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RESUMEN

A partir del inicio del Mesozoico, una reorganización de 
las placas tectónicas a escala global determinó la frag-
mentación de Pangea, la cual fue el supercontinente más 
reciente que se ensambló en la Tierra. Durante este even-
to tectónico global, el territorio mexicano ocupaba una 
posición de particular interés, ya que se encontraba en el 
límite de  placa  entre Norte y Sur América. Debido a 
dicha posición paleogeográfica, la evolución geológica de 
México durante el Mesozoico temprano fue controlada 
por la actividad de fallas normales y laterales, que deter-
minaron una configuración cortical compleja y caracteri-
zada por numerosas cuencas subsidentes bordeadas por 
altos de basamento en exhumación. Durante el Jurásico, 
las cuencas generadas por este evento tectónico fueron los 
sitios de depósito de potentes sucesiones continentales a 
marinas, las cuales representan un registro estratigráfico 
único de la fragmentación de la Pangea en su margen 
occidental-ecuatorial.
Durante esta excursión, los participantes visitarán las 
cuencas jurásicas de Otlaltepec y Tezoatlán, las cua-
les están expuestas en los estados de Puebla y Oaxaca, 
al sur de México. Las dos barrancas que se visitarán 
contienen afloramientos bien expuestos de sucesiones 
clásticas aluviales-fluviales y marinas. Las sucesiones 
jurásicas de las Cuencas de Otlaltepec y Tezoatlán pre-
servan claras evidencias de cambios en la procedencia 
de las rocas clásticas. Dichos cambios en la procedencia 
han sido interpretados como el resultado de la exhuma-
ción de diferentes bloques litosféricos a lo largo de fallas 
mayores durante el progresivo rompimiento de Pangea. 
La integración de los datos petrológicos y paleontológi-
cos indica que estos cambios en la procedencia coinciden 
con cambios importantes en las condiciones climáticas. 
Por ende, se aprovecha la oportunidad de esta excursión 
para explorar la hipótesis que el proceso de exhuma-
ción de bloques litosféricos que acompañó el progresivo 
rompimiento de la Pangea pudo haber determinado una 
reorganización sustancial en la topografía, favoreciendo 
variaciones climáticas locales y, consecuentemente, la di-
versificación de la flora en México.

Palabras clave: fragmentación de Pan-
gea, cuenca de rift intra-continental, sur 
de México, flora del Jurásico.

ABSTRACT

By early Mesozoic time, a major plate reorgani-
zation produced the breakup of  Pangea, which 
was the most recent supercontinent assembled 
on Earth. Due to its paleogeographic position 
along the emergent plate boundary between 
North and South America, the early Mesozoic 
tectonic history of  Mexico was dominated by 
the development of  major normal to strike-slip 
faults. These faults produced a complex crustal 
configuration characterized by subsiding ba-
sins bounded by exhuming basement highs. 
Voluminous, continental to marine sedimenta-
ry successions were accumulated into these ba-
sins during the Jurassic, representing a unique 
stratigraphic record related to the fragmenta-
tion of  the western equatorial margin of  this 
supercontinental mass.
This field trip will provide an overview of  the 
Otlaltepec and Tezoatlán Jurassic Basins that 
are exposed in the states of  Puebla and Oax-
aca, southern Mexico. Observed outcrops are 
exposed along two amazing canyons and con-
sist of  alluvial-fluvial to marine clastic deposits. 
Major provenance changes are recorded in 
the Jurassic successions of  the Otlaltepec and 
Tezoatlán Basins and are interpreted as the 
result of  exhumation of  different fault-bound-
ed lithospheric blocks during Pangea breakup. 
The integration of  petrological and paleonto-
logical data indicates that these major chang-
es in provenance of  clastic rocks match with 
changes in climatic conditions. Therefore, in 
this field trip, we will have the opportunity 
to explore the hypothesis that the progressive 
exhumation of  lithospheric blocks during the 
fragmentation of  Pangea could have produced 
major topographic changes that favored local 
variations in climatic conditions and conse-
quently, the diversification of  floral assemblag-
es in Mexico.

Keywords: Pangea breakup, intra-con-
tinental rift basin, southern Mexico, 
Jurassic flora.
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1. Introduction

By the beginning of  Mesozoic time, Precambrian 
and Paleozoic rocks that make up the backbone of  
present-day Mexico were located along the west-
ern margin of  equatorial Pangea. The progressive 
fragmentation of  the supercontinental mass during 
this time produced the development of  normal to 
lateral, lithospheric-scale faults that accommodat-
ed the NW – SE regional extension imposed by 
North America-South America divergence (Pin-
dell, 1985; Ross and Scotese, 1988; Dickinson and 
Lawton, 2001; Pindell and Kennan, 2009). These 
faults significantly shaped the Jurassic topography 
of  Mexico, producing a complex crustal config-
uration characterized by progressively subsiding, 
extensional to transtensional basins bounded 
by basement highs (Morán-Zenteno et al., 1993; 
Goldhammer, 1999; Campos-Madrigal et al., 
2013; Martini and Ortega-Gutiérrez, 2016). 
Considering that the atmospheric circulation in 
a certain geographic area is strongly influenced 
by the topographic configuration, the progressive 
exhumation of  fault-bounded lithospheric blocks 
during Pangea breakup may have favored chang-
es in climatic conditions in Mexico and, therefore, 
the diversification of  floral assemblages.
This field trip will provide an overview of  the Ju-
rassic stratigraphic and fossiliferous records of  
the Otlaltepec and Tezoatlán Basins that are lo-
cated in the states of  Puebla and Oaxaca, south-
ern Mexico (Figure 1). The observed outcrops are 
exposed along two canyons and consist of  alluvi-
al-fluvial to marine clastic deposits, which show 
major changes in composition that have been in-
terpreted as the result of  exhumation of  different 
lithospheric blocks during the fragmentation of  
Pangea (e.g. Martini et al., 2016). The documented 
compositional changes in the Otlaltepec and Tezo-
atlán Basins match with major changes in climatic 
conditions, as it is suggested by sandstone petro-
logic data and fossil flora. We take the occasion 
of  this field trip to synthesize the petrological and 
paleontological results obtained in the last decade 
by the authors of  this field guide. This is with the 

aim of  stimulating a constructive discussion on the 
control that the fragmentation of  Pangea exerted 
on the climatic configuration and the paleofloristic 
evolution of  Mexico and offering some perspec-
tive for future investigations.

2. The Otlaltepec Basin

The Otlaltepec Basin is exposed in the surround-
ings of  Santo Tomás Otlaltepec (figures 1 and 2a) 
and is composed of  a more than 2000 m thick 
clastic sedimentary succession. To the south-west, 
the clastic succession is faulted against the upper 
Paleozoic Totoltepec pluton (Kirsch et al., 2012) 
along the W-trending, sinistral normal Matanza 
fault (Figure 2a). The western boundary of  the Ot-
laltepec Basin is represented by a NNE-trending 
normal fault along which the clastic succession is 
juxtaposed to Paleozoic metasedimentary rocks of  
the Acatlán Complex (Figure 2a; Ortega-Gutiér-
rez, 1978). The northern and eastern boundaries 
of  the basin are not exposed. The comprehensive 
stratigraphic framework and internal architecture 
of  the entire basin is poorly known because at 
present only its southern part has been exhaustive-
ly explored and studied. Along its southern part, 
the stratigraphic record of  the Otlaltepec Basin 
has been subdivided into four units that, from the 
base to the top, are: the Tianguistengo, Piedra 
Hueca, Otlaltepec, and Magdalena Formations 
(Figure 2b; Ortega-Guerrero, 1989; Morán-Ze-
nteno et al., 1993; Verde-Ramírez, 2016). These 
units are separated by regional-scale angular un-
conformities and are composed of  fluvial to litto-
ral deposits, some of  which contain Jurassic flora 
(Ramos-Leal, 1989; Morán-Zenteno et al., 1993). 
This clastic succession is overlain by Lower Creta-
ceous shallow-marine limestones of  the Coyotepec 
Formation, which were deposited during a region-
al-scale transgression event (Figure 2b; Morán-Ze-
nteno et al., 1993).
During this field trip we will focus on the Piedra 
Hueca and Otlaltepec Formations. These units 
represent more than 80 % in volume of  the Ot-
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Figure 1   Geologic map of the southern Puebla and northern Oaxaca states, southern Mexico, showing the location and tectonic 

boundaries of major metamorphic and plutonic basement complexes, as well as the distribution of the Jurassic sedimentary 

successions (modified from Martini et al., 2016).
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laltepec Basin and display a significant change in 
sandstone composition that has been interpret-
ed as a manifestation of  the complex history of  
extension and exhumation of  lithospheric blocks 
during Pangea breakup (Martini et al., 2016).

2.1. PIEDRA HUECA FORMATION

The Piedra Hueca Formation dominantly consists 
of  superposed, meter- to decameter-thick, fin-
ing-upward fluvial successions that are composed 
from the base to the top of  lithofacies Gt, Gp, St, 
and Sp (Table 1; Miall, 2006), eventually grading 
upward into lithofacies Sr and Fl (Figure 3; Mar-
tini et al., 2016). The superposition of  these fin-
ing-upward successions records cyclical variations 
in the energy of  the fluvial drainage. Gt and Gp 
lithofacies are interpreted as gravel bars deposited 

during high-water stages, and consist of  scoop-
shape conglomeratic bodies. Both lithofacies cut 
laterally and vertically into each other (Figure 
4a), reflecting a depositional setting dominated by 
unstable and laterally migrating channels (Marti-
ni et al., 2016). The overlaying St, Sp (Figure 4b), 
and Sr lithofacies are interpreted as the record of  
progressive decrease in energy of  the fluvial flow, 
culminating with the deposition of  suspended load 
represented by lithofacies Fl (Martini et al., 2016). 
Locally, matrix- to clast-supported, poorly-sorted, 
inversely-graded conglomerates of  lithofacies Gci 
(Figure 4c) are interbedded with cross-bedded con-
glomerates. A sharp non-erosional base is typical 
of  these massive conglomerates, suggesting that 
they were formed by high-strength debris flows 
(e.g. Miall, 2006). Additionally, centimeter- to deci-
meter-thick beds composed of  tabular-shaped, 
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Figure 2   (a) Schematic geologic map of the Otlaltepec Basin, showing the distribution of the Jurassic continental succession and 

its contact relationship with basement rocks of the Acatlán Complex and Totoltepec pluton (modified from Martini et al., 2016). 

The location of the three main outcrops (yellow stars) that will be visited during the first day of the trip is reported in the map. (b) 

Schematic litostratigraphic column representative of the southern part of the Otlaltepec Basin. The column is according to Morán-

Zenteno et al. (1993) and Verde-Ramírez (2016).
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laterally continuous sandstones with upper-plane 
lamination (lithofacies Sh; Figure 4d) are locally al-
ternated with cross-bedded lithofacies and are in-
terpreted as flash-flood-deposits (e.g. Miall, 2006). 
Based on the analogy with present-day sedimen-
tary environments, the Piedra Hueca Formation 
has been interpreted as a proximal to intermediate 
alluvial fan or braided fluvial system (Martini et al., 
2016).
Sandstones from the Piedra Hueca Formation 
vary in composition from feldspatho-quartzose to 
quartzo-feldspathic (Figure 5). The integration of  
detailed sandstone petrography, U-Pb detrital zir-
con geochronology, and detrital garnet chemistry 
suggests that Mesoproterozoic-Neoproterozoic, 
granulite-facies metamorphic rocks of  the Oaxa-
can Complex (Figure 1) were the main source of  
detritus for the Piedra Hueca Formation (Marti-
ni et al., 2016). Subordinate detrital contributions 
from Paleozoic metasedimentary rocks of  the 
Acatlán Complex, upper Paleozoic granitoids of  
the Totoltepec pluton, and Lower Jurassic syn-rift 
volcanic rocks that were locally emplaced in east-
ern Mexico during Pangea breakup are also docu-
mented (Martini et al., 2016).
Fossils in the Piedra Hueca Formation are scarce. 
Morán-Zenteno et al. (1993) reported poorly pre-
served cycad leaves such as Otozamites ssp., which 
is ubiquitous in Lower and Middle Jurassic fluvial 
deposits of  Mexico (Perrilliat and Castañeda-Posa-
das, 2013).

2.2. OTLALTEPEC FORMATION 

The Otlaltepec Formation overlies in angular 
unconformity the Piedra Hueca Formation (Fig-
ure 6). The Otlaltepec Formation is composed 
of  rhythmically alternating conglomerate to fine-
grained sandstone deposits emplaced by traction 
currents (lithofacies Gt, St, Sp, Sr in Table 1), 
finely laminated lutite (Fl), and paleosols devel-
oped during prolonged periods of  non-deposition 
in a subaerial environment (Figure 3; Martini et 
al., 2016). Based on these lithofacies assemblage, 
the Otlaltepec Formation has been interpreted as 
an overbank environment that was intermittently 
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Figure 3   Representative stratigraphic column of the Piedra 

Hueca and Otlaltepec Formations exposed along the Magdalena 

Creek (modified from Martini et al., 2016). For a detailed 

description of the different lithofacies that compose the column 

see Table 1.
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flooded during high-water stages and with subaer-
ial exposition during low-water periods, favoring 
pedogenesis and the development of  paleosols 
(Martini et al., 2016).
Sandstones from the Otlaltepec Formation vary in 
composition from feldspatho-quartzose to quart-
zoarenites (Figure 5; Martini et al., 2016). Petro-
graphic data integrated with U-Pb detrital zircon 
geochronology and detrital garnet chemistry 
suggest that the Otlaltepec Formation was most-
ly derived from Mesoproterozoic-Neoproterozoic 

metamorphic rocks of  the Oaxacan Complex as 
well as upper Paleozoic granitoids of  the Totolte-
pec pluton (Figure 1; Martini et al., 2016). Sub-
ordinate detrital contributions from Paleozoic 
metasedimentary rocks of  the Acatlán Complex 
and Jurassic syn-rift volcanic rocks emplaced in 
eastern Mexico during Pangea breakup were also 
documented (Martini et al., 2016).
In contrast to the Piedra Hueca Formation in 
which fossils are scarce and poorly preserved, sed-
imentary rocks of  the Otlaltepec Formation con-

Figure 4   Photographs showing details of conglomerate and sandstone deposits that compose the Piedra Hueca Formation: (a) scoop-

shaped conglomerates of the Gp lithofacies; (b) coarse- and medium-grained sandstone deposits of lithofacies Sp, displaying planar 

cross bedding; (c) inversely-graded, poorly-sorted conglomerate interpreted as lithofacies Gci; (d) tabular-shaped, coarse-grained 

sandstone deposits representative of lithofacies Sh, which shows upper-regime plane lamination.
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Lithofacies code Description Interpretation
Gt Scoop-shaped bodies of trough-cross-bedded conglomerate Channel fill associated to low-sinuosity, braided

typically cut into each other both laterally and vertically. drainages
Gci Clast- to matrix-supported, poorly-sorted, conglomerate showing High-strength, plastic debris-flow-deposit

inverse grading. Beds of this lithofacies
have sharp but non-erosional relationship with underlying deposits.

St Fine- to very coarse-grained sandstone displaying trough Sinuous-crested and linguoid (3D) dune
cross-bedding. 

Sp Fine-to coarse-grained sandstone displaying planar cross-bedding. Transverse and linguoid (2D) dune
Sr Very fine- to coarse-grained sandstone displaying ripple cross-lamination. Ripples (lower flow regime)
Fl Horizontally interlaminated mudstone, siltstone, and very fine-grained Deposit formed under lower plane bed regime

sandstone.

Table 1. Synthesis of the lithofacies (Miall, 2006) that compose the stratigraphic column representative of the Piedra Hueca and 

Otlaltepec Formations

Qt

LF

Q

F
Q

Q
F

Q: Quartzoarenite
FQ: Feldspatho-quartzose

sandstone
QF: Quartzo-feldspathic

sandstone

Piedra Hueca Formation

Otlaltepec Formation

10

50

90 90

Figure 5   QtFL (Garzanti, 2016) diagram showing the sandstones 

composition of the Piedra Hueca and Otlaltepec Formation 

(modified from Martini et al., 2016).

tain abundant fossil leaves of  Bennettitales, trunk 
molds, and minor amounts of  fern and cycads 
leaves (Cruz-Cruz, 2012).

2.3. TECTONIC IMPLICATIONS

Because of  its paleogeographic position along 
the nascent plate boundary between North and 
South America, Mexico represents a key area for 
reconstructing Pangea breakup. However, in the 
last decades, the progressive fragmentation of  
Pangea has been reconstructed in Mexico mostly 
on the basis of  regional-scale geometrical consid-
erations and geophysical data, most of  which are 
the property of  oil companies (e.g. Pindell, 1985; 

Ross and Scotese, 1988; Pindell and Kennan, 
2009). To date, only few authors have been able 
to document major displacements along Jurassic 
faults in Mexico (e.g. Alaniz-Alvarez et al., 1996; 
Martiny et al., 2012). This is mostly due to the 
overprinting of  Late Cretaceous and Paleocene 
tectonic events produced multiple episodes of  
fault reactivation that, in most cases, obliterated 
any evidence of  major displacements during Ju-
rassic time. The stratigraphic record exposed in 
the Otlaltepec Basin offers a great example of  how 
Jurassic faults that participated to Pangea breakup 
can be indirectly recognized using a detailed prov-
enance analysis of  clastic rocks. In fact, according 
to Martini et al. (2016), the change in sandstone 
provenance documented in the Jurassic succession 
of  the Otlaltepec Basin is a manifestation of  the 
progressive continental attenuation and exhuma-
tion of  different crustal blocks. More in detail, the 
sudden enrichment in detritus coming from the 
Totoltepec pluton in the Otlaltepec Formation has 
been interpreted as the result of  rapid exhumation 
of  this intrusive body along the Matanza fault, 
which is a W-trending, sinistral normal structure 
that bounds the Otlaltepec Basin to the south (fig-
ures 1 and 2). According to this interpretation, the 
Pangea breakup in southern Mexico is expressed 
by major sinistral block motions along W-trend-
ing faults. This is in agreement with regional-scale 
plate tectonic reconstructions, which predict that 
southern Mexico was located to the north-west of  
its present-day position by the beginning of  Me-
sozoic time in order to avoid the overlap between 
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North and South America in the reconstruction of  
Pangea (e.g. Pindell and Kennan, 2009).

2.4. PALEOCLIMATIC IMPLICATIONS

As noted by Martini et al. (2016), the provenance 
change documented in the stratigraphic record 
of  the Otlaltepec Basin can be interpreted as the 
result of  exhumation and subsequent erosion of  
different crustal blocks composed of  different lith-
ological assemblages. However, this process alone 
cannot explain the dramatic enrichment in quartz 
(up to 98 %) in most sandstone samples from the 
Otlaltepec Formation (Figure 5). In fact, although 
they were derived from different combinations of  
metamorphic and plutonic assemblages, both the 
Piedra Hueca and Otlaltepec Formations were 
sourced by rocks that display a quartzo-feldspath-
ic composition. In lights of  this consideration, the 
strong quartz enrichment in sandstones from the 
Otlaltepec Formation can be explained only as-
suming feldspar dilution by chemical weathering 
under humid climatic conditions (e.g. Basu, 1985; 
van der Kamp, 2010). Adopting the tectono-strati-
graphic reconstruction proposed by Martini et al. 
(2016), the increase in quartz content coincides 
with the exhumation of  the Totoltepec pluton. 

Therefore, we suggest the possibility that the tec-
tonic exhumation and uplift of  the Totoltepec plu-
ton could have favored the progressive landscape 
fragmentation, producing local climatic variations 
that controlled the composition of  sediments. At 
present, this hypothesis has not been exhaustively 
explored and, therefore, the stratigraphic record 
of  the Otlaltepec Basin offers some perspective for 
future studies focused on the reconstruction of  cli-
matic conditions under which the Jurassic succes-
sions were deposited.

3. The Tezoatlán Basin

The Tezoatlán Basin is located in the vicinity of  
the homonymous town, south of  Huajuapan de 
León in the state of  Oaxaca (Figures 1 and 7a). 
The northern boundary of  the Tezoatlán Basin 
is represented by the WNW-trending Río Salado 
fault (Figure 1), which is a kilometer-scale, multi-re-
activated structure that produced major sinistral 
normal displacements during Jurassic time (Mar-
tiny et al., 2012). The eastern and western bound-
aries are buried under Cenozoic volcanic rocks, 
whereas the southern limit with the coeval Tlaxia-

Otlaltepec Formation

Piedra Hueca Formation

Figure 6   Exposure of the angular unconformity that participants will observe between the Piedra Hueca and Otlaltepec Formations.
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Figure 7   (a) Schematic geologic map of the Tezoatlán Basin, showing the distribution of the Jurassic (modified from Morán-Zenteno 

et al., 1993). The location of the main outcrops (yellow stars) that will be visited during the second day of the trip is reported in the 

map. (b) Schematic lithostratigraphic column representative of the Tezoatlán Basin. The column is according to Erben (1956) and 

Morán-Zenteno et al. (1993).
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co Basin (Figure 1) has not been studied in detail. 
As for the Otlaltepec Basin, the Tezoatlán Basin is 
composed of  an approximately 1000 m thick con-
tinental clastic succession that contains abundant 
Jurassic fossil flora (Erben, 1956; Morán-Zenteno 
et al., 1993). This clastic succession conformably 
overlies Lower Jurassic, mafic to felsitic volca-
nic rocks of  the Diquiyú Formation (Figure 7b; 
Durán-Aguilar, 2013), which have been interpret-
ed as a manifestation of  the syn-rift magmatism 
that accompanied the breakup of  Pangea (Martini 
and Ortega-Gutiérrez, 2016). Differing from the 
Otlaltepec Basin, in which the oldest marine de-
posits are Early Cretaceous in age, the continen-
tal succession in the Tezoatlán Basin is overlain 
by marine rocks that contain a Bajocian–Batho-
nian fossil fauna (Erben, 1956; Sandoval and 
Westermann, 1986; Cantú-Chapa, 1998). In light 
of  these data, some authors proposed that Mex-
ico was progressively transgressed from south to 
north by Pacific marine waters during Mesozoic 
time (Cantú-Chapa, 1998). However, this scenario 
contrasts with the most widely accepted idea of  a 
transgression driven by sea-floor spreading in the 
Gulf  of  Mexico and Atlantic Ocean, as it is sug-
gested by the affinity of  several Jurassic ammonites 
with faunal assemblages of  the Tethys (e.g. Sando-
val and Westernmann, 1986; Olóriz et al., 2000; 
Olóriz et al., 2003). The Jurassic clastic succession 
exposed in the Tezoatlán Basin has been subdivid-
ed into three stratigraphic units that, from the base 
to the top, are: the Rosario and Cualac Formation 
and the Tecocoyunca Group (Figure 7b; Erben, 
1956).
During this field trip, participants will have the 
opportunity to observe different sedimentologi-
cal and paleontological aspects of  the three clas-
tic units exposed in the Tezoatlán Basin. We will 
discuss the tectonic setting and climatic conditions 
under which the sedimentary succession was de-
posited and compare the tectono-stratigraphic 
and paleoenvironmental evolution of  the Tezoat-
lán and Otlaltepec Basins.

3.1. ROSARIO FORMATION

The Rosario Formation is dominantly composed 
of  conglomerate and minor sandstone lenses, 
lutite, and coal (Erben, 1956; Morán-Zenteno 
et al., 1993; Durán-Aguilar 2013). Conglomer-
ate deposits are dominantly matrix-supported, 
poorly-sorted, and locally display crude stratifi-
cation, imbrication, and inverse grading (Figure 
8a; Durán-Aguilar, 2013). Based on these char-
acteristics, diverse authors interpreted the Ro-
sario Formation as the stratigraphic record of  a 
high-energy fluvial stream and its associated flood 
plain environment (Morán-Zenteno et al., 1993; 
Durán-Aguilar, 2013). Conglomerate and sand-
stone deposits of  the Rosario Formation are mostly 
composed of  volcanic clasts (Figure 8b) that have 
been interpreted to be derived from the under-
lying Diquiyú Formation (Morán-Zenteno et al., 
1993). However, a detailed provenance study of  
the Rosario Formation has not been carried out.
Because of  its fossil flora, the Rosario Formation 
has been object of  several studies by different au-
thors during the last decades. More in detail, previ-
ous authors documented in the Rosario Formation 
a new species of  male and female reproductive or-
gans of  Bennettitales (Williamsoniaceae), as well 
as the new genus Mexiglossa Delevoryas et Person 
(Delevoryas, 1966, 1968, 1969; Delevoryas and 
Person, 1975; Person, 1976). Genus Mexiglossa 
suggests an affinity with Gondwana, whereas the 
reproductive organs of  Williamsoniaceae are sim-
ilar to those reported in Yorkshire in the United 
Kingdom and Rajmahall Hills in India. In addi-
tion, Ortega and Velasco-de León (2015) collected 
an 8 m-long fossil trunk that has been determined 
as Agathoxylon Harting. Moreover, the finding of  
the Nehvizdyella Kvaček, Falcon-Lang et Dasková 
includes the Tezoatlán area in the distribution of  
the Ginkgoales order (Lozano-Carmona and Ve-
lasco-de León, 2016). Representative samples of  
the floral content recovered from the Rosario For-
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Figure 8   Photographs showing details of conglomeratic deposits of the Rosario Formation: (a) clast- to matrix-supported, poorly-

sorted conglomerate showing crude bedding; (b) imbricated volcanic clasts in a conglomeratic deposit.

mation will be observed at the Geological Muse-
um of  Rosario Nuevo during the second day of  
the field trip.

3.2. CUALAC FORMATION

The Cualac Formation overlies the Rosario Forma-
tion in a transitional contact. The Cualac Forma-
tion is dominantly composed of  conglomerate and 
conglomeratic sandstone interbedded with minor 
coarse- to fine-grained sandstones and lutite (Fig-
ure 9a; Erben, 1956; Morán-Zenteno et al., 1993; 
Durán-Aguilar, 2013). A detailed sedimentological 
study of  this unit has not been carried out. Some 
authors interpreted the Cualac Formation as the 
proximal part of  alluvial fans developed in a high 
relief  region (Morán-Zenteno et al., 1993), where-
as other authors suggested that this unit represents 
the stratigraphic record of  a meandering river 
(Durán-Aguilar, 2013). Exposures observed during 
the field trip will permit an exhaustive discussion 
on these two competing interpretations. Differing 
from the underlying Rosario Formation, which is 
mostly composed of  volcanic clasts, the Cualac 
Formation is dominantly made up of  fragments of  
quartz and quartz-rich metamorphic rocks (Figure 
9b; Morán-Zenteno et al., 1993; Durán-Aguilar, 
2013). To date, an exhaustive provenance analysis 
of  these clastic rocks has not been published.

Fossil flora in the Cualac Formation exposed in the 
Tezoatlán Basin consists of  Mexiglossa varia (Figure 
10a), as well as Zamites oaxacenis, Z. diquiyui, Anomo-
zamites, Otozamites hespera, Ptillophyllum sp. and Wil-
liamsoniaceae flowers (Guzmán and Velasco-de 
León, 2014). A detailed cuticle analysis shows that 
epidermal cells of  Mexiglossa varia recovered from 
the Tezoatlán area are rectangular in shape, dis-
play slightly wavy walls, sunken stomas, and are 
arranged in rows with apparent disorder (Figure 
10b). These characteristics permit to differentiate 
this genus from Glossopteris Brongniart.

3.3. TECOCOYUNCA GROUP

The Tecocoyunca Group overlies the Cualac 
Formation in a transitional contact. According 
to Erben (1956), the Tecocoyunca Group can 
be subdivided into five different formations that 
are: the Zorrillo, Taberna, Simon, Otatera, and 
Yucuñuti Formations. However, as pointed out 
by Morán-Zenteno et al. (1993), the lithological 
and sedimentological differences between these 
formations are often subtle and, therefore, the 
recognition of  these units on the field is not easy 
and may be subjective. In general terms, the lower 
stratigraphic part of  the Tecocoyunca Group is 
dominantly composed of  sandstone, black shale, 
and coal containing abundant fossil flora (Figure 
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Figure 9   Photographs showing details of conglomerate, sandstone, and lutite that compose the Cualac Formation: (a) superposed 

meter-thick successions showing a typical fining-upward trend; (b) clast-supported, poorly-sorted conglomerate composed of 

subangular clasts derived from quartz-rich metamorphic rocks.

11; Morán-Zenteno et al., 1993). On the other 
hand, the upper stratigraphic part is composed 
of  sandstone and shale with marine mollusks and 
ammonites of  Bajocian and Bathonian age such 
as Duashnoceras Westermann, Leptosphinctes Buck-
man, and Parastrenoceras Ochoterena (Erben, 1956; 
Sandoval and Westermann, 1986; Cantú-Chapa, 
1998). Based on the sedimentological and pale-
ontological characteristics, the succession of  the 
Tecocoyunca Group has been interpreted as a 

flood-plain environment with marsh areas that 
progressively evolved into a littoral to shallow-wa-
ter marine environment connected to an open sea 
(Morán-Zenteno et al., 1993).
As for the Cualac Formation, sandstones of  the 
Tecocoyunca Group are mainly composed of  
quartz and quartz-rich metamorphic fragments 
(Durán-Aguilar, 2013). However, a detailed prove-
nance analysis of  these sandstones is presently not 
available.

Figure 10   (a) Leaf of Mexiglossa varia in finely laminated lutite of the Cualac Formation. Arrows point to base and apex of the leaf. (b) 

Photomicrography of leaf cuticle of Mexiglossa varia.
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The abundant fossil flora contained in the Teco-
coyunca Group has been object of  study by sev-
eral authors. Wieland (1914), Delevoryas (1971), 
and Silva-Pineda (1984) originally documented 
various specimens of  Bennettitales, Cycadales, Fil-
icales, and Equisetales. Subsequently, new findings 
from various authors pointed out the presence of  
Ginkgoales, Caytoniales, Czekanowskiales, Podo-
zamitales, and Filicales in the lower stratigraphic 
part of  the Tecocoyunca Group (Rojas-Chávez, 
2010; Lozano-Carmona, 2012; Lozano-Carmona 
and Velasco-de León 2014; Velasco-de León et al., 
2013, 2014).

3.4. TECTONIC IMPLICATIONS

As it has been documented in the Otlaltepec Basin, 
the Jurassic clastic succession exposed in the Tezo-
atlán Basin records a major compositional change. 
Whereas conglomerate and sandstone of  the Ro-
sario Formation are mostly composed of  volca-
nic clasts apparently sourced by the underlying 
Diquiyú Formation, clastic deposits of  the Cualac 
Formation and Tecocoyunca Group dominantly 
consists of  quartz and quartz-rich metamorphic 
fragments derived from a crystalline basement 
(Morán-Zenteno et al., 1993; Durán-Aguilar, 
2013). As it has been suggested for the Otlaltepec 
Basin, the compositional change in the succession 
exposed in the Tezoatlán Basin could be the result 

of  the exhumation of  different basement blocks 
during the fragmentation of  Pangea. Unfortunate-
ly, a detailed provenance analysis for these units 
is not available. Therefore, recognizing the major 
faults that controlled the exhumation of  basement 
blocks and the consequent change in composition 
in the clastic succession of  the Tezoatlán Basin 
is not presently possible. The Río Salado fault is 
a major NNW-trending Jurassic structure along 
which the Tezoatlán Basin is directly juxtaposed 
to Paleozoic quartz-rich metasedimentary rocks 
of  the Acatlán Complex (Figure 1; Martiny et al., 
2012). On the field, we will take the occasion to 
discuss the possibility that the progressive enrich-
ment in quartz and quartz-rich metamorphic frag-
ments in the Cualac Formation and Tecocoyunca 
Group could be produced by the exhumation of  
metasedimentary rocks of  the Acatlán Complex 
along the Río Salado fault.

3.5. PALEOCLIMATIC IMPLICATIONS

The foliar area analysis conducted on various 
specimens of  gymnosperms extracted from the 
Rosario Formation suggests that this unit was de-
posited under a seasonal climate characterized by 
alternating periods of  high temperature associated 
with severe droughts and periods of  high rainfall 
(Velasco-de León et al., 2013). On the other hand, 
the presence of  Ceratozamia and Mexiglossa varia in 
the Cualac Formation indicate that this unit was 
deposited under climatic conditions characterized 
by lower temperature and higher humidity (Vel-
asco-de León et al., 2013). Based on these consid-
erations, a major change in climatic conditions 
can be documented in the Tezoatlán area during 
Jurassic time. As in the Otlaltepec Basin, such a 
climatic change seems to coincide with a major 
provenance change in the sedimentary succession.

4. Conclusions

The integration of  sandstone petrologic and pale-
ontologic data suggests that deposition of  Jurassic 

Figure 11   Exposure of continental sandstone and lutite that 

compose the lower stratigraphic part of the Tecocoyunca Group.
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clastic successions in the Otlaltepec and Tezoat-
lán Basins was accompanied by major changes in 
climatic conditions. More in detail, an evolution 
from dry or seasonal to humid conditions is sup-
ported by sandstone whole-rock composition and 
fossil flora. Interestingly, these climatic variations 
coincide with major changes in provenance of  
clastic rocks. Provenance changes in the Otlalte-
pec and Tezoatlán successions are interpreted as 
the manifestation of  the complex history of  ex-
humation of  different fault-bounded lithospheric 
blocks that accompanied Pangea breakup. Based 
on these considerations, we preliminarily suggest 
that the progressive fragmentation of  Pangea pro-
duced a major topographic reorganization that 
favored local variations in climatic conditions and 
the diversification of  floral assemblages in Mexico 
during Jurassic time.

5. Field trip

5.1. DAY ONE

During the first day of  the trip participants will 
observe representative exposures of  the Otlaltepec 
Basin along the Magdalena Canyon (Figure 3). 
This canyon offers the possibility of  examining in 
detail the sedimentological and petrological char-
acteristics of  the Piedra Hueca and Otlaltepec 
Formations, as well as their fossil flora.

5.1.1. STOP 1: PIEDRA HUECA FORMATION 
(18°16’59.92”N, 97°48’9.77”W)

At this outcrop we will observe conglomerate, 
sandstone, and lutite representative of  the Piedra 
Hueca Formation. Conglomerate deposits are 
dominantly trough- to planar-cross-bedded (litho-
facies Gt and Gp) and grade upward into con-
glomeratic- to fine-grained sandstone that show 
trough- to planar-cross-bedding (lithofacies St, Sp). 
Locally, drapes of  horizontally laminated, very 
fine-grained sandstone and lutite (lithofacies Fl) 
overlie sandstone deposits. This lithofacies assem-
blage is interpreted to reflect the seasonal decrease 
in energy of  a braided fluvial system. Locally, deci-

meter-thick deposits composed of  tabular-shaped, 
laterally continuous sandstones with upper-plane 
lamination are alternated with cross-bedded litho-
facies, and they are interpreted to be emplaced 
during flash-flood events. Conglomerate and sand-
stone deposits are dominantly composed of  quart-
zo-feldspathic clasts derived from granulite-facies 
rocks of  the Oaxacan Complex. Greenschist-fa-
cies metamorphic clasts sourced by the Acatlán 
Complex are also present. Detailed petrographic 
and geochronologic data will be presented at the 
outcrop in order to stimulate the discussion on the 
provenance of  this stratigraphic unit.

5.1.2. STOP 2: ANGULAR UNCONFORMITY BETWEEN 
THE PIEDRA HUECA AND OTLALTEPEC FORMATIONS 
(18°17’0.35”N, 97°48’9.73”W)

The goal of  this stop is to observe an excellent ex-
posure of  the stratigraphic relationship between 
the Piedra Hueca and Otlaltepec Formations. As 
we will observe on the field, the contact between 
these two units is an angular unconformity where 
~50°-dipping beds of  the Piedra Hueca Forma-
tion are overlain by ~20°-dipping strata of  the 
Otlaltepec Formation. The aforementioned un-
conformity is interpreted as the result of  exhuma-
tion of  the Totoltepec pluton along the normal 
sinistral Matanza fault. Such interpretation is sup-
ported by the enrichment in clasts derived from 
the Totoltepec pluton in the Otlaltepec Forma-
tions. Evidence of  syn-sedimentary faulting in the 
Otlaltepec Basin area is given by the widespread 
occurrence of  centimeter- to meter-scale, syn-sed-
imentary normal faults throughout the entire suc-
cession. Some of  these faults will be observed and 
discussed at this outcrop.

5.1.3. STOP 3: OTLALTEPEC FORMATION (18°17’2.90”N, 
97°48’12.49”W)

At this stop, participants will observe a represen-
tative succession of  the Otlaltepec Formation, 
which is composed of  rhythmically alternating 
conglomerate to fine sandstone deposits emplaced 
by traction currents (lithofacies Gt, St, Sp, Sr in 
Table 1), finely laminated lutite (lithofacies Fl) with 
abundant cycad and fern leaves, and paleosols de-
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veloped during prolonged periods of  non-depo-
sition in a subaerial environment. Conglomerate 
and sandstone deposits are dominantly sourced by 
quartzo-feldspathic rocks of  the Totoltepec pluton 
and Oaxacan Complex. Detailed petrographic 
and U-Pb geochronologic data on detrital zircons 
will be presented at this outcrop in order to dis-
cuss the provenance of  the Otlaltepec Formation. 
Despite the quartzo-feldespathic composition of  
source rocks, the Otlaltepec Formation displays 
a high enrichment in quartz (up to 98% of  the 
total framework grains). This strong enrichment 
in quartz is explained here assuming that feldspar 
dilution was produced by chemical weathering 
under humid climatic conditions (e.g. Basu, 1985; 
van der Kamp, 2010).

5.2. DAY TWO

During the second day of  the trip, participants 
will observe representative exposures of  the Te-
zoatlán Basin along the Rosario Nuevo Canyon 
(Figure 12). This canyon offers the opportunity of  
examining in detail the sedimentologic and petro-
logic characteristics of  the stratigraphic units that 
compose the Tezoatlán Basin, as well its fossil flora 
content.

5.2.1. STOP 4: DIQUIYÚ FORMATION (17°36’6.78”N, 
97°50’56.97”W) 

At this stop, we will observe andesitic volcanic 
rocks of  the Diquiyú Formation that represents the 
basement of  the Tezoatlán clastic succession. The 
Diquiyú Formation is interpreted as the source 
for the overlying Rosario Formation (Morán-Ze-
nteno et al., 1993). Therefore, the aim of  this stop 
is to observe textural and compositional details of  
the Diquiyú Formation in order to compare these 
volcanic rocks with volcanic clasts of  the Rosario 
Formation.

5.2.2. STOP 5: ROSARIO FORMATION (17°36’9.35”N, 
97°50’54.39”W)

At this stop, participants will observe an excellent 
exposure of  the Rosario Formation. This unit is 
mostly composed of  clast- to matrix-supported, 

poorly-sorted, and crudely-bedded conglomerate 
deposits that have been interpreted by previous au-
thors as the stratigraphic record of  a high-energy 
fluvial stream (Morán-Zenteno et al., 1993). Clasts 
in the Rosario Formation are mostly composed of  
volcanic rocks that show textural and composi-
tional similarities with the Diquiyú Formation.

5.2.3. STOP 6: CUALAC FORMATION (17°36’18.2”N, 
97°50’40.9”W)

At this outcrop, we will observe representative ex-
posures of  the Cualac Formation. At this point, the 
Cualac Formation is composed of  conglomerate, 
coarse- to fine-grained sandstone, and shale that 
display a variety of  sedimentary structures such 
as through to planar cross bedding, imbrication, 
and ripple marks. After a careful observation of  
the sedimentological characteristics of  the Cualac 
Formation, we will evaluate the possibility that 
this unit was deposited in a proximal alluvial fan 
environment as it was suggested by Morán-Zente-
no et al. (1993) or in a meandering river as it was 
proposed by Durán-Aguilar (2013). Furthermore, 
participants will observe that clastic deposits of  
the Cualac Formation display a dramatic change 
in composition relative to the Rosario Formation. 
In fact, the Cualac Formation is dominantly com-
posed of  quartz and quartz-rich metamorphic 
fragments. We will discuss on the field the signifi-
cance of  such a compositional change in the clas-
tic stratigraphic record.
At this outcrop, finely laminated shale layers pre-
serve impressions of  leaves that have been deter-
mined as Mexiglossa varia, Zamites, Otozamites, and 
Anomozamites.

5.2.4. STOP 7: LOWER TECOCOYUNCA GROUP 
(17°36’22”N, 97°50’38.8”W)

The goal of  this stop is to observe excellent ex-
posures of  the lower stratigraphic part of  the Te-
cocoyunca Group, which is composed here of  a 
succession of  sandstone, shale, and coal that has 
been interpreted as the stratigraphic record of  a 
flood-plain environment (Morán-Zenteno et al., 
1993). Shale of  this outcrop preserves leaves im-
pressions that will be described on the field in order 
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to discuss the climatic conditions under which this 
unit was deposited.

5.2.5. STOP 8: UPPER TECOCOYUNCA GROUP, 
(17°36’29.6”N, 97°50’38.7”W)

At this outcrop, participant will observe the tran-
sition from the lower to the upper parts of  the Te-
cocoyunca Group. This transition in marked by 
a gradual change from continental to littoral and 
shallow-marine sedimentary environment that 
was the result of  a regional marine transgression 
in the Tezoatlán area. Shallow marine deposits are 
composed of  rhythmically interbedded sandstone 
and calcareous shale that contain Bajocian and 
Bathonian fossils of  bivalves and ammonites such 
as Oppelia, Leptosphinctes, Parastrenocera, Trigonia, My-
ophorella, and Vaugonhia.

5.2.6. STOP 9: GEOLOGICAL MUSEUM OF ROSARIO 
NUEVO (17°36’11.56”N,  97°51’13.7”W)

We will take the occasion to visit the regional mu-
seum of  Rosario Nuevo, where representative fos-
sils from the continental to marine succession of  
the Tezoatlán Basin are exposed.

5.2.7. STOP 10: CERRO DE LAS MINAS 
ARCHEOLOGICAL SITE

If  time permits, we will take the opportunity to 
visit the archeological site “Cerro de las Minas” 
that is located northward of  Huajuapan de León 
(Figure 2). This site belongs to the Ñuiñe culture, 
and it was founded during the Preclassic period 
and reached its climax throughout the early Clas-
sic period between 400 and 800 CE. In the course 
of  this period, other major cities flourished such 
as Monte Alban in the state of  Oaxaca and Teo-
tihuacan in the Valley of  Mexico. Cerro de las 
Minas is located in a hill that dominates the valley 
of  Huajuapan de León. This large hill was in a 
strategic position over the farmlands of  the valley, 
permitting the absolute control on the trade routes 
that crossed this region. The site contains a num-
ber of  settlements and was reserved for the elite of  
the area during that time. Cerro de las Minas is the 

only archeological site of  the Mixteca Baja region 
open to the public.
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