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Paleoenvironmental interpretation using fossil record: San Juan Raya Formation

ABSTRACT

The San Juan Raya Formation is world-wide recognized because of 
the high diversity and abundance of fossils. In this study nine biofacies, 
three ichnofacies and ten lithofacies were recognized and interpreted 
on the basis of the influence of several environmental factors such as 
water depth change, sedimentation rate, water salinity and substrate 
consistency. Among these factors, salinity variations were apparently 
crucial for developing and replacement of the different biofacies. 
Most of biofacies and ichnofacies inhabited in subtidal, shoreface 
and inner shelf zones. The aim of this investigation is to provide 
a comprehensive reconstruction of the different faunal benthonic 
assemblages and paleoenvironments in a sector of the San Juan Raya 
Formation during Early Cretaceous time. The results indicate that the 
paleoenvironmental model for the study area corresponds to a shallow 
marine, open-coast, storm-dominated clastic system, characterized 
by several variations in subenvironments, from foreshore to offshore. 
Along a measured composite column of about 765.5 m in length, nine 
cycles of transgression-regression were identified, with the shallowest 
stage at the 200 and 500 m levels and the deepest conditions at 300, 
400 and 765.5 m in the column.

Key words: biofacies, ichnofacies, sea level, San Juan Raya Formation, 
Lower Cretaceous, Mexico.

RESUMEN

La Formación San Juan Raya es mundialmente reconocida debido a 
su alta diversidad y abundancia fosilífera. En este estudio se reconocieron 
e interpretaron nueve biofacies y tres icnofacies tomando como base la 
influencia de diversos factores como los cambios relativos en el nivel del 
mar, la tasa de sedimentación, la salinidad del agua y la consistencia del 
substrato. Entre estos factores, al parecer las variaciones en la salinidad 
del agua fueron muy importantes en el desarrollo y remplazo de las 
asociaciones de organismos. La mayor parte de los organismos que 
conformaron las distintas biofacies e icnofacies, habitaron en ambientes 
de zona de rompiente y de plataforma interna. El objetivo de este trabajo 
es el de proveer una reconstrucción de las diferentes comunidades 
bentónicas y de los ambientes de depósito de un sector de la Formación 

San Juan Raya durante el Cretácico Temprano. Los resultados indican 
que el modelo paleoambiental del área de estudio corresponde a un 
sistema clástico marino somero dominado por tormentas. Finalmente, 
a lo largo de los 765.5 m de la columna estratigráfica compuesta, se 
identificaron nueve ciclos transgresivos-regresivos, en los cuales las etapas 
de somerización se encuentran en los niveles de 200 y 500 m, mientras 
que las condiciones de mayor profundidad están ubicadas en los 300, 
400 y 765.5 m respectivamente.

Palabras clave: biofacies, Icnofacies, nivel del mar, Formación San Juan 
Raya, Cretácico Inferior, México. 

INTRODUCTION

Coastal marine environments can be divided into different sectors 
or zones through recognition of particular benthic faunas or biofacies. 
According to these notions, biofacies replacement is influenced by 
water depth and a series of physical, chemical and biological factors. 
This information has been proved to be useful for the analysis and 
reconstruction of ancient environments (Brenchley, 1990; Wignall, 
1990; Lazo, 2007a).

For a better comprehension of paleoenvironments, a combined 
study of lithological and taphonomical information has to be performed 
in conjunction with biofacies analysis of the fossil record. In this way, 
lithofacies allow to interpret sedimentary paleoenvironments while 
taphofacies in combination with biostratigraphic data allow estimating 
the time-averaging and spatial mixing rates. Therefore, autochthonous 
and parauthocthonous associations can be recognized and evaluated 
in a paleoecological sense.

This paper presents a study of the systematics, palaeoecology 
and taphonomy of bivalves, gastropods, corals, annelids (serpulids), 
echinoids, ammonoids and trace fossils that constitute the majority 
of the benthonic fauna in San Juan Raya Formation. Information 
obtained from biofacies is complemented with lithofacies determina-
tion and their interpretation regarding depositional environments and 
paleo–water depths. 

The main contribution of this work is to provide an interpretation 
of fossil distribution as biofacies associations, and to propose interpreta-
tions on depositional environments and relative water depth changes. 
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It also contains the first stratigraphic framework for the highly diverse 
fossil fauna of the San Juan Raya Formation, allowing further studies 
to understand changes in environment and deposition. 

We suggest that the paleoenvironmental model for the studied 
stratigraphic section corresponds to a shallow marine storm-dominated 
system, characterized by a down slope subenvironments series. Fair-
weather wave base and storm wave base depth levels were calculated 
according to Howard and Reineck (1981). Collected data provided 
information about depths where the different organisms developed. 
This work contributes to understand the evolution of the Zapotitlán 
basin.

REGIONAL STRATIGRAPHY AND STUDY AREA

Region-wide, the Jurassic-Cretaceous stratigraphy of southern 
Mexico records a major transgression. Although ages of initiation vary 
geographically from Early to Late Jurassic, the stratigraphy is very simi-
lar elsewhere. The succession begins with terrestrial redbeds, followed 
by transitional to marine clastic sedimentation and continues with a 
thick calcareous succession. This has been interpreted as a transgres-
sive stage associated with the development of a passive margin during 
the Early to mid-Late Cretaceous. However, this rough interpretation 
of the evolution of the sedimentation needs more detailed studies to 
determine the stratigraphy and depositional environments of both 
clastic and calcareous rocks. Once a more accurate depositional model 
is constructed, the tectonic and sedimentary history could be under-
stood in the near future.

The Zapotitlán basin in Puebla State that major transgressive stage 
is recorded in a more than 2 km thick succession of clastic and lesser 
calcareous strata. This 35 km wide siliciclastic depositional basin de-
veloped in a half-graben fault system (Mendoza-Rosales, 2010). The 
basin formed during Early Cretaceous (Barremian to Lower Aptian) 
times (Mendoza-Rosales, 2010; Mendoza-Rosales et al., 2010), and the 
related sedimentary rocks change upward in the column from fault 
bounded syn-tectonic clastic sedimentation to a regionally subsiding 
calcareous seaway platform (Mendoza-Rosales, 2010). There is little 
known about the tectono-sedimentary history of the Zapotitlán basin. 
Mendoza-Rosales (2010) suggested that its evolution is closely related 
to the opening of the Gulf of Mexico. 

Sedimentary rocks of the Zapotitlán basin have been grouped in 
two to ten formations, depending on the author. Among those, the 
Zapotitlán and San Juan Raya are the main and largest clastic forma-
tions (Calderón-García, 1956; Ortega-Gutiérrez et al., 1990; Mendoza-
Rosales, 2010). Particularly, the San Juan Raya Formation is world-wide 
recognized because of the high diversity and abundance of fossil mate-
rial. The fossil fauna of this formation had been studied since the 19th 
Century; however, most works were focused on systematics research 
(Nyst and Galeotti, 1840; d’Orbigny, 1850; Desor, 1850; Coquand, 
1869; Müllerried, 1933; Alencáster de Cserna, 1956; Reyeros, 1963; 
Buitrón, 1970; González-Arreola, 1974; Buitrón and Barceló-Duarte, 
1980; Feldmann et al., 1995; Escalante-Ruiz, 2006; Escalante-Ruiz and 
Quiroz-Barroso, 2006; Mora-Almazán and Quiroz-Barroso, 2006; 
Löser, 2006; and Mora-Almazán, 2008).

The San Juan Raya Formation at Santa Ana Teloxtoc area consists of 
gray/bluish-gray and greenish-gray calcareous mudstone, intercalated 
with gray calcareous fossiliferous siltstone that ranges in thickness 
from 10 to 40 cm, and gray calcareous fine to medium-grained sand-
stone, from 10 cm to 2 m in thickness. Sandstone forms both planar 
and heterolithic stratification. Previous investigations estimate a total 
thickness between 700 and 1287 m for this formation (Calderón-García, 
1956). Recent field work revealed that the unit was originally thicker, 

because it was tilted previous to the deposition of limestone units, 
and it was also folded and eroded during the end of the Cretaceous 
(Calderón-García, 1956; Mendoza-Rosales, 2010). The formation has 
been considered Lower Aptian in age, on the basis of its fossil content, 
but Mendoza-Rosales (2010) proposed that this age can be extended 
to the Upper Barremian.

The San Juan Raya Formation transitionally overlies and laterally 
changes to the Zapotitlán Formation; it is also laterally intertongued 
with conglomerate and sandstone of Agua del Cordero Formation to 
the west, and unconformably underlies the Cipiapa Formation to the 
north, at Santa Ana Teloxtoc area. 

The study area is locally known as Barranca San Lucas and is 
located 11 km west of Zapotitlán Salinas town, 4 km east of San Lucas 
village and 5 km southeast of the small town of Santa Ana Teloxtoc, 
in southern Puebla state (Figure 1). 

MATERIAL AND METHODS

A composite stratigraphic column was measured on a bed-by-bed 
scale up to a total thickness of 765.5 m (Electronic Appendix A). The 
column was divided in six stretches that are in part continuous, and 
some are fault bounded or separated by covered areas. Sedimentologic 
and stratigraphic features were recorded during measuring, such 
as thickness, lateral extension, geometry of the strata, stratigraphic 
contacts, primary structures, composition and texture. On the basis 
of this information, the rocks were grouped in lithofacies and facies 
associations. A discussion regarding the interpretation of lithofacies is 
not included in this paper because it is not the main goal of the study. 
Detailed field observations on fossil content and distribution were 
obtained during the measurement of the stratigraphic column, and 
some fossil material was collected for identification. Taphonomical 
features, such as preservation grade, orientation in plan view and in 
cross section, degree of articulation, fragmentation, sorting and corra-
sion were recognized following Brett and Baird (1986). These features 
were used for preliminary taphonomic interpretations, such as relative 
degree of allochthony.

Fossil organisms found in the study area are mostly invertebrates, 
and they were grouped in biofacies. In addition, trace fossils were 
grouped in ichnofacies. Depositional environments and relative water 
depth changes were reconstructed by comparing the fossils identified 
in the area with available information in the literature about mode 
of life and habitat of the different groups, both fossil and recent 
invertebrates. 

The paleoenvironmental model for clastic shallow marine sedi-
mentation of Hampson and Storms (2003) was followed to interpret 
the depositional environments. 

RESULTS

This paper is focused on the interpretation of fossil content, 
and their grouping in biofacies and ichnofacies. Therefore, main 
lithofacies features are only briefly described for their environmental 
interpretation. 

The San Juan Raya Formation at the measured column is composed 
mostly of shale and siltstone, and in lesser amounts of fine-grained 
sandstone, which were grouped in 10 facies and one facies association 
(Table 1); their abundance and stratigraphic distribution are shown on 
the composite column in the Electronic Appendix A, and photographs 
of the lithofacies are included in the Electronic Appendix B. They are 
described as follows:
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Cross-stratified sandstone and siltstone lithofacies association (StL)
This lithofacies association is made up of fine and medium-grained 

sandstone distributed as lenticular strata or as up to 2 m thick hillock-
shaped bodies (Appendix B1). It shows an initial erosional surface, flat 
or channelized. It is mostly formed by planar to low-angle-laminated 
and hummocky cross-stratified sandstone (StL1 facies; Appendix B1 
a-b); swaley cross-stratified sandstone (StL2 facies; Appendix B1 
c-e); and lenticular to planar strata, either laminated or with tabular 
cross-stratification, of siltstone and some trapped muds (StL3 facies; 
Appendix B1 f-g). Some sandstone hillocks show, from bottom to top, 
all consecutive facies, recording the storm energy peak (StL1 and StL2) 
and, as the storm wanes, the suspension fallout (StL2 and StL3). This 
facies association contains abundant wood fragments and logs that are 
mixed with shell and coral fragments and sometimes complete shells 
of marine bivalves and gastropods.

Planar siltstone and mudstone lithofacies (PSM)
Thin- to medium-bedded calcareous siltstone and mudstone strata 

(Appendix B2 a-b). Sometimes they display parallel or ripple cross 
lamination , and rarely contain symmetric parallel ripples. This is inter-
preted as sedimentation during times of fair-weather conditions. This is 
the most common and abundant lithofacies in the studied the column.

Calcareous and muddy debris flows (DF)
This facies is composed of mud-sized or calcareous sand-sized 

gravity flows of poorly sorted mixtures of locally produced hardparts 
and clay exoclasts. They lack internal structures and contain some 
articulated bivalves (Appendix B2 c-e). 

Facies indicative of reduced to moderate sedimentation rates are: 

Shell marl lithofacies (SML) 
Composed of loosely and densely packed coquinas in a muddy or 

fine-sandy calcareous matrix. It contains disarticulated bivalve shells, 

serpulids and echinoid fragments (Appendix B2 f-g). Fossil associations 
suggest a mid-ramp depositional setting for SML. 

Fossiliferous-dominated shale lithofacies (FSD) 
This facies is formed by highly bioturbated calcareous shale, char-

acterized by abundant fossil material. It contains most of the biofacies 
and one ichnofacies described in this paper (Appendix B2h). 

Bioclastic limestone (BL) 
Packstone with lumpstones, few cortoids and benthonic foramini-

fers (Appendix B2i). It also contains abundant ooids and carophytes, 
which indicate deposition in an inner ramp setting. 

Laminated mudstone lithofacies (LM)
Grayish mudstone with parallel lamination; strata are thin- 

to medium-bedded (Appendix B2j). Psilonichnus ichnofossils are 
present. This lithofacies is interpreted to reflect sedimentation 
under fair-weather and low energy conditions. Fossil association 
suggests a supratidal depositional setting for this lithofacies.

Mudstone with sandstone lithofacies (MSL)
Abundant mudstone with subordinate fine-grained sandstone; 

sedimentary structures correspond to flaser lamination. Strata are 
thin- to medium-bedded. (Appendix B2k). Skolithos ichnofossils are 
present. This lithofacies is interpreted as sedimentation during times 
of fair-weather conditions. Fossil content and sedimentary structures 
suggest an intertidal depositional setting for MSL.

Biofacies and ichnofacies: Diagnosis and interpretation
Fossil associations were grouped in nine biofacies and three ich-

nofacies (Table 2). Descriptions include interpretations of possible 
depositional environments and, in some cases, specific environmental 
conditions, based mostly on the occurrence of the taxa in modern 
environments. We are aware of the fact that organisms might have 

Figure 1. Study area near Santa Ana Teloxtoc town.
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had different environmental distributions in the past, so we point 
out that proposed depositional environments and water depths may 
have an error range. Biofacies were named on the basis of the most 
abundant taxa, but they contain other fossil organisms that are also 
described.

Ostrea alicula biofacies (OaB)
This biofacies consists of lens-shaped oyster aggregates of Ostrea 

alicula Hamlin, 1890 up to 1 m high and 4 m wide (Figure 2 a-c). 
Organisms are densely packed and highly disarticulated, good to bad 
sorted, in a poor pelithic matrix or without matrix at all. No other 
organisms were found within this biofacies.

Isognomon lamberti biofacies (IsB)
This biofacies corresponds to monospecific bivalve aggregations 

(Figure 2 d-e) of Isognomon lamberti Müllerried, 1934. Articulated 
organisms have a preferred oblique orientation with respect to the bed 
surfaces suggesting they were buried at life position. Some of them are 
concordant and most of the disarticulated valves have a convex-down 
position. Individuals have evidence of bioerosion and some valves are 
filled with shell detritus. No other organisms were found within this 
biofacies.

Gregarious serpulid biofacies (GSB)
This biofacies consists of calcareous tubes of monospecific serpulid 

aggregates of Serpula sp. (Figure 2 f-h) that are concordant with bed 
surface, but in some cases they are in life position. This biofacies is 
characterizsed by a dense (>70%), medium dense (50%) to disperse 
packing concentration, good to bad sorting (tube fragments mixed 
with complete tubes), and poor to abundant pelitic matrix (up to 50%). 
Paleoenvironmental conditions of GSB seem to be very similar to those 
of the Ostrea alicula biofacies because they develop in similar environ-
ments (Fürsich and Werner, 1984; Ten Hove and Van Den Hurk, 1993). 
However, they were not observed in the same bed along the measured 

stratigraphic column, but are present at different stratigraphic levels. 
Ten Hove and Van Den Hurk (1993) suggested that monospecificity, 
as observed in GSB, may be indicative of a medium to high energy 
stressful environment. 

Coral biofacies (CB)
This biofacies consists of bioclastic deposits immersed in a pelitic 

matrix, with a medium to dense packing concentration, normal gra-
dation and an erosive base. Organisms correspond to mound-shaped, 
branching and globose coral colonies but few solitary corals are also 
present (Figure 3). Mound-shaped and globose corals are usually 
closely spaced and occur mostly in growth position. Mound-shaped 
forms are represented by Procyathophora aguilerai Reyeros, 1963, 
Procyathophora poblana Reyeros, 1963, Complexastrea cyclops Felix, 
1891, Thamnasteria crespoi Felix, 1891, Cyathophora atempa Felix, 
1891, Baryphyllia confusa d’Orbigny, 1850 and Myriophyllia sp. 
Globose, branching and solitary corals have not been taxonomi-
cally studied at present date. Globose and mound-shaped corals have 
variable bioerosion and incrustation grades, produced by bivalves and 
serpulids. Ramose corals have one or two main branches; some of them 
are fragmented, with low corrasion grades. Majority of branching and 
solitary corals are concordant to bedding, so they were interpreted as 
parauthoctonous. Branching corals are the most abundant organisms 
in the biofacies with exception of Procyathophora aguilerai Reyeros, 
1963 and Procyathophora poblana Reyeros, 1963 which are mound-
shape species. Other benthic organisms included in this biofacies are 
gastropods Cerithium bustamantii Nyst and Galeotti, 1840, Pyrazus 
maldonadoi Alencáster de Cserna, 1956, Turritella minuta Nyst and 
Galeotti, 1840, Uchauxia poblana Alencáster de Cserna, 1956, Nerinea 
sp., Cossmanea sp., Craginia floresi Alencáster de Cserna, 1956 and 
Tylostoma aguilerai Alencáster de Cserna, 1956; bivalves Isognomon 
lamberti Müllerried, 1934 and Corbis corrugate Sowerby, 1845; regular 
echinoids Pseudocidaris clunifera Agassiz, 1840, “Cidaris” müellerriedi 
Lambert, 1935 and Phymosoma mexicanum Böse, 1910. These benthic 

Lithofacies StL1 StL2 StL3 PSM DF SML FSD BL LM MSL
Thickness (cm) 30 - 200 10 - 20 10 - 50 10 - 50 10 - 30 30 10 - 50 50 20 30 
Lithology F-Sand / M-Sand F-Sand Silt C-Silt / C-Mud C-Sand C-Sand C-Sha Pack Mud Mud

Sedimentary structures
Parallel lamination
Flaser lamination
Ripple cross-lamination
Tabular cross-bedding
Hummocky cross-bedding
Swaley cross-bedding
Without structures

---
---
---
---
X
---
---

---
---
---
---
---
X
---

X
---
---
X
---
---
---

X
---
X
---
---
---
---

---
---
---
---
---
---
X

---
---
---
---
---
---
X

---
---
---
---
---
---
X

---
---
---
---
---
---
---

X
---
---
---
---
---
---

---
X
---
---
---
---
---

Carbonate grains
Ooids
Carophytes
Cortoids
Lumpstones
Benthonic foraminifers

---
---
---
---
---

---
---
---
---
---

---
---
---
---
---

---
---
---
---
---

---
---
---
---
---

---
---
---
---
---

---
---
---
---
---

X
X
X
X
X

---
---
---
---
---

---
---
---
---
---

Skeletal grains
Bivalves
Serpulids
Echinoids
Gastropods
Corals

X
---
---
X
X

X
---
---
---
---

---
---
---
---
---

---
---
---
---
---

X
X
X
---
---

X
---
---
---
---

---
---
---
---
---

---
---
---
---
---

---
---
---
---
---

---
---
---
---
---

Table 1. Summary of the main features of the San Juan Raya Formation lithofacies. Abbreviations: F-Sand = fine sandstone; M-Sand = medium 
sandstone; C-Silt = calcareous siltstone; C-Mud = calcareous mudstone; C-Sand = calcareous sandstone; C-Sha = calcareous shale; Silt = siltstone; 
Pack = packstone; Mud = mudstone.
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Biofacies and 
Ichnofacies

Macrofossil content Related 
lithofacies

Depositional 
environment

OaB Ostrea alicula Hamlin, 1890 bivalves FSD Foreshore (subtidal) / Shoreface

IsB Isognomon lamberti Müllerried, 1934 bivalves FSD Foreshore (subtidal) / Shoreface

GSB Serpula sp. serpulids FSD Foreshore (subtidal) / Shoreface

CB Mostly mound-shaped, branching and globose coral colonies but few solitary corals are 
also present. 

FSD Inner Shelf

CbB Cerithium bustamantii Nyst and Galeotti, 1840 gastropods FSD Foreshore(subtidal)

CTPB Cerithium bustamantii Nyst and Galeotti, 1840, Turritela minuta Nyst and Galeotti, 
1840 and Pyrazus maldonadoi Alencáster de Cserna, 1956 gastropods. Other types of 
gastropods are present.

FSD Foreshore 
(subtidal)

AMB Ammonoids, some bivalves, gastropods, serpulids, few echinoids and minor 
concentrations of shell detritus

FSD Medium-External Shelf

PplB Pterotrigonia plicatocostata Nyst and Galeotti, 1840 bivalves FSD Inner Shelf

CPPB Cardium cf. cottaldinum d’Orbigny, 1843, Pholadomya cf. gigantea Sowerby, 1836 and 
Panope neocomiensis d’Orbigny, 1843 bivalves

FSD Inner Shelf

PsI Psilonichnus and Macanopsis ichnofossils LM Foreshore (supratidal)

SkI Skolithos ichnofossils MSL Foreshore (intertidal)

CrI Mostly Thalassinoides ichnofossils / other horizontal traces and associated vertical 
burrows belonging to Cruziana ichnofacies

FSD Shoreface - Shelf

macrofauna is filling the spaces between the coral heads. Vertical dis-
tribution of CB is especially extensive in column’s stretch 1. Because 
of the absence of true hardgrounds in this biofacies, corals may have 
managed to encrust firm sediment; this is indicated by the presence 
of irregular, small attachment surfaces, similar to those described by 
Lazo et al. (2005).

Cerithium bustamantii biofacies (CbB)
This biofacies corresponds to gastropod pavements of Cerithium 

bustamantii Nyst and Galeotti, 1840 (Figure 2i). We observed that these 
organisms range from 3 to 4 cm in size and are characterized by mostly 
complete specimens who have low corrasion levels, no incrustation and 
variable ornament preservation. All organisms are concordant to bed-
ding and do not have a preferred orientation, so they were interpreted 
as parauthoctonous.

Cerithium bustamantii – Turritella minuta – Pyrazus maldonadoi 
biofacies (CTPB)

This biofacies is formed by different types of casts of external 
molds of gastropods, being Cerithium bustamantii Nyst and Galeotti, 
1840, Turritela minuta Nyst and Galeotti, 1840 and Pyrazus maldona-
doi Alencáster de Cserna, 1956, the most abundant species (Figure 4 
a-d). Other gastropods found at the same strata are Tylostoma aguil-
erai Alencáster de Cserna, 1956, Cossmannea sp., Cassiope mülleriedi 
Alencáster de Cserna, 1956, Craginia floresi Alencáster de Cserna, 
1956, Uchauxia poblana Alencáster de Cserna, 1956, Lunatia sp. and 
Nerinea sp. We concluded, based on field observations that CTPB has 
a higher diversity than other biofacies because it contains the majority 
of gastropods groups identified for the San Juan Raya Formation. This 
biofacies is also characterized by mostly complete organisms with a low 
corrasion grade, no incrustation and variable ornament preservation. 
All organisms are concordant to bedding and do not have a preferred 
orientation, which suggests little or no allochthony.

Pterotrigonia plicatocostata biofacies (PplB)
This biofacies consists of a majority of facultative infaunal bivalves 

that correspond to Pterotrigonia plicatocostata Nyst and Galeotti, 1840. 
They have different orientations within strata but near 80% are in life 
position (Figure 4 e-g); they have low corrasion levels and some of 
them have serpulid incrustations, especially at 1/3 of the shell posterior 
region. Few disarticulated shells of Isognomon lamberti Müllerried, 
1934 were also found. They are concordant to strata and were prob-
ably transported from the shoreface zone. The presence of trigoniids 
in life position demonstrates a rapid burial that protected them from 
bioturbation and posterior erosion events.

Ammonoid biofacies (AMB)
Biofacies AMB corresponds to ammonoids and some bivalves, 

gastropods, serpulids, few echinoids and minor concentrations of 
shell detritus (Figure 4 h-k). Overall, fossil individuals are not com-
mon in this biofacies, and among them, the most abundant organisms 
are ammonoids with little or no reworking, compared to the other 
fossilized organisms. Ammonoids correspond to casts and external 
molds of Phylloceras Suess, 1865 and Lytoceras Suess, 1865 (González-
Arreola, 1974), which have a low corrasion grade, are matrix filled and 
mostly concordant to bedding. Bivalve specimens are mainly Panope 
neocomiensis d’Orbigny, 1843, Pterotrigonia plicatocostata Nyst and 
Galeotti, 1840 and Pholadomya cf. gigantea Sowerby, 1836. Bivalves 
are disarticulated and valve orientation is variable but is mostly 
convex-down. Specimens have a high corrasion grade with exception 
of Pterotrigonia plicatocostata Nyst and Galeotti, 1840 and Pholadomya 
cf. gigantea Sowerby, 1836 which have a medium corrasion grade. 
Serpula sp. tubes are preserved as small sub-cylindrical fragments 
concordant to bedding. Gastropods are preserved as complete external 
mold casts, which are concordant to bedding and have high corrasion 
levels; they correspond to Cerithium bustamantii Nyst and Galeotti, 
1840 and Turritella minuta Nyst and Galeotti, 1840. A few radiolas 

Table 2. Summary of the main features of biofacies and ichnofacies in the San Juan Raya Formation.
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e)

d)
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f)

g)

a)
b)

c) d)

Figure 2. Ostrea alicula biofacies (OaB). (a) Outcrop; (b) bigger oyster specimens at the base of the aggregate (5 cm); (c) smaller oyster specimens at the top of 
the aggregate (1 – 2 cm). Isognomon lamberti biofacies (IsB): (d) Outcrop; (e) valves fill with shell detritus and incrusted by Ostrea alicula oysters Hamlin, 1890. 
Gregarious serpulids biofacies (GSB): (f) Concordant calcareous tubes of Serpula sp.; (g) tube fragments of Serpula sp.; (h) Serpula sp. tubes in life position. Cerithium 
bustamantii biofacies (CbB): (i) gastropod specimens.

Figure 3. Coral biofacies (CB): (a) Cyathophora atempa Felix, 1891; (b) Baryphyllia confuse d’Orbigny, 1850; (c) unknown ramose corals; (d) unknown solitary coral.
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a)

b)

c)
d)

e)

f)

g)

h)

i) j)
k)

l)

m) n)

from Pseudocidaris clunifera Agassiz, 1840 were also found (Buitrón, 
personal communication).

We suggest that the higher disarticulation rates and the concord-
ant position of fossils in the strata may be indicative of significant 
transportation and extensive bottom-current action. This biofacies 
was found at a few levels in the studied area. 

Cardium cf. cottaldinum - Pholadomya cf. gigantea – Panope 
neocomiensis biofacies (CPPB)

A bivalve biofacies formed mostly (>50%) by deep infaunal and few 
epifaunal forms. Cardium cf. cottaldinum d’Orbigny, 1843, Pholadomya 
cf. gigantea Sowerby, 1836 and Panope neocomiensis d’Orbigny, 1843 
(Figure 4 l-n) are the most abundant. There are two types of speci-
men preservation in this biofacies: (a) Disarticulated or articulated 
casts of internal and external molds, with all organisms having low 
corrasion and fragmentation grades; the cast material is the same 
as the rock-matrix. Disarticulated valves are concordant with strata 
and have a convex-down position, while articulated organisms are 
concordant, oblique or in life position. (b) Pavements of disarticulated 
casts of external molds and fragmented organisms that have a low 
corrasion grade but a higher fragmentation (>95%). The majority of 
the specimens have a convex-down position in the bed, so they were 
interpreted as parauthoctonous. Valve ornamentation is well-preserved 
and epibionts are absent. 

Psilonichnus ichnofacies (PsI)
PsI ichnofacies consists of a series of two types of small galleries 

(Figure 5 a-b): (1) Vertical shaft-structures referable to Macanopsis, 
with basal habitation chambers that can reach up to 7 cm in length; 
(2) vertical “J”-shaped dwelling burrows, 4 cm in length, that belong 
to Psilonichnus. This ichnofacies has a low diversity and abun-
dance of organisms and a very limited distribution in the studied 
stratigraphic column.

Skolithos ichnofacies (SkI)
This ichnofacies has also a low diversity and abundance of organ-

isms; it consists mostly of vertical burrows (habitation chambers and 
escape structures from 6 to 13 cm in length) and only few horizontal 
trails (up to 5 cm in length; Figure 5 c-d). Such structures were prob-
ably created by suspensivorous or passive-carnivorous organisms 
(Pemberton et al., 2001). This ichnofacies was found only at three 
levels within the measured stratigraphic column.

Cruziana ichnofacies (CrI)
Cruziana ichnofacies consists of a series of horizontal traces and 

associated vertical burrows, which can be up to 50 cm long and 20 
cm wide (Figure 5 e-h). Gallery shapes are more diverse than in the 
other two ichnofacies (PsI and SkI), since they are straight, undu-
lated, “J” shaped and branched. Thalassinoides is the most abundant 

Figure 4. Cerithium bustamantii – Turritella minuta – Pyrazus maldonadoi biofacies (CTPB): Outcrop with different gastropods specimens: (a) Cerithium bustamantii 
Nyst and Galeotti, 1840; (b) Turritella minuta Alencáster de Cserna, 1956; (c) Pyrazus maldonadoi Nyst and Galeotti, 1840; (d) Tylostoma aguilerai Alencáster de 
Cserna, 1956. Pterotrigonia plicatocostata biofacies (PplB): (e) Outcrop; (f) specimen in life position; (g) removed specimens. Ammonoid biofacies (AMB): (h) 
Unknown ammonoid; (i) Phylloceras sp. ammonoid; (j) Pholadomya cf. gigantea Sowerby,1836 and Cerithium bustamantii Nyst and Galeotti, 1840; (k) Pterotrigonia 
plicatocostata Nyst and Galeotti, 1840. Cardium cf. cottaldinum - Pholadomya cf. gigantea – Panope neocomiensis biofacies (CPPB): (l) Disarticulated specimens 
of Panope neocomiensis d’Orbigny, 1843; (m) specimen of Pholadomya cf. gigantea Sowerby, 1836 in life position; (n) shell fragments. White arrows points to the 
bivalve specimens.
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a) b)

c) d)

e) f)

g)

h)

ichnofossil in this ichnofacies. CrI is widely distributed along the 
measured column. 

DISCUSSION

A calm water lagoonal environment was originally proposed for 
the San Juan Raya Formation by previous authors (Feldmann et al., 
1995; Escalante-Ruiz and Quiroz-Barroso, 2006; Escalante-Ruiz, 2006). 
However, our field observations and the interpretation of biofacies and 
their change throughout time, indicate a wider variety of depositional 
environments, with a complex vertical and lateral distribution. The 
same conclusion was addressed in the work done by Mendoza-Rosales 
(2010) at the southern part of the basin, who reported depositional 
environments ranging from subaerial to deep marine.

Our results indicate that the San Juan Raya Formation at the study 
area corresponds to a shallow marine open-coast, storm-dominated 
clastic system, characterized by alternated variations in subenviron-
ments, from foreshore to offshore (Figure 6).

On the basis of the present occurrence and discussions of ancient 
environments in other regions (Pryor, 1975; Howard and Reineck, 
1981; Ronan et al., 1981; Hampson and Storms, 2003), variations in 
biofacies and ichnofacies can be attributed to several environmental 

factors such as changes in water depth, sedimentation rate, water con-
ditions (temperature, salinity, etc), food availability and/or substrate 
consistency, among other factors. 

It is always difficult to determine which the main controlling factor 
was. Since the goal of this work is to determine the distribution and as-
sociation of the wide variety of fossil organisms along the stratigraphic 
column, the following discussion gives a preliminary interpretation 
of depositional settings and other environmental conditions. Further 
work needs to be done to reconstruct sea level fluctuations, and their 
relationship with tectonic subsidence and sedimentation rate. Biofacies 
that probably were influenced by a specific factor are first discussed. 
In order to simplify the discussion, bio- and lithofacies are discussed 
together for each proposed paleoenvironment.

Salinity
Traditionally, San Juan Raya Formation had been interpreted 

as a fully marine environment deposited under normal salinity 
conditions because of its fossil content (Alencáster de Cserna, 1956; 
Salmones-Zarate, 1994; Feldmann et al., 1995). In this study, Ostrea 
alicula (OaB), Isognomon lamberti (IsB), gregarious serpulid (GSB) 
biofacies, and Psilonichnus ichnofacies, suggest that salinity variations 
occurred through time (Appendix A), because of continental fresh 

Figure 5. Recognized ichnofacies in the study area. Psilonichnus ichnofacies (PsI): (a) Macanopsis burrows, (b) Psilonichnus vertical “J” shaft-burrows. Skolithos 
ichnofacies (SkI): (c) Siphonated bivalve habitation chambers (domichnia), (d) escape structures (fugichnia). Cruziana ichnofacies (CrI): (e) Thalassinoides; (f-g) 
horizontal traces; (h) semivertical traces.
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water influence, particularly when the coast moved toward the studied 
area (foreshore and shoreface environments). These salinity variations 
caused the replacement of the benthic community.

The presence of monospecific aggregates reflects stressful envi-
ronmental conditions with a lower sedimentation rate and different 
water salinity levels. Oysters and serpulids may switch from a solitary 
mode of life to a gregarious habit under the influence of fluctuations 
in water chemistry (Ten Hove and Van der Hurk, 1993; Livingston et 
al., 2000; Cranfield et al., 2004; Lazo et al., 2007a; Lazo et al., 2008; 
Brian, 2008; Campbell, 2010; Brown, 2011). Modern discoveries point 
out that oyster aggregation reach their maximum development under 
low salinity conditions (Brown, 2011; Campbell, 2010). In contrast 
bivalves belonging to Isognomon live and proliferate in high salinity 
zones (Mcpherson et al., 1984). Serpulids can acquire a gregarious life 
habit under diverse water salinities, from brachyhaline to hyperhaline 
(Fürsich and Werner, 1984). Psilonichnus ichnofacies is indicative of 
lower salinity levels (Pemberton et al., 2001).

Abundant euhaline organisms belonging to Coral biofacies (CB), 
Cerithium bustamantii–Turritela minuta–Pyrazus maldonadoi (CTPB), 
Cerithium bustamantii (CbB), Cardium cf. cottaldinum–Pholadomya 
cf. gigantea–Panope neocomiensis (CPPB), Pterotrigonia plicatocostata 
(PplB), Ammonoid (AMB) biofacies, and Cruziana ichnofacies (CrI), 
suggest that most of the sedimentation of the San Juan Raya Formation 
occurred under normal marine salinity conditions (see Appendix A).

Sedimentation rate
According to the behavior of modern organisms, it seems that clas-

tic input varied during the deposition of the San Juan Raya Formation 
(Appendix A). At present, higher sedimentation rates inhibits the 
growth of oysters and other types of bivalves and also inhibits the es-
tablishment of new larvae. On the basis of this evidence, clastic input 
probably was relatively low during maximum expansion of the organ-
isms belonging to OaB, IsB and CPPB biofacies. Also the abundance of 
suspensivorous forms in the CPPB biofacies probably indicates lower 
sedimentation rates.

On the other hand, a predominance of reef-patches and the absence 
of coral overgrowth and truly hardgrounds in CB biofacies, suggest 
times of constant sedimentation that prevented the formation of coral 
reefs. The development of a shelf area below shallower deposits created 
a more extended environment for the proliferation of infaunal trigo-
nids (PplB biofacies; Francis and Hallam, 2003). Finally, scarce fossil 
concentration in the AMB biofacies may be, among other plausible 
factors, the result of higher sedimentation rates (Appendix A). 

Paleoenvironments and water depth
Water depth changes along with storm activity produced drastic 

environmental modifications that generated a habitat alternation and 
benthonic fauna replacements (Lazo et al., 2008; Rioja-Nieto et al., 
2012). On the basis of the variations in litho- and biofacies along the 

Figure 6. Nearshore–offshore shelf schematic profile showing the biofacies and ichnofacies distribution; main morphological elements are also presented. 
Palaeoenvironmental model modified from Hampson and Storms (2003). 
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measured stratigraphic column, several changes in the paleoenviron-
ment, from foreshore (subtidal zone), to shoreface and shelf environ-
ments, were identified in the study area (Appendix A). Figures 6 and 
7 summarize the results of this work. 

We would like to point out that Cruziana ichnofacies (CrI) and 
calcareous and muddy debris flow (DF) and planar siltstone and 
mudstone (PSM) lithofacies are not indicative of certain depositional 
environment; those are shown on Figure 6 as bars covering a wide 
range of environments. Because most of the fossils were found in the 
fossiliferous shale-dominated lithofacies (FSD), its corresponding bar 
covers almost the whole range as well. A discussion on the identified 
subenvironments is presented in the following sections.

Supratidal zone (foreshore)
This sub-environment was established according to the presence 

of Psilonichnus ichnofacies (PsI) and LM lithofacies (Figure 6). In 
modern environments the lower part of supratidal flats consists of 
laminated muds with relatively little sand, representing a mixture of 
quasimarine and non-marine conditions (Dalrymple et al., 1991). 
Psilonichnus burrows are typical of this zone (Pemberton et al., 2001). 
Hence, on the basis of rock composition, sedimentary structures 

and fossil content, we suggest that the strata containing Psilonichnus 
ichnofacies corresponded to soft-muddy flats in the lower part of the 
supratidal zone. Therefore, PsI indicates times of minimum sea levels 
(maximum regression peaks; Appendix A and Figure 7). 

Intertidal zone (foreshore)
This zone was characterized by Skolithos Ichnofacies (SkI) and MSL 

lithofacies (Figure 6). Skolithos ichnofacies is common and sometimes 
it may partially or completely obliterate the sedimentary structures 
(Dalrymple et al., 1991). Based on the presence of Skolithos galleries 
in mudstone with little fine-grained sandstones and flaser lamination, 
which are common in modern intertidal zones (Dalrymple et al., 1991), 
we interpreted that the strata containing SkI ichnofacies corresponded 
to mixed flats in intertidal sub-environments. Therefore SkI indicates 
also times of minimum sea levels (regression peaks; Appendix A and 
Figure 7).

Subtidal (foreshore) / shoreface 
Different types of biofacies characterized these two zones (Figure 

6). According to Ronan et al.(1981), Houbrick (1992) and Cranfield et 
al.(2004), in modern environments Cerithium, Turritella and Pyrazus 

Figure 7. Facies association column and palaeowater depth curve of the San Juan Raya Formation at the study area.
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gastropods live in shallow and well oxygenized waters between the 
subtidal and shoreface zones (1 to 5 m depth) around coral areas under 
a low to medium energy conditions. Based on the present occurrence 
of similar organisms, we interpret that Cerithium bustamantii biofacies 
(CbB) and Cerithium bustamantii– Turritella minuta–Pyrazus mal-
donadoi biofacies (CTPB), probably inhabited muddy and silty bottoms 
(interpretation corroborated by the FSD lithofacies that contains these 
fossil associations) on foreshore (subtidal zone) and shoreface environ-
ments between the lower tidal flats line and fair-weather wave base. 

On the other hand, recent discoveries pointed out that oyster aggre-
gation reaches its maximum development in foreshore (subtidal zone) 
and shoreface environments above fair-weather wave base, particularly 
between 3 and 4 m of water depth, (Livingston et al., 2000; Campbell, 
2010; Brown, 2011). Meanwhile, Mcpherson et al. (1984) made observa-
tions in modern bivalves belonging to Isognomon that also proliferate 
in this type of environments, but in water depths between 3 and 9 
m. Finally, Fürsich and Werner (1984), Fornós et al., (1997) and Ten 
Hove and Van Den Hurk (1993) discovered that calcareous tubeworms 
develop in marine waters ranging from 2 to 10 m depth.

Based on these evidences, we propose that Ostrea alicula 
(OaB), Isognomon lamberti (IsB) and gregarious serpulid biofacies 
probably formed under similar conditions and are indicative of these 
environmental zones. Therefore CbB, CTPB, OaB, IsB and GSB 
biofacies indicate times of deeper water depths, perhaps associated to 
a regression (regression peaks; Appendix A and Figure 7).

Lithofacies information suggests that the presence of abundant 
ooids and carophytes in the Bioclastic lithofacies (BL) indicate deposi-
tion in an inner-ramp setting during times of reduced siliciclastic input 
(Figure 6; Scholle and Ulmer-Scholle, 2003). 

Shelf zone
In modern settings, coral colonies live in shallow seas in inner shelf 

environments ideally above 25 m depth, where they can constitute 
different types of biogenic structures including barrier systems. The 
shift from branching corals to mixed/massive and platy corals in recent 
reef fronts is a response to decreasing light and environmental energy, 
accompanied by increasing sedimentation with depth (Spalding et al., 
2001; Shears, 2007). In the case of the San Juan Raya Formation, coral 
size (3 to 25 cm), the lack of colonies overgrowth, and laterally dis-
continuous build-ups indicate that these organisms did not constitute 
a barrier system and only represented a patch-reef structure. Some 
investigations have shown that a moderate sedimentation rate and the 
lack of hard-bottoms can act as inhibitor factors for reef development 
(Fürsich et al., 1994). Although some authors pointed out that some 
types of fossil coral colonies could inhabit deeper environments (Bover-
Arnal et al., 2012), because of the presence of a mixture of branching 
and massive corals, we suggest that Coral biofacies (CB) probably 
developed in an inner shelf environment above 20 m depth (Figure 6). 

Francis (2000) points out the occurrence of trigoniid bivalves in 
transgressive-type deposits. Most species are associated to shelf envi-
ronments of less than 30 m water depths (Francis, 2000; Francis and 
Hallam, 2003). Meanwhile, Lazo (2007b) and Fijuni and Maeda (2013) 
mentioned that modern species of Pholadomya, Cardium and Panope 
are common bivalves in low-energy inner shelf environments. Based 
on this evidence, Pterotrigonia plicatocostata (PplB) and Cardium cf. 
cottaldinum–Pholadomya cf. gigantea–Panope neocomiensis (CPPB) 
biofacies probably developed in silty-muddy seafloor, as indicated by 
the rock composition (FSD), but probably at different depths of the 
inner shelf (Figure 6). The presence of a strong valve dentition, nar-
row ribs, and an elaborate ornamentation of valves in PplB organisms 
indicates that they probably lived in shallower depths of the inner shelf 
where moderate to higher environmental energy levels were present. 

On the other hand, CPPB biofacies probably developed in deeper waters 
where low environmental energy prevailed. 

The presence of ammonoids that show little or no reworking indi-
cates an open shelf environment (Figure 6). Despite these organisms 
lived along the water column, it is known that only few ammonoids 
drift significantly after death (Batt, 1989; Tsujita and Westermann, 
1998). So, based on all that evidence we suggest that CB, PplB, CPPB 
and AMB biofacies indicates times of deeper water depths (transgres-
sion peaks; Appendix A and Figure 7).

Lithofacies evidence showed that the presence of alternated 
Isotropic Hummocky Cross-Stratification facies (StL1) and siltstone 
and mudstone facies (StL3) indicates periods of deposition at the 
inner shelf zone closer to the storm-wave base (Dumas and Arnott, 
2010; Appendix B1 and Figure 6). Shallower storm deposits that were 
closer to the fair-weather wave base are suggested by StL2 lithofacies 
(Dumas and Arnott, 2010; Appendix B1 and Figure 6). Finally for the 
Shell Marl lithofacies (SML), fossil associations (disarticulated bivalve 
shells, serpulids and echinoid fragments), erosional base strata, and a 
concordant orientation of bioclasts, suggest a mid-ramp depositional 
setting via gradual hydraulic concentration (Appendix B2 and Figure 6). 

CONCLUSIONS

Ten lithofacies, nine biofacies and three ichnofacies were recog-
nized and interpreted in San Juan Raya Formation. Development and 
replacement of biofacies and ichnofacies through time was based on 
the influence of several environmental factors: relative sea level change, 
sedimentation rate, water salinity and substrate consistency. Among 
these factors it appears that salinity variations were crucial for develop-
ing and replacement of some different biofacies.

Based on fossil and lithological evidences, the San Juan Raya 
Formation at Santa Ana Teloxtoc area corresponded to a shallow 
marine, open-coast, storm-dominated clastic system. Most of the 
biofacies and ichnofacies developed in foreshore (subtidal), shoreface, 
and inner shelf zones. 

The presence of Ostrea alicula (OaB), Isognomon lamberti (IsB) and 
gregarious serpulid (GSB) biofacies and Psilonichnus ichnofacies (PsI), 
reflect stressful environmental conditions with a lower sedimentation 
rate and different water salinity levels in the San Juan Raya Formation. 
Normal conditions in water salinity are represented by the rest of the 
biofacies and ichnofacies. 

Clastic input probably was relatively low during maximum expan-
sion of the Ostrea alicula (OaB), Isognomon lamberti (IsB) and Cardium 
cf. cottaldinum–Pholadomya cf. gigantea–Panope neocomiensis (CPPB) 
biofacies, because higher sedimentation rates inhibits adult the growth 
of oysters and other types of bivalves and also inhibits the establish-
ment of new larvae. On the other hand, the presence of Coral biofacies 
suggests times of constant sedimentation that prevented the formation 
of coral reefs. Also, the development of an increased shelf area below 
shallower deposits created a more extended environment for the pro-
liferation of infaunal trigonids (Pterotrigonia plicatocostata biofacies). 

Fossil evidence shows that minimum sea level events contained 
all the ichnofacies (Psilonichnus, Skolithos and Cruziana ichnofacies) 
and five from the nine biofacies (Ostrea alicula; Isognomon lamberti; 
Gregarious Serpulid; Cerithium bustamantii and Cerithium bustaman-
tii–Turritella minuta–Pyrazus maldonadoi biofacies). The presence of 
Psilonichnus ichnofacies corresponded to maximum regression peaks. 
Transgressive deepening stages are represented by four biofacies (Coral, 
Pterotrigonia plicatocostata, Cardium cf. cottaldinum–Pholadomya cf. 
gigantea–Panope neocomiensis and Ammonoid biofacies) and one 
ichnofacies (Cruziana ichnofacies).
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a)

b)

A1. Composite stratigraphic column measured on a bed-by-bed scale at Barranca San Lucas, south of Santa Ana Teloxtoc area. (a-b) stretch 1; (c) stretch 2; (d) stretch 
3; (e-f) stretch 4; (g) stretch 5; (h) stretch 6; (i) Key. Stratigraphic columns contain data about biofacies, ichnofacies, environmental conditions, salinity, sedimen-
tation rate and paleoenvironment distribution.
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A1. Composite stratigraphic column measured on a bed-by-bed scale at Barranca San Lucas, south of Santa Ana Teloxtoc area (continues). (a-b) stretch 1; (c) stretch 2; 
(d) stretch 3; (e-f) stretch 4; (g) stretch 5; (h) stretch 6; (i) Key. Stratigraphic columns contain data about biofacies, ichnofacies, environmental conditions, salinity, 
sedimentation rate and paleoenvironment distribution.

c)

d)
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A1. Composite stratigraphic column measured on a bed-by-bed scale at Barranca San Lucas, south of Santa Ana Teloxtoc area (continues). (a-b) stretch 1; (c) stretch 2; 
(d) stretch 3; (e-f) stretch 4; (g) stretch 5; (h) stretch 6; (i) Key. Stratigraphic columns contain data about biofacies, ichnofacies, environmental conditions, salinity, 
sedimentation rate and paleoenvironment distribution.

e)

f)
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g)

h)

A1. Composite stratigraphic column measured on a bed-by-bed scale at Barranca San Lucas, south of Santa Ana Teloxtoc area (continues). (a-b) stretch 1; (c) stretch 2; 
(d) stretch 3; (e-f) stretch 4; (g) stretch 5; (h) stretch 6; (i) Key. Stratigraphic columns contain data about biofacies, ichnofacies, environmental conditions, salinity, 
sedimentation rate and paleoenvironment distribution.
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B1. Cross-stratified sandstone and siltstone lithofacies (StL). (a) Hummocky cross-stratification sandstone (StL1): outcrop, (b) interpretation of Hummocky cross-
stratification sandstone lithofacies (StL1). (c) Swaley cross-stratification sandstone (StL2): outcrop, (d) swale, (e) sets of cross-stratification, (f) lenticular to planar 
strata of siltstone and some trapped muds (StL3): outcrop, (g) wood log.

i)

APPENDIX B

A1. Composite stratigraphic column measured on a bed-by-bed scale at Barranca San Lucas, south of Santa Ana Teloxtoc area (continues). (a-b) stretch 1; (c) 
stretch 2; (d) stretch 3; (e-f) stretch 4; (g) stretch 5; (h) stretch 6; (i) key. Stratigraphic columns contain data about biofacies, ichnofacies, environmental 
conditions, salinity, sedimentation rate and paleoenvironment distribution.
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B2. Other lithofacies present in San Juan Raya Formation at the Santana Teloxtoc Area. (a) Planar siltstone and mudstone lithofacies (PSM) outcrop; (b) lamina-
tions; (c) Calcareous and muddy Debris flow lithofacies (DF), muddy debris flow bed; (d) shell debris at the top of stratum; (e) articulated bivalves; (f) Shell marl 
lithofacies (SML) outcrop; (g) packed bivalve coquina immerse in muddy massive matrix; (h) fossiliferous shale dominated lithofacies (FSD) outcrop; (i) bioclastic 
limestone lithofacies (BL) outcrop; (j) laminated mudstone lithofacies (LM), parallel laminations; (k) mudstone with sandstone lithofacies (MSL), flaser bedding.
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