle Miocene. This was contemporaneous with
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rapid exhumation in the Xolapa—Oaxaca blocks (Villagémez and Pindell, 2020b). We estimate that
exhumation was a consequence of establishing Farallon/Cocos flat-slab subduction behind the
Chortis Block, with interplate coupling at the position of Cuicateco such that Cuicateco was uplifted
rather than Oaxaca being downdropped (Pindell and Kennan, 2009; Pindell and Miranda 2011,
Graham et al. 2020; Molina-Garza et al., 2020b). Given the geometry of some of the faults involved in
this post-Mexican Orogeny deformation (e.g., Vista Hermosa Fault and Valle Nacional faults) it is
plausible that some back-stepped high-angle faulting occurred after the thin-skinned process
(Graham et al., 2020).

The Oligocene—early Miocene magmatism in the Cuicateco Belt is arc-related, documenting the
flattening of the Farallon/Cocos slab as SW Mexico overthrust its own Benioff Zone. We interpret the
early—middle Miocene cooling and exhumation of the Cuicateco Belt as a whole relate to this slab
flattening.

5.2 Mixteca/Oaxaca, the Sierra Madre Oriental and the Tampico—Misantla Basin
5.2.1 Syn-Mexican Orogeny

The earliest record of deformation and exhumation related to the Mexican Orogeny is dated as
Campanian and is found in rocks located in the vicinities of the western border of the Mixteca Block
(Ruiz-Arriaga, 2018). Similarly, our samples within the Mixteca and Oaxaca blocks (those located
away from the influence of Cenozoic plutons) record cooling starting in Campanian times. Their
thermal history paths (Figure 4a) and geological record might suggest that Mixteca/Oaxaca were
heated (probably due to burial) throughout most of the Cretaceous and its overburden was partially
exhumed from the latest Cretaceous through the early Paleocene due to the Mexican Orogeny. As for
the southernmost extension of the Sierra Madre Oriental fold-thrust-belt (Mexican Orogeny), Gray et
al. (2021) demonstrated that some regions in the central part of the belt also record this earliest stage
of the orogeny.

In general, the Time—temperature history paths of sedimentary samples from the Tampico—Misantla
Basin show consistent patterns, with post-depositional heating and subsequent Oligocene—Miocene
cooling (Figure 4b). We ascribe heating and cooling to be due to burial and exhumation, respectively.
There is an along- and across-strike variation in the amount of burial and subsequent exhumation
within the basin. Cooling due to erosional exhumation shows an eastward-younging trend, with late
Eocene-0ligocene cooling in the foothills of the Sierra Madre Oriental fold-and-thrust belt (Gray et al.,
2021) and Oligocene—Miocene cooling in the lower coastal plains of the Tampico—Misantla Basin.

5.3 Chontal, Guichicovi and Mixtequita blocks
5.3.1 Mexican Orogeny phase

The Mixtequita and the Guichicovi blocks experienced heating during the Cretaceous. We assume
that this heating was due burial by continental and then marine deposits (akin to the evolution of the
neighbouring Chiapas Massif and Basin). The thermal models (Figure 4b) show that, unlike the
Mixtequita Block, the Guichicovi Block underwent continuous heating through Paleocene to Middle
Eocene.

Field observations and geophysical data indicate that some Guichicovi-like rocks are partially buried
by the Chontal Complex (Pérez-Gutiérrez et al., 2009; Molina-Garza et al., 2020a). Molina-Garza et
al. (2020a) argued that Paleocene—middle Eocene is the time when slices from the Chontal litho-
tectonic unit and the Jurassic Todos Santos Fm. were overthrust above the Guichicovi along the
Chivela Nappe front, now deeply eroded, forming a thin-skinned Mexican Orogeny thrust front above
the Guichicovi. We therefore assume that the continuous Paleocene—middle Eocene heating
observed in the Guichicovi Block was a consequence of overthrusting and tectonic burial from the
south or southwest.

The allochthonous Chontal litho-tectonic unit has a maximum depositional age of 77 Ma (Pérez-
Gutiérrez et al., 2009) and was deformed and metamorphosed prior to the Oligocene, given that it is
unconformably covered by the Eocene—Oligocene Huamelula conglomerates (Tectonic Analysis Ltd.,
pers. comm., 2022, unpublished data). It is therefore plausible that i) low-grade metamorphism of the
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Chontal Complex, and ii) the main period of exhumation of the Chontal occurred from Paleocene
through Eocene. This is exactly the time when the Guichicovi Block was heated, arguably
corroborating its overthrusting by the Chontal along the Chivela Nappes proposed by Pérez-Gutiérrez
et al. (2009) and Molina-Garza et al. (2020a).

The Guichicovi and Mixtequita blocks record distinct cooling histories during the Cenozoic, at least
until the late Miocene (see Figure 6). Cooling was likely due to erosional exhumation. While the
Mixtequita Block underwent exhumation from Paleocene through early Oligocene, the Guichicovi
Block experienced exhumation from the late Eocene through late Miocene (Figure 6). Summing up,
exhumation seems to be younger and of higher magnitudes in the Guichicovi Block (late Eocene—late
Miocene) compared to the Mixtequita Block (Paleocene—early Oligocene). This difference on the
timing and magnitude of the exhumation between the two blocks (or between the northern and
southern ends of a composite block behaving as one) might be the result of northward propagation of
minor thrusting (and uplift) of the Mixtequita portion of the composite massif, with the Todos Santos
and Chivela nappes riding piggy-back on the Guichicovi prior to erosion.

5.4 Chiapas and Chortis areas
5.4.1. Syn and post-Mexican Orogeny

The Tonala Shear Zone represents one of the primary fault strands of the North America—Chortis
(Caribbean) plate boundary zone (Molina-Garza et al., 2015), at least since early Miocene times
(Graham et al., 2020). However, the long-lived sinistral displacement of Chortis involved a number of
other faults during and prior to the Miocene, including “paleo-Motagua” faults possibly encompassing
the Jocotdan—Chamelecon and Baja Verapaz faults (Figure 7a). All the post-mid Miocene magmatic,
hydrothermal, and tectonic events along the Tonala Shear Zone constrained by Villagémez et al.
(2020a), Witt et al. (2011), and Ratschbacher et al. (2009) have unfortunately overprinted older (Late
Cretaceous—mid Miocene) thermal histories that could have potentially been recorded by higher
temperature thermochronometers.

The southernmost tip of the Chiapas Massif (the Huixtla Block of Villagobmez and Pindell, 2020a)
located south of the Polochic and Tonala Shear Zone records an earlier onset of exhumation (middle
Miocene). Moreover, rocks located away from the Polochic Fault in the Chortis Block, including the
Chuacus and Las Ovejas complexes, also record continued middle Eocene to late Miocene
exhumation (Simon-Labric et al., 2013; Ratschbacher et al., 2009). We believe that the northern
Chortis Block has consequently experienced exhumation since at least the Paleocene and most of
this exhumation occurred long before the arrival of the Chortis Block at its present-day position
(Villagémez and Pindell, 2020b). Thus, the Chortis Block has very likely supplied detrital material to
the Chiapas Basin while located south of the Chiapas Massif since the Paleocene, and prior to the
late Miocene uplift of the massif.

The Chiapanecan folding event that created the Chiapas fold-and-thrust belt started in middle
Miocene times (Mandujano-Veladzquez and Keppie, 2009), prior to the main period of uplift observed
in the Chiapas Massif itself (<10 Ma). The folding event was driven by the onset of subduction
beneath Chiapas in the wake of the eastwardly migrating Chortis Block, and the younger uplift of the
massif pertains to the encroachment of slab flattening into Chiapas from Oaxaca (Pindell and
Miranda, 2011; Pindell et al., 2020b; Graham et al., 2020; Molina-Garza et al., 2020b). The Chiapas
Massif has become an effective topographic barrier starting at around 10 Ma (Pindell et al., 2020b).

Such a mechanism for the younger exhumation of the Chiapas Massif is also validated by the
northward sweep of arc magmatism, from about 15 Ma in western Tehuantepec (Damon and
Montesinos, 1978; Pindell et al., 2020b), 9-11 Ma along the Tonal& Fault Zone (Molina-Garza et al.,
2015), and Pliocene to Recent times within the Chiapas fold-and-thrust belt (Mora et al., 2012;
Gardufio-Monroy et al., 2015). Similarly, the Chontal Block has been cooling since the late Miocene,
and this also probably pertains to the increasingly flat subduction of the Cocos slab beneath the
Tehuantepec area.

6 Paleogeographic reconstructions and sediment delivery pathways to the foreland basins and
Gulf of Mexico
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We present a detailed description of the source-to-sink interpretation and the evolution of southern
Mexico from the Late Cretaceous at eight different times (Figures 7b—i).These reconstruction maps
are based on the models of Pindell and Kennan (2009), Villagémez and Pindell (2020b) and Graham
et al. (2020), within the context of the approximate relative displacement history of the Chortis Block.
Our reconstructions include the block rotations as indicated by the paleomagnetic data of Molina-
Garza et al. (2019a) for the core of Chortis and Molina-Garza et al. (2020b) for the Chiapas Massif.

The sediment source terrains (active exhumation and presumed erosion) are represented by the
horizontal ruled pattern in Figures 7a—i. In general, hinterland uplift and exhumation becomes
progressively younger from west to east along the southern Mexican margin, with uplift of the Xolapa
and Mixteca/Oaxaca blocks beginning in the earliest Cretaceous, uplift of the Mixtequita in Paleocene
and uplift of the Guichicovi and Chiapas Massif possibly beginning in the Eocene—Oligocene but with
greatly increased rates since the middle Miocene. We complement the maps with information from
key wells drilled by the state-owned petroleum company (Pemex) and other international operators in
onshore and offshore areas, as further described in Section 7.

Various Paleogene and Neogene depositional systems in the southern Gulf of Mexico, as described
by Ambrose et al. (2003), Arreguin-Lopez et al. (2011), Escalera-Alcocer (2010), CNH (2014, 2015,
2017a, 2017b, 2019), Gonzélez and Medrano (2014), Snedden and Galloway (2019), Brito and
Luysterburg (2019), Shann et al. (2020), and Davison (2021) have been integrated with the uplift and
exhumation data presented here (Figure 6). Our analysis is also supported by incorporating
additional geochronological evidence, such as detrital zircon and heavy mineral analyses (Beltran-
Trivifio et al., 2021). Our aim is to build an initial framework for connecting the primary sediment
source terrains with their respective depositional systems (transport routes and sinks).

The locations of the present-day drainage system entry points (Figure 7a) into the southern Gulf of
Mexico are probably largely representative of the main entry points throughout the Paleogene and
Neogene in the region (Shann et al., 2020). Accepting this, and looking at current drainage basins, it
is possible to identify three main entry points that likely delivered sediment into the Gulf of Mexico
from the Veracruz and Sureste basins during those times. Similarly, the Tampico—Misantla Basin was
fed during the Eocene by channels that flowed southwards (Cantu-Chapa, 2001; Cossey et al., 2021),
and which potentially originated in the Tamaulipas or Rio Grande embayment area (Gray et al.,
2021). Considering the impact of the Mexican Orogeny and later morphologic and tectonic
development, the drainage basins associated with those entry points could have been as much as
30% larger prior to final compressional deformation, thus increasing the potential sediment input
significantly, especially during the earlier part of the Paleogene. Also, the potential contribution from
the Chortis Block across the plate boundary during relative displacement along the southern Mexico
could add significantly more drainage area to the hinterland south of the Sureste basins and the
Chiapas Massif (see also Snedden et al., 2021; Stockli et al., 2021).

Deposition into the southern Gulf of Mexico during the Paleogene and Neogene occurred primarily via
deep water (bathyal) channel and fan (turbidite) depositional systems (e.g., Snedden and Galloway,
2019), which in most cases developed in response to hinterland tectonics and further influenced by
structured slope and basinal topography (e.g., Mayall et al., 2010) and active volcanism. Cenozoic
depositional environments in the Veracruz Basin, for instance, are dominantly upper slope. The shelf
and coastal environments have been eroded due to continued uplift and erosion of the Cuicateco and
Zongolica belts (Gonzalez and Medrano, 2014). The same can be said for the Paleogene sequences
in the onshore Sureste Basin, although Neogene fluvial and deltaic (coastal) depositional
environments have been encountered in numerous wells (Chavez-Valois et al., 2009).

Sedimentary reworking is a fundamental aspect that should be taken into consideration when
determining provenance and reservoir quality. The Eocene—Oligocene foreland in the Sureste Basin
is involved in the middle Miocene to recent Chiapas folding, implying the potential for recycling those
sediments into younger (post-middle Miocene) deposits. Such “second cycle” sediments are more
texturally and compositionally mature once they are re-deposited farther out into younger basins.

6.1 Latest Cretaceous—Eocene (Figures 7b and 7c)

Source
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Our data from the Mixteca and Oaxaca blocks suggest that uplift and exhumation in those areas
started as early as the Campanian. This may coincide with the Mexican Orogeny deformation (i.e.,
uplift of the Oaxaquian region) which propagated eastwards to form the southern Sierra Madre
Oriental Belt (Cuicateco). Our first evidence for exhumation in the southern Sierra Madre Oriental belt
dates to the Maastrichtian, although the northern region of the Sierra Madre Oriental possibly started
to deform and exhume earlier in Coniacian times (Fitz-Diaz et al., 2018; Gray et al., 2021).

As the Sierra Madre Oriental Belt developed into a topographic high, it also started to provide
carbonate clastic debris to the foreland basins. Whether or not the Sierra Madre Oriental was uplifted
in discrete pulses (Fitz-Diaz et al., 2018), several intra-orogenic basins developed throughout the
belt’'s Mexican Orogeny history (Gray et al., 2021).

Deformation during the Mexican Orogeny also appears to be younger to the south. The Cretaceous
sedimentary cover of the Oaxaca and Sierra de Juarez Complex started to erode in the Maastrichtian
and delivered the first clastic carbonate material (Méndez Fm.) to the nascent Veracruz foredeep
basin (Sierra-Rojas et al., 2020).

As deformation continued throughout the Paleocene, some intra-orogenic basins of the Sierra Madre
Oriental began to be eroded (Gray et al., 2021) and this material also contributed to the Paleocene—
Eocene synorogenic turbidites of the Chicontepec Fm. deposited in foredeep depocenters of the
Tampico—Misantla Basin (Figure 7b). Similarly, the Paleocene—lower Eocene denudation of
Cretaceous sediments capping the Oaxaca Block and the Sierra de Juarez Complex continued
providing material to the Veracruz Basin along submarine fans (Gonzalez and Medrano, 2014).

“In-sequence” propagation of thrusts and exhumation is observed in the Oaxaca and Cuicateco
regions throughout the Paleogene. Unroofing of the Oaxaca Complex and the Mazateco Complex in
the Cuicateco Belt continued in the middle Eocene and led to a continuous supply of material toward
the foreland basin (Chapopote, Aragdén and Guayabal formations.; Figure 7c). The detrital material
initially consisted of the Cretaceous sedimentary cover. Graham et al., (2020) postulate that Oaxacan
basement formed the uppermost nappe of the western Cuicateco Belt, the erosion of which may have
potentially contributed to Eocene some clastic supply reaching the Veracruz Basin and Gulf of
Mexico. It is very likely that the southern Veracruz Basin also received material coming from the
denudation of the Mixtequita Massif during most of the Eocene (Gonzéalez and Medrano, 2014). We
estimate that the source material coming from Mixtequita consisted of Cretaceous marine deposits
and arguably northwardly-vergent overthrust Jurassic Todos Santos siliciclastics that once covered
the Mixtequita Massif. The late Eocene marks the culmination of the Sierra Madre Oriental thrusting
(Fitz-Diaz et al., 2018), concurrent with strong transpression along the Chortis—Southern Mexico plate
boundary zone.

Farther south, our analyses suggest that the allochthonous Chontal litho-unit (present-day western
Tehuantepec area) cooled in the Paleocene—Eocene, possibly during final emplacement onto the
southern Mexican margin. Although many of the rocks and detritus of Chontal may require a
Maastrichtian arrival of the Greater Antilles arc along the margin, the cooling data suggest that the
final emplacement onto the margin was more likely due to Mérida Andes-style transpression between
Chortis and Mexico once displacement was underway (Graham et al., 2020). The Chontal rocks were
eroded and provided material of oceanic affinity to the western Sureste and Chiapas basins, such as
that seen in the Maastrichtian Cerebro Mb. of the Ocozocuautla Fm., the Paleocene Soyal6é Fm., the
Eocene Uzpanapa conglomerate (Michaud and Fourcade, 1987; Molina-Garza et al., 2019b, 2020b),
and the Eocene El Bosque Fm. (Tectonic Analysis Ltd., pers. comm., 2022, unpublished data; Figure
7b),

The continental core of Chortis migrated towards the east in a highly transpressive setting due to
rapid Farallon—North America convergence rates and the westward drift of North America over the
mantle (e.g., Engebretson et al., 1984). The erosional exhumation of the Chortis metamorphic
complexes during the Paleogene (Simon-Labric et al., 2013) probably provided quartz-rich and
metamorphic lithic-rich material to the Chiapas Basin through marine turbiditic channels. We believe,
however, that an important proportion of material feeding the Chiapas Basin’s Soyal6/Sepur and El
Bosque formations derived from the denudation of Cretaceous (Sierra Madre Fm.) and Jurassic units
(Todos Santos Fm.) that once covered the Chiapas Massif and were possibly involved in thrusting on
the massif’s southern flank. This partial denudation of the sedimentary cover of the Chiapas Massif is

17



suggested by the initial cooling history of its basement (Witt et al., 2012; Villagbmez and Pindell,
2020b) as a very slow and restricted late Eocene—early Oligocene exhumation pulse, possibly related
the passage of the Chortis Block (Villagbmez and Pindell, 2020b).

The Late Cretaceous—Eocene magmatic arc that bordered both western and eastern Chortis after arc
collision also provided volcanic and pyroclastic rocks to the Paleogene Soyal6/Sepur and Eocene El
Bosque formations of the Chiapas Basin, as shown in Figure 7b.

Sink

The Chortis Block was actively migrating east at this time coincident with the advance of the Sierra
Madre Oriental, generating robust depositional systems that fed sediment eroded from the impinging
highlands directly into the Gulf of Mexico across a narrow foreland shelf and into deep water.

In the Tampico—Misantla Basin, the Bejuco—La Laja, Chicontepec and Nautla (also known as San
Andrés) paleo-canyons were channels for submarine fan systems coming from the erosion of the
Sierra Madre Oriental (Cantu-Chapa, 2001; Rosenfeld and Pindell, 2003; Graham et al., 2020). The
fans propagated into deep water, depositing turbiditic sandstones and shales throughout the Eocene.
Within the submarine facies that reached deep water zones, it is possible to observe meandering
channels, crevasse splays, lobes, basin floor fans, as well as mass transport complexes (CNH, 2019).

In the Veracruz and Chiapas basins, bathyal water conditions prevailed during the Paleocene—
Eocene (Velasco, Chicontepec and Guayabal formations in Veracruz; Soyalé Fm. in Chiapas), in
continental slope and rise environments, ultimately connecting the developing foreland basins with the
Gulf of Mexico. This allowed the deposition of material derived from the sedimentary cover of the
uplifting blocks to be deposited as calcareous and siliciclastic lithic-rich turbidites interbedded with
deep marine shales farther out in the basin (Pemex, 2013a, 2013b; Martens et al., 2021).

Sedimentary reworking played a major role in the Paleocene—Eocene depositional systems. As
mentioned previously, in the Chiapas Basin, one of the main sources of material feeding the
Paleocene Soyal6/Sepur were derived from the denudation of Cretaceous (Sierra Madre carbonates)
and Jurassic (Todos Santos siliciclastic) units that once covered the Chiapas Massif and were actively
deforming along the massif's southern flank.

Similarly, the erosion of the Soyal6/Sepur foredeep units also provided second/third-cycle siliciclastic
sediments (e.g., into the Eocene El Bosque Fm. and the Nanchital shale) from the southeast,
delivered across a somewhat broader coastal and shelfal region in the Chiapas and Sureste area. El
Bosque Fm. sandstones (deposited in fluvial, littoral and possibly bathyal environments; Garcia-
Molina, 1994; Meneses-Rocha, 2001) were originally transported from the south across the Chiapas
Massif to the Chiapas foredeep, the accommodation space for which was possibly aided by
northwardly evacuating salt. This siliciclastic fairway was northwest trending towards the western
Sureste basins (Isthmus Saline Basin, s.s.), promoting the formation of an early salt canopy.

Large Eocene channel systems have been mapped from seismic data, extending far into the
Campeche Salt Basin mainly along the western margin of the basin (CNH, 2015; Figure 7c). These
channels consist of deep water turbidite system sandstones. Seismic interpretations allow for the
identification of sedimentary fairways related to turbidite deposition and include elements such as
amalgamated channels, crevasse splays and channelized lobes oriented southwest to northeast.
Outboard of the Campeche Salt Basin, these amalgamated/anastomosed channel systems are
largely straight and unconfined but tend to turn eastward towards the distal end of the salt province
(Figure 7c¢), where deposition is controlled by incipient halo-kinetic activity (CNH, 2019). In addition to
these robust depositional systems, intrusive volcanic bodies (of undetermined age) within the Eocene
section have been locally identified on industry seismic images, particularly in the northwest Isthmus
Saline Basin.

Towards the east of the Campeche Salt Basin, calcarenite flows shed from the Yucatan shelf margin
(Figure 7c) were deposited in a slope apron adjacent to the platform (middle Eocene Kumaza: the
Ku, Maloob, Zaap fields; Rios-Lopez and Cantu-Chapa, 2009).

6.2 Oligocene—-middle Miocene (Figures 7d, 7e and 7f)
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Source

New and published data show that deformation (e.g., Fitz-Diaz and Van der Pluijm, 2013) and
exhumation in the western and central portions of the southern Sierra Madre Oriental waned by the
latest Eocene. However, our thermochronological and detrital geochronological data suggest that the
westernmost regions of the Tampico—Misantla Basin remained tectonically active during the
Oligocene—Miocene. In fact, some of the former Paleogene foredeep deposits from the Sierra Madre
Oriental thrust front were probably eroded and reworked, feeding more easterly depocenters and
possibly the Gulf of Mexico during the Oligocene—Miocene.

Subduction beneath southern Mexico in the migrating wake of the Chortis Block led to the onset of
arc-magmatism first in Guerrero and western Oaxaca states (Martiny et al., 2000) and later in eastern
Oaxaca/western Cuicateco in late Oligocene—Miocene times (Moran-Zenteno et al., 2005, 2018). This
was concurrent with uplift and erosional exhumation of the eastern Cuicateco sub-belts, the
Guichicovi, and the Mixtequita blocks that resulted in a continued supply of sediment directly into the
Veracruz Basin (Figure 7d). Oligocene onset of motion on the high-angle Oaxaca Fault, which cut
pre-existing low-angle detachment faults in the Sierra de Juarez Complex (Davalos-Alvarez et al.,
2007; Graham et al., 2020), as well as initial movement on the left-lateral Chacalapa Fault (Tolson,
2005) downdropped the Oaxaca Block relative to the neighbouring blocks (Figure 7d).

The Oligocene material that entered the Veracruz Basin (Horcones Fm.) mostly consisted of the
(presently eroded) Cretaceous platform that had still covered the Cuicateco Belt (remains of the
platform are preserved north of the Valle Nacional Fault). We estimate that by the earliest Miocene,
the eastern Cuicateco sub-belts had had much of their Cretaceous carbonate cover fully removed;
therefore, their Lower Cretaceous and Jurassic siliciclastic cover and metamorphic core were finally
becoming exposed. This might have important implications for reservoir quality especially in the
Veracruz Basin because the early Miocene was probably the time when feldspar and quartz clastics,
possibly derived from the Todos Santos and Xonamanca formations, were first delivered to the basin
from the west (Martinez-Medrano et al., 2009).

The volcanic arc jumped northward to the Trans-Mexican Volcanic Belt in the latest early Miocene
(~20 Ma; Ferrari et al., 2012; Figure 7e), with the first volcaniclastic detritus feeding the northern
Veracruz Basin in the middle Miocene (Martinez-Medrano et al., 2009). It is worth noting that the
Cordoba Platform was not deeply exhumed during the Neogene based on its current preservation;
therefore, its detrital input towards the northern Veracruz Basin was limited. The southern Veracruz
Basin probably continued to receive siliciclastic material from the exhumation of the Guichicovi and
Mixtequita massifs throughout the Miocene (CNH, 2017a).

Exhumation of the Chontal litho-tectonic unit, as well as exhumation of some metamorphic complexes
within Chortis, continued during the Oligocene—middle Miocene (Ratschbacher et al., 2009; Simon-
Labric et al., 2013). We believe that these regions located south of the Chiapas Massif were important
sources of material for the Oligocene La Laja, the lower Miocene Depésito Fm., and the mid-Miocene
Encanto Fm. (including the Nanchital conglomerate; Pindell et al., 2020b) in the Chiapas Basin
(Figure 7d-f), suggesting low relief for the Chiapas Massif at those times.

As explained previously, the amount of material reworked from older sedimentary units should not be
underestimated, and it is probably the main reason why mineral detrital provenance studies have led
to disparate interpretations in the Chiapas Basin (Ortega-Flores et al., 2018, 2020; Molina-Garza et
al., 2019b). Moreover, Oligocene—Miocene arc magmatism along the southern Mexican margin
provided contemporaneous volcanic material to sedimentary units in the Chiapas Basin as well,
contributing to the different detrital zircon populations.

The main deformational event in the Chiapas Basin (Chiapanecan orogeny) began in the middle
Miocene (Angeles-Aquino et al., 1994; Mandujano-Velazquez and Keppie, 2009). The deformation
was driven by the clockwise rotation of the Chiapas Massif, which acted as an indenter prior to the
late Miocene (Molina-Garza et al., 2020b), and ultimately was a consequence of the onset of
subduction beneath Chiapas. Folding and thrusting of the Chiapas Basin provided, therefore, a
proximal source for second-cycle sediments.

Sink
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Fine-grained sandstones continued to be transported to deep water settings through submarine fan
systems. The most observed sedimentary facies in the Oligo—middle Miocene turbiditic system in the
Tampico—Misantla Basin include channels, crevasse splays, and basin floor fans (CNH, 2019).

The Oligo—Middle Miocene sediments in the Veracruz Basin were deposited as basin-floor fans that
were fed from multiple areas. In onshore Veracruz Basin, the high-energy upper Oligocene—Miocene
deposits usually contain subangular to rounded clasts of Cretaceous carbonates with minor presence
of metamorphic and igneous rock fragments in a sandy or shaly matrix (IHS, 2010; Sénchez-
Hernandez, 2013).

In the Veracruz Basin, volcanic material derived from the Trans-Mexican Volcanic Belt started to
become important by the middle Miocene (Martinez-Medrano et al., 2009). Similarly, volcanic activity
in the Los Tuxtlas and Anegada volcanic centers probably started in the middle Miocene (Ferrari et
al., 2005), providing volcaniclastic material to the neighbouring areas. Moreover, the Los Tuxtlas and
Anegada centers became bathymetric highs that resulted in a constriction of sedimentary entry points
into the Gulf of Mexico from the Veracruz Basin (Winter, 2018), as shown in Figure 7f.

Sandstone-prone submarine channel complexes up to 10 km wide fed these deep-water deposits that
comprise turbidites and debrites (Winter, 2018). For instance, middle Miocene reservoirs (Encanto
Fm.) have been described as deltaic and turbiditic sandstone with minor conglomerate lenses that
were confined to submarine canyons (Martinez-Medrano et al., 2009). In addition, shale diapirism and
deformation continued offshore Veracruz, enhancing the structure of the slope environment and
having a dramatic impact on sediment dispersal patterns throughout the Neogene.

In the Campeche Salt Basin and the Catemaco Foldbelt, the lower—middle Miocene sandstones and
shales include high-density deep-water turbidites, debris flow deposits, low-density turbidites, slumps,
tuff-rich debrites and distal volcaniclastic turbidites (Sosa-Patrén et al., 2009; Sanchez-Hernandez,
2013). The lower Miocene high-density turbidity currents have been encountered unconfined outboard
(to the west) of the Campeche salt, but their distribution is controlled by salt tectonics in mini-basins
within the salt province itself (CNH, 2017a, 2019).

Middle Miocene deposition in the Campeche Basin was very similar to that of the lower Miocene, with
perhaps more robust systems delivering coarse sands and conglomerates even farther out into the
different basins due to increased hinterland deformation. Confined and unconfined fans and channels
of varying thickness have been encountered, likely reflecting the fact that many wells have been
drilled on anticlinal highs that were actively growing during the time of deposition (particularly in the
Catemaco Foldbelt). Contemporaneous salt movement also played an important role in
sedimentation, locally restricting flow and impacting direction of sediment fairways (CNH, 2019).

Recent studies in the Campeche Salt Basin have delineated extensive Oligo—Miocene fans sourced
from the southern Veracruz Basin (Brito and Luysterburg, 2019) and arguably also from the Chiapas
basin (Clark et al., 2019) extending across the deep water Gulf of Mexico and reaching as far north as
U.S. waters. Deposition of these compensating fan systems began in the upper Oligocene (Figure
7d), peaked during the middle Miocene (Figure 7f), and ceased by the late Miocene (Figure 79g), as
documented in Winter (2018). Detrital zircon U-Pb ages derived from DSDP cores tie these
sediments to southern continental Mexico (Clark et al., 2019), implying that the sediments were
delivered more than 600 km northward into the basin. DSDP Leg 10 Sites 87, 90, and 91 (Figure 7f
and Table 7) encountered middle Miocene aged turbidite sands and gravels ranging in thickness from
20cm (Site 87) to more than 10m (Site 91). The turbidite sandstones from the DSDP sites are coarse-
grained and they are characterized by high percentages of quartz, plagioclase and a diverse heavy
mineral assemblage including biotite and hornblende. They also have a minor and fine gravel
component of carbonate rock fragments, volcanic rock fragments and chert (Worzel et al., 1973).
While such large volumes of sediment being derived from drainage areas potentially limited in scale
may seem counter-intuitive, earlier research has shown that tectonics and climate, among other
things, can be significant controlling factors in such short-runoff systems as were present throughout
the Cenozoic in the Veracruz and Sureste Basin areas (Sgmme et al., 2009; Covault and Graham,
2010).

6.3 Late Miocene—-Present (Figures 7g, 7h and 7i)
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Source

Several regions of Southern Mexico experienced variable amounts of uplift and exhumation during the
late Miocene—Pliocene, and they, along with widespread volcanic centers located along Gulf of
Mexico margin, provided a continued supply of detrital material to the basins.

By the late Miocene there was a major reorganization of drainage patterns in the southern margin
because the Chiapas Massif had become a positive topographic high (Pindell et al., 2020b). The early
late Miocene marks then the onset of material coming directly from the crystalline basement of the
Chiapas Massif towards the Chiapas Basin and the Sureste basins. Upper Miocene turbidite
sandstones from the offshore Zama discovery (Figure 7g) also exhibit a major input from the Chiapas
mountainous areas (Stockli et al., 2021).

In the absence of high-resolution 3D seismic data, it is difficult to establish whether the late Miocene
exhumation of the Guichicovi and Mixtequita massifs sourced fluvial channels towards the Veracruz
Basin, the Sureste/Chiapas basins, or to all of them. However, our data record an important erosional
exhumation of both massifs; therefore, quartz-rich material sourced from these areas should have
been distributed generally towards the Gulf of Mexico.

The Veracruz Basin was surrounded by active volcanic centres including Los Tuxtlas, which
continued providing volcanoclastic material to the offshore basin (Figure 7g). The southern Veracruz
Basin continued to receive siliciclastic and metamorphic detritus from the erosion of the easternmost
Cuicateco sub-belts (the primary outlet for fluvial flow was possibly the original river that is now
dammed as the Lake Miguel Aleman). However, the volcanic lithic component became dominant in
the upper Miocene sequences and took over the plutonic and metamorphic provenance (Gutiérrez-
Paredes et al., 2009).

Sink

The upper Miocene sandstones in the Veracruz Basin were deposited as basin-floor progradational
submarine fans, which formed channels and over-bank deposits. Subsequent Pliocene submarine
fans were dominated by meandering channels (Martinez-Medrano et al., 2009) and they are more
limited in extent than the Miocene fans (Jennette et al., 2003a, 2003b).

Although the erosion of the Cuicateco Belt continued to provide sediment to depositional systems in
the Veracruz basin during the late Miocene, the basin experienced a significant change in
depositional patterns during this time. Prior to the middle Miocene (Figure 7e), the Cenozoic
depositional fairways fed directly into the deeper Gulf of Mexico Basin in a dip-oriented sense, i.e.,
running southwest to northeast. With the emergence of the Anegada and Los Tuxtlas volcanic centers
in the latest middle Miocene, entry points into the Gulf of Mexico became restricted, and depositional
systems in the Veracruz Basin became axially oriented, running northwest—southeast before exiting
the basin between the volcanic highs (Figures 7f-7g; Martinez-Medrano et al., 2009).

In the Isthmus Saline Basin, the upper Miocene sequences are characterized by lateral and vertical
facies variations, which evolved from deeper to shallower waters (Sosa-Patron et al., 2009). This
progradation accelerated in the lower Pliocene with the shelf margin advancing towards the
northwest. The upper Miocene—Pleistocene sandstones of the Reforma—Comalcalco—Macuspana
depocenters were deposited mostly in proximal turbidite, prograding transitionally into deltaic
environments. The shelf margin migrated progressively northward in the Sureste basins throughout
the Miocene, making particularly substantial advancement during the late Miocene and Pliocene.
Upper Miocene fine-grained sandstones are interbedded with siltstones and shales in very thin layers
and were deposited in a relatively confined depositional environment (Chavez-Valois et al., 2009).

The upper Miocene—Pleistocene sandstones in the Sureste basins are distributed along NE-SW
trends (Figures 7g—7h) controlled by normal growth faults (Pemex, 2013c). Development and growth
of the Macuspana supra-salt extensional basin (beginning in the latest middle Miocene; Pindell and
Miranda, 2011) and the Comalcalco—Pescadores extensional system (mainly Pliocene) appears to
have captured a considerable amount of siliciclastic sediment derived from the south/southeast.
When underfilled, the two basins likely inhibited the coarsest detrital fractions of south-derived
material from reaching farther north into the Campeche salt province.
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Considering the constriction of depositional fairways in the Veracruz Basin and that near-coast
Comalcalco and Pescadores extensional systems in Sureste were actively growing during the
Pliocene, it is not surprising that there is little evidence of robust Pliocene reservoir deposition in deep
water tests to date. However, Pliocene sands are encountered inboard of these extensional systems
and can be good reservoirs. Further entrapment of sediment may have occurred due to continued
anticlinal growth in the Chiapas fold-and-thrust belt onshore and concurrent salt deformation offshore,
creating paleobathymetric relief. Pliocene deposits in the Campeche Salt Basin appear to be
dominated by deposition of mass transport deposits (Sickmann and Snedden, 2021). Pliocene sands
tend to be rich in carbonate lithic grains and quartz (Hessler et al., 2018), with reservoirs developed in
amalgamated channels, crevasse splays, and channelized lobe facies possibly also associated with
turbidite depositional systems.

Within the Chiapas Basin, the transtensional Ixtapa Graben captured a significant volume of littoral
and deltaic coarse-grained sediments (Ixtapa Fm.) during the latest middle Miocene to the earliest
Pliocene, derived from acidic plutonic, metamorphic and volcanic rocks (Meneses-Rocha, 2001;
Sanchez-Hernandez, 2013).

7. Clastic reservoir characteristics

Oil and gas have been under production from Cenozoic reservoirs in southern Mexico for decades,
both onshore and in the shallow offshore. Pemex and other international operators have stepped out
into water depths exceeding 500m since the reform of the Mexican petroleum industry in 2013. New
wells have provided additional data and evidence for the extension of the Cenozoic depositional
systems farther out into the Gulf of Mexico.

We have integrated these wells into the interpretations of both provenance and potential reservoir
quality presented below. Many of these wells have discovered hydrocarbons. The most important
Cenozoic wells that have proven important prospects are listed in Table 7.

7.1 Eocene clastic reservoirs

Tampico—Misantla Basin: The Chicontepec sandstones are considered immature and contain a
predominance of lithic clasts. The majority of the lithic clasts are reportedly fragments of limestones,
with a lesser proportion of siliciclastic fragments (Bitter, 1993; Santillan-Pina and Aguayo-Camargo,
2011).

Veracruz Basin: Porosity preservation in Eocene sediments seems to be relatively good (porosities
vary between 10% and 25%; Gonzalez and Medrano, 2014) even at burial depths approaching
5,000m, as observed in the Tepaxtli-1EXP (deep pools in Perdiz Field) and Heim-1 wells, onshore
Veracruz Basin (Figure 7g). The impact of varying sediment source terrains could be significant with
respect to compositional and textural make-up of Eocene sediment offshore and in deep water. Core
descriptions of middle Eocene conglomerates and breccias in the onshore Perdiz Field include
carbonate and igneous rock fragments supported in a calcareous clay matrix and cemented with
calcite (industry reports). Small gas and condensate accumulations are also reportedly found in mass
flow deposits of the upper Eocene Chapopote Fm. in the Mata Espino-2 onshore well (IHS, 2010).

Campeche Salt Basin and Chiapas Basin: Recently, the deep water Bukma-1SON well discovered
gas and condensate in middle Eocene siliciclastic reservoirs. In the Chiapas Basin, the Eocene
sediments include fine to coarse conglomeratic sandstones of the El Bosque Fm., which are
conspicuously found in onshore outcrops (Garcia-Molina, 1994).

7.2 Oligo—middle Miocene reservoirs

Veracruz Basin: Oligocene reservoirs are represented by deep water turbidite system deposits,
although they have not received considerable attention as an exploration target. Oligocene deep
clastic reservoirs have been reported in several wells in the offshore Catemaco Foldbelt (Shann,
2021). Oligocene potential reservoirs in the onshore region of the Veracruz Basin show porosity
values between 15% and 20% (Gonzalez and Medrano, 2014).
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Lower Miocene conglomerates and sandstones are reportedly rich in calcareous clasts. The samples
also show the onset of quartz and feldspar delivery to the basin, and an increased presence of
metamorphic and plutonic rock fragments (Martinez-Medrano et al., 2009; Sanchez-Hernandez
2013). Gas is reportedly produced from five clastic Miocene sequences. Some lower Miocene
producing horizons (La Laja Fm.) show average porosity ranging from 6—-8% (IHS, 2010) to 23%
(Martinez-Medrano et al., 2009). The middle Miocene reservoirs show maximum porosity values of
29% (Martinez-Medrano et al., 2009). Summing up, lower and middle Miocene sandstones average
porosity in the range of 6 to 29%.

As observed in several onshore fields in the Veracruz Basin (Playuela, Apertura—Madera), the onset
of delivery of quartz and feldspar was in the early Miocene, reaching a period of maximum supply in
the middle Miocene (Martinez-Medrano et al., 2009). Middle Miocene was also the time when
sediments in the northern Veracruz Basin started to receive the first volcaniclastic input coming from
the Trans-Mexican Volcanic Belt (Martinez-Medrano et al., 2009), although the main contribution to
the sandstones still came from the erosion of the Cuicateco sub-belts (carbonates, metamorphic and
siliciclastic clasts).

Campeche Salt Basin: In general, Neogene sediments are poorly sorted and mineralogically
immature. They correspond to feldspathic litharenites with abundant volcanic lithics, feldspar, quartz,
metamorphic and sedimentary fragments (CNH, 2019). The lower Miocene play is considered to be
the most prospective in the deep-water region of Campeche Salt Basin and has been the focus of
many wells drilled in recent years (e.g., Kabili-1, Labay-1, Leek-1, Polok-1EXP, Tabscoob-101 and
Yoka-1 wells). Well logs and cores reveal upward-fining stacking patterns of massive coarse-grained
sandstones, plus siltstone and shale, with some channels exhibiting erosive bases and basal
conglomerates.

7.3 Upper Miocene—Pliocene reservoirs
Veracruz

Upper Miocene—Pliocene reservoirs show an increased contribution of mafic and felsic volcanic lithics
at expenses of carbonate and metamorphic lithics (Martinez-Medrano et al., 2009; Jennette et al.,
2003a; Gutiérrez-Paredes et al., 2009). The same is observed in the Catemaco Foldbelt, where most
of the detrital material was supplied by Los Tuxtlas Volcanic Complex. Maximum porosity determined
in upper Miocene—Pliocene sandstones in the Veracruz Basin reach up to 34% (Martinez-Medrano et
al., 2009).

Sureste and Campeche Salt Basins

The Upper Miocene—Pleistocene sandstones of the Reforma—Comalcalco—Macuspana are classified
as arkoses and subarkoses, with a lesser proportion of litharenites (Pemex, 2013c). The main
constituents of the sandstones are quartz, feldspars, and rock fragments of igneous and metamorphic
provenance according to Pemex (2013c).

Reservoir quality highly depends on the depositional facies and the depth of burial (Chavez-Valois et
al., 2009). In the Isthmus Saline Basin (onshore) porosity values in upper Miocene reservoirs range
from 10% to 30% (Sosa-Patron et al., 2009), similarly as in the Reforma—Comalcalco—Macuspana
region, where porosity reaches up to 30% in the coarsest upper Miocene—Pleistocene horizons
(Chéavez-Valois et al., 2009).

The percentage of volcanic rocks fragments in sandstones from offshore wells (e.g., Chuktah-1,
Chuktah-201, Tibil-1, Lakmay-1, Lakach-1, Kunah-1; CNH, 2019; Beltran-Trivifio et al., 2021)
indicates the increased presence of a significant calc-alkaline volcanic source likely sourced from the
Los Tuxtlas Volcanic Complex and the scattered arc-related volcanoes and domes present in the
Chiapas Basin. Nevertheless, the Upper Miocene—Pliocene reservoirs are deemed good (CNH,
2019). Eni’s Sayulita-1EXP discovery in shallow waters contains 150—200 mmboe reportedly in good
guality upper Miocene sands approximately 70km from the coast. The Tabscoob-1 discovery located
near the transition from shallow to deep water produces gas and condensate from middle Pliocene
sandstones (CNH, 2019).
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7.4 Summary on reservoir potential

Cenozoic siliciclastic reservoir quality tends to improve from older to younger units due to progressive
exposure of basement rocks following the erosion of their overlying sedimentary cover (mainly
Cretaceous carbonates). Cenozoic siliciclastic reservoirs are typically classified as litharenites or
feldspathic litharenites due to the abundance of lithic fragments contained in the sediments (often
exceeding 50% of constituent grains; Shann et al., 2020). Porosity types identified include
intergranular porosity, secondary porosity (due to the dissolution of unstable lithic grains, feldspars,
and bioclasts), fracturing, and microporosity (Gutiérrez-Paredes et al., 2018). Analyses of core data
indicates that a 10% porosity cutoff for reservoir effectiveness is appropriate for these rocks; porosity-
depth relationships thereby suggest a reservoir floor of approximately 4,000m below mud line (Shann
et al., 2020). Quartz cementation does not seem to be a significant contributor to porosity reduction,
but rather the high lithic content of most of these sands can result in substantial porosity loss due to
compaction of ductile lithics with burial (Mousavi and Bryant, 2013).

8 Conclusions

The extensive geo- and thermo-chronological data set that we have generated allows us to determine
with confidence all areas in southern Mexico that have potentially provided carbonate and clastic
material towards the onshore and offshore foreland basins of southern Mexico and the Gulf of Mexico,
including the Tampico—Misantla, Veracruz, Sureste and Chiapas basins.

We outline an Early Cretaceous rapid low-angle extensional event in the Sierra de Juarez Complex
that was followed by cooling from ~130 Ma to ~90 Ma, as well as platform and basinal depositional
conditions in the Cuicateco Belt. Subsequently, the onset of the Mexican Orogeny deformation in
Mixteca/Oaxaca blocks and the Sierra Madre Oriental occurred from the Campanian—Maastrichtian
through the early Oligocene and propagated eastward and southward towards the foreland regions
and the Cuicateco Belt. Erosional exhumation of these regions provided carbonate detrital material to
the Tampico—Misantla and Veracruz basins.

Although relatively local sources such as the Mixtequita and Guichicovi Blocks possibly provided first-
order quartz-rich material to the southernmost Veracruz Basin from the Eocene, most of the quartz-
rich and metamorphic-rich material feeding the Veracruz basins came from the Cuicateco sub-belts
and was only supplied from the earliest Miocene. This clastic material has been subsequently
overtaken by volcaniclastic material derived from the Trans-Mexican Volcanic Belt since the middle
Miocene.

During most of the Cenozoic, the Chiapas Basin and the Sureste basins were sourced from the
Chontal Complex (western Tehuantepec), the mobile Chortis Block, as well as volcanic-arc rocks that
bordered Chortis during the Cenozoic. Moreover, older sedimentary material covering the Chiapas
Massif and Basin has been partially eroded throughout the Cenozoic and provided second-cycle
material to the Chiapas and the Sureste basins.

Our results highlight the importance of understanding relative block and plate boundary
displacements and ponder the role of major faults when interpreting source-to-sink relationships in the
area. This work documents how foredeep deposits in the Mexican foreland basins have been involved
in late deformational events, and how those sediments are very often re-incorporated into younger
deposition. This has traditionally led to incorrect detrital provenance conclusions. This synthesis
should help to predict the physical nature and lithologic characteristics of turbidites and fluvial
channels from several Late Cretaceous—Cenozoic fairways along the southern Gulf of Mexico rim.

Future work should seek an improved determination of the offshore limits of the Chortis Block, such
as along the Pacific margin and the Honduras Shelf regions because they were source areas for
Mexican basins throughout most of the Cenozoic. Also, more robust determinations of the thermal
histories in onshore regions of the Chortis Block will not only aid exploration in Central America, but
will impact our understanding of potential provision of detritus to Mexico, as well.

Acknowledgments

24



This work is dedicated to our dear colleague and friend Roberto Molina Garza, whose life was taken
from us too soon. His memory will last forever in our hearts. We thank Elisa Fitz Diaz (Universidad
Nacional Auténoma de México, UNAM), Goran Andjic (Utrecht University) and Editor Douwe van
Hinsbergen (Utrecht University) for a thorough and enriching review of this manuscript. We also thank
the sponsors of the 11-year Cordilleran (Mexico) Research Program, in particular Phase 3 corporate
sponsors (BHP, Chevron, Equinor and ExxonMobil). We wish to acknowledge the contribution and
knowledge shared with us by Uwe Martens (UNAM). We also thank Juliana Estrada Carmona and
Maria Isabel Sierra Rojas (UNAM) for processing some of the samples presented herein.

Figure captions

Figure 1

Tectonic map of southern Mexico modified from Reed et al. (2004) showing the main litho-tectonic
units defined in this work. Inset shows the extent of the Mexican Orogen (after Fitz-Diaz et al., 2018).
Abbreviations: AF, Aloapan Fault (possibly a reactivated subvertical structure) ; BGB, Barranca
Grande Backthrust ; CB, Cuicateco Belt ; ChT, Chivela Trust; CF, Caltepec Fault ; CP, Cérdoba
Platform ; OF, Oaxaca Fault (steep westerly dipping structure of Tertiary age) ; PF, Papalutla Fault ;
PeF : Petapa Fault ; SF, Soyaltepec Fault ; SVF, Siempre Viva Fault (thrust carrying basement rocks
of the Sierra de Juarez Complex over the Cuicateco Belt) ; TF, Tehuantepec Fault ; TV, Tehuacan
valley (a Tertiary half-graben) ; VAF, Villa Alta Fault (possibly a reactivated subvertical structure) ;
VHF, Vista Hermosa Fault (thrust); VNF, Valle Nacional Fault (oblique inversion structure).
Geographic Coordinate System: Mexico ITRF2008; Projection: Lambert Conformal Conic.

Figure 2 a,b
a) Oaxaca cross section A1-A4; b) Chiapas cross section B1-B5 (lines shown on Figure 1). Modified
from Graham et al. (2020, figures 7b and 15b).

Figure 3

Tectonic map of southern Mexico modified from Reed et al. (2004) showing the main litho-tectonic
units and new samples analysed in this work for geo- and thermochronology (red squares). We also
include sample locations with published thermochronological data (blue squares) used in our
interpretations. Published data include Villagomez et al. (2019); Villagbmez and Pindell (20204,
2000b) and Gray et al. (2021). Geographic Coordinate System: Mexico ITRF2008; Projection:
Lambert Conformal Conic.

Figures 4 a,b

Thermal history models for the different litho-tectonic units using HeFTy© software. Input data
included AFT age, track length data, and Dpar (a proxy for chemical composition), as well as apatite
and zircon U-Th/He when available. The good-fit envelope of solutions (all solutions with a goodness
of fit of 0.5 and higher) are shown in pink. Acceptable solutions (goodness of fit between 0.05 and
0.5) are shown in green. For more details on the dating methods and thermal modelling see
Appendix 2. Most thermal models are unpublished although input AFT data in the Tampico—Misantla
and the Cuicateco models include data from Gray et al. (2021) and Villagémez (2014).

Figure5a, b
a) New K-feldspar “°Ar/3°Ar ages from the Sierra de Juarez Complex. b) Cooling history of the Sierra
de Juarez Complex and interpretation.

Figure 6

Stratigraphic columns and post-Jurassic rock cooling periods observed in southern Mexico, as well as
an interpretation of the causes of cooling. Geologic time scale used is the International
Chronostratigraphic Chart of the International Commission on Stratigraphy, version 2013/01 (Cohen
et al., 2013). Sources are listed in the text and in Appendix 1. For more details on the stratigraphy
see Appendix 1.

Figures 7 a—i

Present-day configuration (Figure 7a) and Late Cretaceous to Recent (Figures 7b—i) reconstruction
of southern Mexico and Chortis. Litho-tectonic units represented using the same colours as in Figure
1. Areas that were potentially eroded are colour filled. The horizontal line patterns represent litho-
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tectonic units which experienced known erosional exhumation for a given map. The maps show the
present-day outline of continental core of Chortis (Chortis s.s.) according Andjic et al. (2018) and
Romito and Mann (2020), as well as our preferred outline based on onshore geology. Key wells drilled
offshore Chortis are also shown on the present-day configuration. Paleo-position of Chortis and
movement relative to North America are from Pindell and Kennan (2009), Villagémez and Pindell
(2020b), Graham et al. (2020). Our reconstruction maps include basic palinspastic corrections that
account for possible rigid and nonrigid deformation of the different block boundaries. Rotation of
Chortis since early Paleocene is about 40° counter-clockwise, in line with data from Molina-Garza et
al. (2019a). Rotation (and translation) of Chiapas is about 15° clockwise (possible moving pole at
around 14.7°N/92.7°W) between early and mid-Miocene (Molina-Garza et al., 2020b). Paleogene
channels are based on Rosenfeld and Pindell (2003). Depositional axes of the most relevant fairways
are shown with coloured arrows and are compiled from Arreguin-Lopez et al., 2011; Ambrose et al.,
2003; Escalera-Alcocer, 2010; CNH, 2014, 2015, 2017a, 2017b, 2019, Gonzalez and Medrano, 2014;
Snedden and Galloway, 2019; Brito and Luysterburg, 2019; Shann et al., 2020; Davidson, 2021 and
unpublished industry data. The depositional facies areas are based on multiple published
interpretations (incl. Quezada-Mufieton, 1987; Meneses-Rocha, 2001; Witt et al., 2012; CNH, 2017b)
and our own fieldwork observations.

Geographic Coordinate System and datum used in this map are WGS84. Abbreviations: BVF: Baja
Verapaz Fault; JChF: Jocotdn—Chamelecon Fault; MF: Motagua Fault; PFZ: Polochic Fault Zone.
Figure 7a. Inset: Modern river drainage system of southern Mexico, indicating the extent of drainage
into the Gulf of Mexico. These drainage systems were probably considerably larger prior to
compressional deformation (possibly as early as Eocene but peaking in middle Miocene) and could
deliver vast volumes of sediment to offshore areas.

Appendixes
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Table 1. Zircon U-Pb results

Sample Unit Lithology Locality Elevation(m) LAT LON Grain dated Main age populations

Mixteca (W) — Oaxaca (E)

The granite cobble mostly contains Mesoproterozoic
zircon with a range of inherited ages. One Jurassic age

6-15-12-01B Cobble in detrital Chivillas Fm. Jurassic granodiorite Tehuacan-Orizaba, ND 18.52087 -97.35118 39 may correspond to the time of magmatism.
Oaxaqueno, foliated basement sample Coarse to medium grained metamorphic Youngest population: 820 - 870 Ma. Other populations
18-01-18-01 covered by Lower K Jaltepetongo rock 1466 17.06959 -96.73631 110 from 920-970 Ma, 1000-1350 Ma
San Bartolomé Quialana, Block

Plutonic Rock- Granodiorite- (Qz, Hb, west of Tlacolula. East Oaxaca

17-01-18-01 San Bartolomé Quialana Plg,Bt). Mafic enclaves. 29 Ma City 1787 16.89447 -96.49601 23 Weightead mean of 29.1+0.19 Ma
Youngest population: 33.31 +0.16 Ma. Other

17-01-18-04 Crystal Tuff Crystal Tuff 1810 16.88886 -96.60350 19 populations from 400, 1000-1200 Ma

Felsic volcanic rock- subhedral crystal
17-01-18-05 Andesitic tuff (Hb, Kfs,Plg) S of Oaxaca City 1743 16.87530 -96.62229 12 Weighted mean age of 23.1+0.1 Ma
17-01-18-06 Ejutla batholith Qtz monzodiorite,(Qz,Plg, Bt,Hbl) S of Oaxaca City 1561 16.60958 -96.70852 30 Weighted mean age of 25.3240.32 Ma

Sierra de Juarez Complex
Between Siempre Viva Fault and Oaxaca Fault (Teotitlan migmatitic Belt/ Sierra de Judarez mylonite complex)

Meso and Neoproterozoic zircons moslty, a single zircon
20-01-30-13A  KnapArLu, mylonite with metasedimentary protolith road to Teococuilco (Oaxaca myl Road to Teocuico ND 17.31000 -96.67482 95.0 is ca 415 Ma

Cuicateco Belt
West of Villa Alta and Aloapan faults, East of Siempre Viva Fault:
Intrusive contact, Felsic rock (intrusive

16-01-18-10A  San Juan Juquila sample). East Oaxaca City 2087 16.98304 -96.01800 30 Weighted mean age of 17.57+0.28 Ma
Plutonic Rock- Granite (weathered

16-01-18-11B  San Juan Juquila sample) East Oaxaca City 1995 16.97187 -96.01236 14 Weighted mean age of 17.30 +0.1

Veracruz Basin

Youngest DZ 0.55 +0.04 Ma. Other populations from 2
16Apri6-2B Quatemary Tetela ND 18.51636 -96.44598 317 Ma-18 Ma, 80, 100, 270, >900 Ma

Tampico—-Misantla Basin
Youngest DZ about 59 Ma, population 60-100 Ma, 110-

COAP1741 Basal? Chicontepec above thrust over eoc Sandstone 171 20.37653 -97.61215 108 162 Ma, 215-290 Ma, >350Ma-2.6 Ga

Youngest DZ about 65 Ma, population 65-120 Ma, 140-
SANT17-2A Basal Chicontepec above K/T breccia Sandstone Santiago 484 19.91593 -97.15263 107 200 Ma, 235-300 Ma, >325Ma-1.9 Ga

Youngest DZ about 55 Ma, population 55-107 Ma, 253-
SANT17-2B Chicontepec (Middle and Upper) Conglomeratic sandstone 301 19.97935 -97.10584 108 280 Ma, >335Ma-3.1 Ga

Youngest DZ about 52 Ma, population 55-86 Ma, 104-
SFRAN17-1 Chicontepec (Middle and Upper) Carbonate-rich volcanosediment 973 21.01527 -98.50159 109 183 Ma, 250-277, >470 Ma-2.2 Ga

Medium- Fine-grained sandstone. Youngest DZ about 38 Ma, population 38-93 Ma, 120-

TENA17-1 Oligocene Volcanoclastic 204 20.16197 -97.40399 108 176 Ma, 195-280, >335 Ma-2.6 Ga

A more detailed document with the methodology and raw analytical data are presented in Appendixes 2 and 3
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Table 2. 40Ar/3 9Ar results
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Inverse
Elevation wm “Ar/ Ar age Total Fusion Isochron

Sample Unit Lithology Locality (m) LAT LON Phase + 20 (Ma) agex20 (Ma) agex2c (Ma) MSWD' Observations
Sierra de Juarez Complex
Between Siempre Viva Fault and Oaxaca Fault (Teotitlan migmatitic Belt/ Sierra de Judarez mylonite complex)

Teotitlan Migmatitic Suite, Zr Age gradient (91 -
5-11-11-02A U/Pb 158 Ma Orthogneiss E Teotitlan 1604 18.17367 -97.05451 K feldspar 116.50 +10.29 124.70 +2.18 81.00 +42.25 21.41 135 Ma)

Flat region

Teotitlan Migmatitic Suite, Zr Migmatitic (approximately 101

5-11-11-03A U/Pb 137 Ma orthogneiss E Teotitlan 1804 18.18604 -97.04982 K feldspar 100.74 +3.38 101.23 £0.90 93.70 £22.57 15.56 Ma), excess Ar

WM: Weighted mean age over >3 contiguous heating steps that yield distinguishable ages that differ by less than 5%, and span > 50% 39 Ar released
" Mean Square of Weighted Deviates of the inverse isochron linear regression
Zircon U-Pb published by Pindell et al. (2020a) and Coombs (2016)
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Table 3. Apatite Fission Track results

u Pooled Dpar
Total , average AFTage 95%-Cl 95%+Cl  Chi- Primary  +/-1 ’ MTL proj. average
Sample Unit Lithology Locality Elevation(m)  LAT LON Grains Ns  areacm’ (ppm)  (§) (Ma)  (Ma) squared  Zeta sigma mTLpm " SE SD um® N@#  pm
Mixteca (W) — Oaxaca (E)
Jaltepetongo, intruded by 28 Ma San
17-01-18-03 * Bartolomé Quialana batholith Arkosic sandstone 1721 16.89245 -96.60584 40 501 1.0E-03 451 14.2 1.3 1.4 63.8 8.3 0.1 14.59 0.10 1.03 15.35 106 1.9
Ejutla batholith (Zr U/Pb age 25 Ma;
17-01-18-06 * this work) Qtz monzodiorite,(Qz,Plg, Bt,Ho) S of Oaxaca City 1561 16.60958 -96.70852 40 84 1.4E-03 0.4 25.0 5.0 6.2 59.7 8.3 0.1 14.47 0.13 1.19 15.29 85 2.0
Oaxaqueno, foliated basement sample Coarse to medium grained
18-01-18-01 * covered by Lower K Jaltepetongo metamorphic rock 1466 17.06959 -96.73631 40 1182 1.0E-03 37.2 50.5 3.9 4.2 73.5 8.3 0.1 13.49 0.13 1.41 14.67 127 21
Fine-grained volcanoclastic
DH-22-12-3-11 Acatlan, Upper Pz (Olinala Fm?) sandstones 1415 17.75084 -98.73439 35 562 1.7E-03 104.0 83.2 7.6 8.3 72.9 6.2 0.1 ND ND ND ND ND ND

Fine-grained sandstones (very
deformed, slighty

DH-23-12-3-11 Cosoltepec Fm, Acatlan (Pz) metamorphosed) 1688 17.84033 -98.75138 24 1254 6.6E-04 590.9 70.2 5.3 57 71.3 6.2 0.1 ND ND ND ND ND ND
Graywacke interbedded within
phylites (very deformed, slightly

DH-24-12-3-11 Cosoltepec Fm, Acatlan (Pz) metamorphosed) 1279 18.14525 -98.66060 29 856 7.5E-04 455.7 62.4 5.0 5.4 80.9 6.2 0.1 ND ND ND ND ND ND

Sierra de Judrez Complex
Between Siempre Viva Fault and Oaxaca Fault (Teotitlan migmatitic Belt/ Sierra de Judrez mylonite complex)
Teotitlan Migmatitic Suite, Zr U/Pb 158

5-11-11-02A** Ma (Pindell et al., 2020a) Orthogneiss E Teotitlan 1604 18.17367 -97.05451 26 527 1.6E-03 9.2 51.9 5.6 6.3 42,5 9.1 0.2 12.97 0.24 1.15 14.37 92 1.2
Teotitlan Migmatitic Suite, Zr U/Pb 137

5-11-11-03A ** Ma (Coombs 2016) Migmatitic orthogneiss E Teotitlan 1804 18.18604 -97.04982 31 572 27E03 5.6 57.2 6.0 6.7 51.1 9.1 0.2 12.84 0.22 1.34 14.26 151 1.3

Cuicateco Belt

West of Villa Alta and Aloapan faults, East of Siempre Viva Fault:
San Juan Juquila (Zr U/Pb age 17.6  Intrusive contact- Felsic rock

16-01-18-10A* Ma; this work) (intrusive sample). East Oaxaca City 2087 16.98304 -96.01800 22 21 2.4E-04 10.5 17.9 6.4 10.0 14.8 8.3 0.1 14.39 0.21 0.88 14.93 19 2.0
Metamorphic Complex, Zr U/Pb 180 Ma
16-01-18-09A * (Pindell et al. 2020) Muscovite-rich schist East Oaxaca City 2021 17.01785 -96.08020 29 17 3.5E-04 1.2 33.9 16.8 33.2 1011 8.3 0.1 14.03 0.38 1.53 14.89 17 1.8
16-01-18-08A * Jaltepetongo Fm. Tabular Sandstone (fine size) 1877 16.96214 -96.11690 39 99 4.6E-04 19.4 14.9 2.8 3.4 87.7 8.3 0.1 13.98 0.20 1.31 14.96 46 1.8
Tabular red fine-grained
16-01-18-05A * Todos Santos sandstone 1653 16.96250 -96.19340 38 91 5.0E-04 151 222 4.3 5.3 56.4 8.3 0.1 14.18 0.15 1.12 15.03 56 1.8

Quarry by the road
from Oaxaca to

Masive quartzose sandstone. Tuxtepec, 3 km before
26Feb16-7A* Jaltepetongo distal facies of turbidites. Guelatao 1525 17.30611 -96.52531 40 77 5.3E-04 14.0 15.4 3.2 4.1 45.4 8.3 0.1 14.25 0.20 1.27 15.15 40 23
18-01-18-03 * Complejo Oaxaquefo Quartzitic rock 2482 17.15195 -96.60720 25 81 3.2E-04 191 17.6 3.6 4.5 69.4 8.3 0.1 14.26 0.31 1.27 15.14 18 1.9

Between Villa Alta/Aloapan and Vista Hermosa faults (Mazateco Complex)
Red very fine sandstone. Shows

12-9-10-08A * Todos Santos Fm. (West of VH Fault)  thermal effect, cooked 1316 17.65928 -96.33430 45 135 5.7E-04 258 20.4 3.3 4.0 72.5 8.3 0.1 14.65 0.21 1.47 15.32 52 21
12-9-10-10A* Mazateco Complex. (West of VH Fault) Quartzite 1423 17.63692 -96.33977 40 55 6.6E-04 5.6 23.0 5.5 55 26.1 8.3 0.1 13.75 0.19 1.40 14.71 54 2.0
21-01-18-01 * Mazateco (SW of VH Fault) Low grade metasediment 377 17.14588 -95.40940 15 57 2.2E-04 26.9 15.6 3.7 4.8 20.2 8.3 0.1 13.17 0.81 3.35 14.28 18 1.8

Between Vista Hermosa and Valle Nacional faults

Contact zones

between basement

and Todos Santos Fm,

Sandstone and mudstone with  along the Vista

20-01-18-08 * Todos Santos (East of VH Fault) tectonic foliation. Hermosa Fault 158 17.44420 -95.76623 39 296 9.4E-04 275 20.9 2.4 2.8 75.5 8.3 0.1 13.47 0.27 1.85 14.67 49 1.8
19-01-18-06 * Fm. Xonamanca?, (East of VH Fault)  Sublitharenite 370 17.70332 -96.22829 12 67 9.0E-05 44.3 27.6 71 9.5 54.2 8.3 0.1 13.12 0.58 1.42 14.43 7 20
19-01-18-10* Todos Santos (East of VH Fault) Sandstone 358 17.64434 -96.15566 40 161 5.6E-04 26.9 19.7 3.0 3.6 90.9 8.3 0.1 13.86 13.86 1.47 14.84 53 1.8


https://www.editorialmanager.com/earth/download.aspx?id=134169&guid=2cd318fd-47c9-41b1-abc6-6f9128096bd3&scheme=1
https://www.editorialmanager.com/earth/download.aspx?id=134169&guid=2cd318fd-47c9-41b1-abc6-6f9128096bd3&scheme=1

Table 3 (continued). Apatite Fission Track results

Total u Pooled Dpar
area average AFTage 95%-Cl 95%+Cl Chi- Primary +-1 MTL pm MTL proj. average
Sample Unit Lithology Locality Elevation (m) LAT LON Grains Ns cm2 (ppm) (8) (Ma) (Ma) squared Zeta sigma (1) SE SD pm (2) N (#) pm
Tampico-Misantla Basin
Chicontepec. MDA 55 Ma (Cossey et Chicontepec channel
ACAT17-1 * al, 2019) Carbonate-rich volcanosediment  at Acatapec 465 20.96020 -98.27656 40 223 1.8E-03 3.6 57.0 7.4 8.4 32.0 8.3 0.1 14.16 0.17 2.08 15.11 152 35
Red tuff (Nazas?), coarse-
ALTO17-2* Cahuasas redbeds, medium grained 1059 19.86862 97.22115 40 48 1.2E03 129 1.8 3.0 4.0 58.6 8.3 0.1 14.28 0.37 1.44 15.03 16 2.2
SANT17-1 KIT, K-Pg breccia Breccia Santiago 484 19.91593 97.15263 40 500 1.6E-03  56.4 16.2 1.5 1.7 323.7 8.3 0.1 13.98 0.15 1.82 14.95 140 2.4
Basal? Chicontepec above thrust over
COAP17-1* eocene Sandstone 171 20.37653 97.61215 40 313 9.9E-04 195 56.6 6.3 7.1 63.0 8.3 0.1 13.38 0.16 1.64 14.54 12 2.8
Mixtequita (N) & Guichicovi (S) blocks
27Mar17-3A Mixtequita granite, Permo-Triassic Granite 153 17.14763 -95.14480 25 41 3.8E-03 44 420 35 3.5 ND 12.0 0.2 12.93 0.20 1.56 ND 58 ND
19-07-04-1 Guichicovi Complex, Precambrian Granulitic gneiss Sarabia River 17.04996 95.19520 36 22 8.8E-04 18 23.1 8.0 12.3 5.9 8.3 0.1 14.48 0.16 0.86 15.20 29 18
Chontal
19-07-03-2B Chivela lithodeme, Cretaceous Coarse grained phylite Ajal town 188 16.76736 95.02154 36 98 53E-04 194 1.4 2.1 2.6 37.6 8.3 0.1 14.18 0.14 0.84 14.95 35 1.8
Juchitan, Westemn Tehuantepec
9-30-10-09A Tertiary magmatic rocks Biotite tonalite or granodiorite ND 16.50632 95.42106 40 122 1.5E-03 206 5.7 1.0 1.2 61.0 8.3 0.1 14.17 0.17 1.16 15.01 50 16
Westemn Tehuantepec Tertiary
9-30-10-11 magmatic rocks Biotite Granodiorite/Tonalite ND 16.54434 95.45190 6 9 1.8E-04 134 4.1 2.1 4.2 4.4 8.3 0.1 14.21 0.44 0.98 15.06 6 15
Westemn Tehuantepec Tertiary New highway to
3-8-11-08 magmatic rocks Biotite tonalite Zoned plagioclase Oaxaca 220 16.49542 95.40132 29 284 1.7E-03 142 7.1 0.9 1.0 278.4 6.2 0.1 ND ND ND ND ND ND
Migmatite, Appears to intrude K
19-07-05-1 phylites Migmatite Tehuantepec town ND 16.35775 -95.22333 40 378 1.4E-03  100.3 8.7 1.0 1.1 2295 8.3 0.1 14.13 0.09 0.95 14.98 15 1.8
Chiapas Massif and Basin
Road to Sta. Maria
19-07-05-4 Westemmost Chiapas Massif Porphyritic granite Chimalapa 300 16.82889 94.76931 37 37 5.8E-04 206 8.3 25 35 34.4 8.3 0.1 14.45 0.14 0.69 15.14 25 18

® Pooled age calculated by pooling the spontaneous fission tracks and U content obtained from the individual grains.
MTL—mean track length ") measured, © c-axis corrected); Dpar — mean etch pit diameter; SE — Standard deviation; SD — Standard deviation
Ns: Number of spontaneous fission tracks counted over the total area.

N#: Number of fission track lengths measured.
Laser spot size: 16 um. LA—ICP-MS Zeta method

* AFT ages published by Gray et al. (2021) integrated into the new thermal models ** AFT ages published by Vilagomez (2014)
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Table 4. Apatite (U-Th)/He data

. Alpha Effective
Age 20 Th Sm He Mass correction radius
Sample Unit Lithology  Locality Elevation (m) LAT LON (Ma) (Ma) U (ppm) (ppm) (ppm) [Ule ThU  (nmolg) (ug) (Fr) (pm)
Sierra de Judrez Complex
Between Siempre Viva Fault and Oaxaca Fault (Teotitlan migmatitic Belt/ Sierra de Judrez mylonite complex)
Teotitlan Migmatitic Suite, Zr U/Pb
5-11-11-02A 158 Ma (Pindell et al., 2020a) Orthogneiss  E Teotitlan 1604 18.17367 -97.05451 17.4 1.0 21.9 14.2 22.3 0.7 1.5 0.6 39.4
16.0 1.0 7.8 25 211 0.3 0.6 0.8 60.6
14.8 0.9 7.6 2.2 25.2 0.3 0.5 0.8 63.4
20.5 1.2 8.4 1.8 15.9 0.2 0.7 0.7 52.7
21.5 1.3 10.2 3.1 251 0.3 0.9 0.7 45.3
18.2 1.1 5.2 1.5 13.7 0.3 0.4 0.8 65.1
Weighted mean 16.4 0.5 10.6 5.1 20.6 0.4 0.7 0.7 57.1
Cuicateco Belt
Between Villa Alta/Aloapan and Vista Hermosa faults (Mazateco Complex)
Low grade
Metasediment
21-01-18-01 Mazateco (SW of VH Fault) (Paleozoic?) 377 17.14588 -95.40940 75 0.4 7.8 19.9 100.6 12.9 25 0.3 1.2 0.6 38.5
82.0 4.9 32.7 77.7 161.7 51.4 2.4 13.2 0.9 0.6 34.3
7.2 0.4 1.7 2.0 26.7 2.2 1.2 0.1 5.8 0.8 62.7
4.9 0.3 54.7 96.2 55.9 771 1.8 1.5 6.2 0.8 63.5
Weighted mean 6.0 0.2 214 39.4 61.0 30.8 1.8 0.6 4.4 0.7 54.9
Tampico—Misantla Basin
Chicontepec. MDA 55 Ma (Cossey Chicontepec channel at
ACAT17-1 * etal., 2019) Acatapec 465 20.96020 -98.27656 15.9 1.0 12.6 39.9 156.8 22.6 3.2 1.4 3.5 0.7 50.3
15.4 0.9 4.3 323 146.2 12.5 7.4 0.8 6.0 0.7 60.7
13.3 0.8 3.8 19.4 152.4 9.0 5.1 0.5 6.1 0.7 60.6
15.2 6.1 3.7 21.7 130.5 9.4 5.9 0.6 5.8 0.7 63.9
Weighted mean 14.8 0.2 6.1 28.3 146.4 13.4 5.4 0.8 5.3 0.7 58.9
Basal? Chicontepec above thrust
COAP17-1 * over Eocene Sandstone 171 20.37653 -97.61215 16.4 1.0 3.3 17.4 223.6 8.4 5.3 0.6 2.6 0.7 48.9
10.3 0.6 10.1 26.2 127.4 16.8 2.6 0.6 2.3 0.7 44.5
9.6 0.6 3.5 43.6 147.0 14.3 12.3 0.4 1.0 0.6 34.4
9.9 0.4 11.4 44.4 109.2 22.2 3.9 0.7 1.1 0.6 36.5
Weighted mean 9.9 0.3 8.4 38.0 127.9 17.8 6.3 0.6 15 0.6 38.4
Cahuasas redbeds, Mid-Jurassic ~ Red tuff
ALTO17-2 * (Max. dep. age: 167 Ma) (Nazas?) 1059 19.86862 -97.22115 12.2 0.7 6.0 12.8 115.9 9.5 2.1 0.5 4.0 0.7 50.9
13.4 0.8 2.9 56.5 121.5 16.5 19.7 0.8 1.4 0.6 39.7
1.7 0.7 3.0 5.7 198.3 5.3 1.9 0.2 1.3 0.6 38.7
Weighted mean 123 0.4 3.9 25.0 145.2 10.4 7.9 0.5 2.2 0.6 43.1
Mixtequita (N) & Guichicovi (S) blocks
27Mar17-3A Mixtequita granite, Permo-Triassic ~Granite 153 17.14763 -95.14480 7.2 0.4 4.7 4.4 90.8 6.2 0.9 0.2 3.5 0.7 49.8
10.9 0.7 6.0 2.8 103.4 71 0.5 0.3 1.5 0.6 39.4
12.5 0.8 5.7 4.3 84.1 71 0.8 0.4 3.6 0.7 51.4
6.8 0.4 4.0 3.2 97.5 5.2 0.8 0.1 2.0 0.6 39.4
8.8 0.5 4.5 3.2 701 5.6 0.7 0.2 1.5 0.6 39.5
Weighted mean 8.2 0.2 5.0 3.6 89.2 6.2 0.7 0.2 24 0.7 43.9
Chiapas Massif and Basin
27Mar17-2A Chiapas (Mixtequita) granite Granite 86 17.03590 -94.94886 10.9 0.7 9.2 4.5 247.4 11.5 0.5 0.5 3.9 0.7 54.9
15.7 0.9 22.0 3.9 314.2 245 0.2 1.7 8.0 0.8 70.0
16.3 1.0 15.5 6.7 311.5 18.6 0.4 1.2 2.6 0.7 49.2
Weighted mean 13.3 0.5 15.6 5.0 291.0 18.2 0.4 1.1 4.8 0.7 58.0

[U]e = effective Uranium concentration. (U-Th)/He data, numbers in bold indicate the aliquots (one grain per aliquot) used to calculate the weighted mean (see text)
* Apatite (U-Th)/He ages published by Gray et al. (2021), integrated into the new thermal models
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Table 5

Table 5. Zircon (U-Th)He data

Zircon - He Alpha Effective
Elevation (U-ThyHe Th 'sm (nmol correction radius
Sample Unit Lithology Locality (m) LAT LON Age (Ma) #20(Ma) U(ppm) (ppm) (ppm) [Ule ThU /o) Mass (ug) (Fr) (um)
Mixteca (W) - Oaxaca (E)
Laminated metasandstones and fiites, fich on quartz
25Feb162B  Jatepetongo Fm. and feldspar. Oaxaca City ND 17.11408 -96.71640 18.0 14 334 318 11 407 10 37 1386 09 154.9
16.9 1.4 220 49 05 231 02 19 521 09 1108
396 170 278 2.1 1234 02 228 265 09 882
Weighted mean Discordant single grain ages. Samples was probably only partially reset
Sierra de Judrez Complex
Between Siempre Viva Fault and Oaxaca Fault (Teotitin migmatitic Belt/ Sierra de Jusrez mylonite complex)
26Feb16-5C Sierra de Juarez Complex Amphiboite 3100 17.17224 -96.65426 234 19 342 70 04 89 02 89 212 09 81.1
314 25 37 62 07 382 02 56 285 09 907
7.4 674 194 5.4 719 03 293 209 08 783
Weighted mean ingle grain ages. Samples was probably only partially reset
Filonite, banded with white mica. Low metamorphic  Road from San Juan Bautista Guelache
24Feb16-18 Southermost Sierra de Juarez Complex grade to Teocuico 2150 17.22260 -96.75324 167 13 67.1 205 1.0 718 03 55 180 08 768
205 16 2043 256 16 2102 01 196 180 08 75.4
19.0 15 516 213 15 565 04 48 123 08 666
Weighted mean 185 04 1077 224 14 1128 03 100 161 08 73.0
Cuicateco Belt
West of Villa Alta and Aloapan faults, East of Siempre Viva Fault:
26Feb16-68 Miocene dacite Dacitic porphyry Las Animas-xtepei 17.23741 -96.56561 16.0 13 2402 494 67 2516 02 192 455 09 100.2
14.0 14 930 203 94 978 02 64 303 09 866
18.4 15 1314 227 36 1366 02 110 107 08 607
Weighted mean 157 04 1549 30.8 66 1620 02 122 288 09 825
Between Villa Alta/Aloapan and Vista Hermosa faults (Mazateco Complex)
Red sandstone, masive with quartz, feldspar and
27Feb163B  Todos Santos (SW of Vista Hermosa Faul) iithics. Mazateco Complex, Guelatao to Tuxtepec ND 17.66895 -96.32819 562 45 234 131 13 24 06 66 143 08 67.0
355 28 1783 369 25 1868 02 204 114 08 657
326 26 1941 313 14 2013 02 296 136 08 700
263 2.1 4217 1568 7.4 4579 04 556 232 09 825
Weighted mean 305 14 2084 595 31 2181 03 303 157 08 713
21011801 Mazateco (SW of Vista Hemmosa Faut) Low grade Metased a77 17.14588 -95.40940 372 3.0 3793 167 00 3831 00 547 26 07 383
396 3.2 4484 1219 10 4761 03 821 97 08 60.4
396 32 54.1 129 13 570 02 96 74 08 548
Weighted mean 387 18 2038 505 08 3054 02 488 66 08 512
Between Vista Hermosa and Valle Nacional faults
27Feb164B  Todos Santos (NE of Vista Hermosa Faul)  Very fine to medium-grained sandstone Mazateco Complex, Guelatao to Tuxtepec 17.73676 -96.32892 493 39 567 155 00 602 03 131 107 08 63.4
66.6 53 478 266 13 540 06 161 142 08 697
258 1 650 214 09 803
Weighted mean Discordant single grain ages. Samples was probably only partially reset
Todos Santos? Xonamanca? (NE of Vista
27Feb16-58 Hermosa Fault) Coarse-grained sandstone Mazateco Complex, Guelatao to Tuxtepec 17.76214 -96.31636 62 1051 39.1 12 1142 04 895 153 08 697
1.4 487 183 21 529 04 359 597 09 116.2
57 1332 59.4 30 1468 04 483 219 08 792
Weighted mean \gle grain ages. Samples was probably only partially reset
Tampico-Misantla Basin
SANT17-1* KIT, K-Pg breccia Breccia Santiago 484 19.91598 -97.15263 2388 19.1 285 146 17 319 05 364 923 09 927
77.9 6.2 1275 411 1.0 1370 03 469 96 08 627
1161 02 1207 125 08 686
Weighted mean Discordant single grain ages. Samples was probably only partially reset
Mixtequita (N) & Guichicovi (S) blocks
27Mar17-3A Mixtequita granite, Permo-Triassic Granite 153 17.14763 -95.14480 173 9.4 414 127 04 441 03 237 211 08 762
104.0 83 411 156 00 447 04 211 180 08 732
106.1 85 219 72 0.0 235 03 114 181 08 729
Weighted mean 108.6 5.0 47 18 01 374 03 187 191 08 741
Petapa (South Guichicovi, East of Vista
26Mar17-3A Hermosa Fault, Precambrian Precambrian metasediment La Maceta-Loma Santa Cruz ND 16.95053 -95.24308 306 24 1002 268 15 1153 02 155 127 08 63.1
323 26 1581 481 09 1692 03 254 322 09 85.1
Weighted mean 314 18 1336 375 12 1423 03 204 224 08 74
26Mar17-5A Petapa (South Guichicovi), Santo Domingo Petapa ND 16.82660 -95.14648 418 3.3 1606 314 00 1679 02 283 40 07 453
429 34 1454 622 00 1597 04 268 29 07 416
420 34 3312 1566  83.4 367.4 05 604 28 07 416
441 35 1447 761 14 1623 05 306 67 08 56.1
Weighted mean 427 1.7 1955 816 87 2143 04 366 41 07 462
Chontal
25Mar17-5A  Chivela sedimentary Coarse sandstone General Pascual ND 16.47059 -94.22151 360 29 05 4.8 29 01 00 64 08 68.4
13.9 11 168 73 08 185 12 120
Weighted mean ingle grain ages. Samples was probably only parti
Chiapas Massif and Basin
25Mar17-1A  Chiapas Massi, Triassic Migmatite ‘Tapachula-Juchitia ND 16.13137 9379774 74 06 1151 253 00 1209 02 34 33 07 410
7.2 06 1208 224 00 1260 02 39 78 08 575
7.7 06 1352 203 06 1308 02 49 151 08 722
9.4 08 2154 813 0.0 2223 0.1 82 35 07 423
Weighted mean 7.7 03 1465 248 0.2 1522 02 51 75 08 533
27Mar17-2A Chiapas (Mixtequita) granite Granite 86 17.03590 -94.94886 503 47 39.1 75 00 408 02 93 24 07 3856
807 65 310 57 EX) 323 02 101 30 07 305
7.6 700 1216 51 980 17 335 18 07 347
Weighted mean Discordant single grain ages. Samples was probably only partially reset

[Uje = effective Uranium concentration. (U-Th)/He data, numbers in bold indicate the aliquots (one grain per aliquot) used to calculate the weighted mean (see text)
* Zicon (U-Th)/He age published by Gray et al. (2021), integrated into the new thermal models
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Table 6. Zircon Fission Track results

Total U Pooled
area average AFTage 95%-Cl 95%+Cl Chi- Primary +-1
Sample Unit Lithology Locality Elevation (m) LAT LON Grains Ns cm2 (ppm) (8) (Ma) (Ma) squared Zeta sigma
Cuicateco Belt
Between Villa Alta/Aloapan and Vista Hermosa faults (Mazateco Complex)
Metamorphic rock- schistose
21-01-18-04 Mazateco (SW of Vista Hermosa Fault) texture Mazateco 543 17.13892 95.41451 25 1435  1.6E-04 316.2 40.6 2.3 2.4 22,5 0.0401 0.0005

® pooled age calculated by pooling the spontaneous fission tracks and U content obtained from the individual grains.
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Table 7

Table 7. Key wells drilled by the state-owned petroleum company (Pemex) and other inter

WELL NAME LOCATION*
ALAW-1 Ultradeep waters
AMATL-1EXP Shallow waters
BUKMA-1SON Ultradeep waters
CAHUA-1EXP Shallow waters
CHELEM-1 Deep waters

CHINWOL-1EXP Deep waters

CHUKTAH-1 Shallow waters
CHUKTAH-201 Deep waters
HEIM-1 Onshore

HEM-1 Ultradeep waters
ITLA-1 Shallow waters
KABILIL-1 Deep waters
KUNAH-1 Ultradeep waters
KUNAH-1DL Ultradeep waters
LABAY-1 Ultradeep waters
LAKACH-1 Deep waters
LAKMAY-1 Deep waters
LALAIL-1 Deep waters
LEEK-1 Deep waters

MATA ESPINO-2 Onshore

NAT-1 Ultradeep waters
NAT-1DL Ultradeep waters
NEN-1 Ultradeep waters
NOXAL-1 Deep waters
OCTLI-EXP Shallow waters
PIKLIS-1 Ultradeep waters
POLOK-1EXP Deep waters

SAASKEN-1EXP Shallow waters
SAYULITA-1 EXP Shallow waters

TABSCOOB-1 Shallow waters
TABSCOOB-101 Shallow waters
TECOALLI-1 Shallow waters

TEPAXTLI-IEXP Onshore

TIBIL-1 Shallow waters
XAXAMANI-1 Shallow waters
YOKA-1 Ultradeep waters
ZAMA-1SON Shallow waters

Other wells from DSDP

DSDP 10-87 Ultradeep waters
DSDP 10-90 Ultradeep waters
DSDP 10-91 Ultradeep waters

* Location definition according to the database https://mapa.hidrocarburos.gob.mx (Comision Nacional de Hidrocarburos )

WELL TYPE
Exploration
New-field wildcat
Stratigraphic test well
New-field wildcat
Exploration
New-field wildcat
Exploration
Exploration
Exploration
Exploration
Exploration
Exploration

Exploration

Appraisal well
Exploration
Exploration
Exploration
Exploration
Exploration
Exploration

Exploration
Appraisal well
Exploration
Exploration
New-field wildcat
Exploration
New-field wildcat
New-field wildcat
New-field wildcat
Exploration
Exploration
Exploration
New-field wildcat
Exploration
Exploration
Exploration
Stratigraphic test well

Stratigraphic test well

Stratigraphic test well
Stratigraphic test well

FIELD
N/A
N/A
N/A
CAHUA
N/A
N/A

N/A
HEM
ITLA
N/A

KUNAH

KUNAH
LABAY
LAKACH

N/A

LALAIL

LEEK

MATA ESPINO

NAT

NAT

NEN
NOXAL
OCTLI
PIKLIS

N/A

N/A
SAYULITA
TABSCOOB
TABSCOOB
TECOALLI
PERDIZ

N/A
XAXAMANI
N/A

ZAMA

operators in
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and offshore areas

STATUS

Dry gas producer

Oil and gas producer
Non-commercial gas and condensate
Gas and condesate discovery
Dry gas producer

Oil discovery (P&A)

P&A, dry

P&A, dry

P&A

Suspended, wet gas

Oil discovery

P&A, dry

Wet gas producer (5 zones)

Wet gas producer

Dry gas discovery, P&A

Dry gas discovery, P&A

Dry, P&A

Gas and condensate producer
Wet gas producer
Condensate

Wet gas producer

Wet gas producer

Dry gas producer

Dry gas producer

Oil and gas discovery

Gas and condensate discovery
Oil discovery

P&A

P&A, oil discovery

Gas and condensate discovery
Dry gas producer

Oil and gas discovery

P&A

Oil discovery (P&A)

Gas and oil discovery

P&A; non-commercial wet gas
Oil discovery

Shallow waters: 0 — 500m; Deep waters: 500 — 1000m; Ultradeep waters: >1000m (meters below sea level)

P&A: Plugged and abandoned

DRILLING
HYDROCARBON MEASURED TRUE VERTICAL COMPLETION
TYPE DEPTH (m) DEPTH (m) YEAR PLAY LITHOLOGY FACIES
Dry gas 5279 5279 2015 Upper Miocene
3800 3090 2020 Lower Pliocene
Gas condensate 7377 7373 2018 Middle Eocene
Gas condensate 2984 2973 2017 Upper Pliocene
3125 3125 2008 Pliocene
Oil 1850 1813 2020 Lower Pliocene (3 zones)
4968 4968 1999 Lower, Middle, Upper Miocene
4901 4901 2004 Lower, Middle, Upper Miocene
5004 5004 1983 Middle Eocene
Wet gas 4429 4429 2015 Middle, Upper Miocene
Oil 3235 3235 2015 Upper Miocene
5350 5196 2004 Lower Miocene
Turbidite channel, basin floor
Wet gas 4550 4550 2009 Lower, Middle, Upper Miocene Litharenite fan
Turbidite channel, basin floor
Wet gas 4515 4471.5 2012 Lower, Middle, Upper Miocene Litharenite fan
Dry gas 3362 3362 2009 Lower Miocene
Dry gas 3813 3813 2006 Middle Pliocene Litharenite
2600 2417 2014 Middle, Upper Miocene
Dry gas 3815 3787.1 2007 Middle Miocene Calc./volc. Litharenite  Submarine fan
Wet gas 3700 3642.1 2009 Lower Miocene Volcanic-rich litharenite Base of slope channel
Gas condensate 3804.5 3804.5 1956 Upper Eocene
Basin floor turbidite channel,
5531 5531 2014 Middle, Upper Miocene Feldspathic litharenite channel levee
Wet gas 4569 4349 2015 Middle Miocene
Dry gas 4350 4350 2011 Upper Miocene
Dry gas 3640 3640 2006 Upper Miocene, Lower Pliocene  Calcareous litharenite
Oil and gas 2580 2190 2017 Upper Pliocene
Wet gas 5431 5431 2011 Lower, Upper Miocene
Oil 2620 2529.6 2020 Lower Miocene (2 zones)
Qil 3830 3688 2020 Upper Miocene, Pliocene
Oil 1758 1931 2021 Upper Miocene
Oil 6900 6900 1997 Middle Pliocene
Gas 3150 3150 2006 Lower Miocene
Oil and gas 3930 3930 2008 Lower Pliocene Fluvial-deltaic mouth bars
Non disclosed 7283 7859 2021 Eocene
Qil 4334 4334 2005 Upper Miocene, Pliocene
Qil 1990 1990 2003 Lower, Middle Pliocene
Wet gas 4573 4573 2014 Lower Miocene Feldspathic litharenite
Oil 4109 4109 2017 Upper Miocene Feldspathic litharenite  Slope channel turbidites
700 1970 Middle Miocene Sandy silt
Quartz rich clay mineral
768 1970 Middle Miocene rich sand
900 1970 Middle Miocene Pebbly coarse sand
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