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Jenkyns (1980)
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Abstract

Oceanic Anoxic Events (OAEs) are interpreted as brief episodes of oxygen-depleted conditions in the global ocean that resulted 
from profound perturbations in the carbon cycle. These events favored widespread deposition of organic carbon-rich sediments and 
the subsequent formation of hydrocarbon source rocks. The most important of these events for the Cretaceous period are the globally 
recognized OAE 1a (early Aptian, Selli event), the OAE 2 (Cenomanian/Turonian boundary, Bonarelli event), and the Atlantic-restricted 
OAE 3 (Coniacian/Santonian boundary). In Mexico, several sedimentary successions of these ages are proved hydrocarbon source 
rocks and potential targets for oil and gas shale exploration; however, in most cases, it is unknown how these global events influenced 
redox conditions under which they were deposited. In general, there is little research to document and characterize properly these 
events. This work exposes and analyzes the current state of the study of these events in Mexico, and proposes new stratigraphic units 
to prospect and methodologies for further studies. The OAE 1a has been isotopically constrained in the northeastern part of the country 
within sediments with high organic carbon content in the lowermost part of the La Peña Formation. However, recent research suggests 
that the base of the La Peña Formation seems isochronous and younger than the OAE 1a. Accordingly, this event must be recorded 
in the underlying sediments of the Cupido/Lower Tamaulipas formations. Because of its age and lithostratigraphic features, the Agua 
Salada Formation of the Lampazos Platform also seems to be linked to this event. The OAE 2 has been documented in northeastern 
Mexico in the Agua Nueva and Indidura formations, and in southern Mexico in the uppermost part of the Morelos Formation. Trace 
metal enrichment in these rocks indicates that the emplacement of the Caribbean plateau probably played an important role in the 
record of this anoxic event across Mexico. Poorly oxygenated conditions during the Cenomanian/Turonian in northeastern México 
lasted until the early Coniacian. Other stratigraphic units that probably record this event are the Agua Nueva, Eagle Ford, Soyatal, and 
Maltrata formations. The record of the OAE 3 remains unknown. We hypothesize that Coniacian/Santonian Mexican paleogeography 
and sedimentary pattern could trigger at least intermittent anoxic/dysoxic conditions favorable for organic carbon burial, and suggest 
searching for these conditions in the San Felipe, Indidura or Austin formations.

Keywords: Cretaceous organic-carbon-rich sediments, Oceanic Anoxic Events (OAEs), Mexico, hydrocarbon source rocks, stable 
carbon isotopes.

Resumen

Los Eventos Anóxicos Oceánicos (OAEs, por sus siglas en inglés) corresponden a breves periodos en los que predominan condiciones 
empobrecidas en oxígeno disuelto en el océano global como resultado de profundas transformaciones en el ciclo del carbono. Estos 
eventos favorecieron el depósito de sedimentos ricos en carbono orgánico y la subsiguiente formación de rocas generadoras de 
hidrocarburos. Los eventos más importantes que tuvieron lugar durante el Cretácico son los globalmente reconocidos: OAE 1a (Aptiano 
temprano, evento Selli), OAE 2 (límite Cenomaniano/Turoniano, evento Bonarelli), y el OAE 3 (límite Coniaciano/Santoniano) restringido 
a la cuenca del océano Atlántico. En México, numerosas unidades estratigráficas depositadas durante el tiempo de ocurrencia de estos 
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1. Introduction

The Cretaceous period represents a time of profound 
transformations in the history of the planet with significant 
implications in the course towards current conditions. 
Some of the major episodes of environmental change in 
the ocean-atmosphere system occurred during the so-called 
Oceanic Anoxic Events (OAEs). They were short-lived 
episodes (<1 My) of global marine anoxia that in some cases 
resuted in widespread organic carbon burial (Schlanger 
and Jenkyns, 1976; Arthur and Schlanger, 1979; Jenkyns, 
1980; Arthur et al., 1990). Such events were the result 
of important chemical changes in the Cretaceous ocean 
related to perturbations in the carbon cycle. The study of 
the sedimentary, geochemical and biological records of 
these goes back over 30 years (Schlanger and Jenkyns, 
1976; Arthur and Schlanger, 1979), with the Deep Sea 
Drilling Project (DSDP) and the Ocean Drilling Program 
(ODP). These research programs provided geological data 
for investigations related to the evolution of the Mesozoic 
oceans. Numerous subsequent investigations focused on 
pelagic and hemipelagic sediments of the Paleo-Tethys 
Ocean improved high resolution definition of age and 
duration of these events, explored the environmental 
changes under which they took place, and detected regional 
and local variations that affected their occurrence (Menegatti 
et al., 1998; Erba et al., 1999; Leckie et al., 2002; Hofmann 
et al., 2003; Weissert and Erba, 2004; Lamolda and Paul, 
2007; Mort et al., 2007; Millán et al., 2009; Moreno-Bedmar 
et al., 2009, 2012a; Bover-Arnal et al., 2010; Westermann 
et al., 2010; Keller et al., 2011; Föllmi, 2012; Eldrett et al., 
2014, and others referenced in this paper). 

The importance of recognizing and studying such 
Cretaceous events resides in the fact that, along with the 
Jurassic OAEs, they are responsible for the generation of 
more than 50 % of the global hydrocarbons (Klemme and 
Ulmishek, 1991).

In Mexico, important hydrocarbon source rocks were 
deposited during the Cretaceous OAEs; however, research 
documenting and characterizing such events is scarce. In 
part, this situation is due to a shortage of biostratigraphic and/
or geochronologic studies, which prevents the construction 
of a proper time framework and the identification of 
distinctive stratigraphic levels coeval with these events. In 
some cases a later diagenetic overprint related to tectonic 
deformation further complicates identification by disturbing 
the primary geochemical signatures of these events.

In this paper, we discuss the current state of study of 
the major Cretaceous OAEs in Mexico based on available 
literature. The examination of this information highlights 
inconsistencies and agreements between the existing records 
and allows identifying critical unresolved questions. We 
also propose a way to tackle the problematic issues and 
listed stratigraphic units with minor reports of high organic 
carbon content and/or poorly oxygenated conditions 
potentially linked to these OAEs. This contribution 
summarizes and integrates this knowledge, so that it 
provides a comprehensive view of the major Cretaceous 
OAEs in Mexico. It aims to be a starting point to search for 
new records of such events. This study seeks to contribute 
to a better understanding of the development of poorly 
oxygenated conditions associated with the deposition of 
hydrocarbon source rocks, and thus it can assist in evaluating 
potential exploration opportunities.

eventos son rocas generadoras de hidrocarburos y potenciales objetivos de exploración para petróleo y gas. Sin embargo, en la mayoría 
de los casos no es clara la forma en que estos eventos influyeron en las condiciones redox bajo las cuales tuvo lugar su depósito. En 
general, son pocas las investigaciones que documentan y caracterizan apropiadamente estos eventos. Este trabajo expone y analiza 
el estado actual de estudio de estos eventos en México y propone nuevas localidades y unidades estratigráficas a prospectar, así como 
metodologías a aplicar en futuros estudios. El OAE 1a se ha definido isotópicamente en el noreste de México en los sedimentos con alto 
contenido de carbono orgánico de la parte inferior de la Formación La Peña. Sin embargo, estudios recientes indican que la base de 
esta unidad parece ser isocrónica y asignable a una edad más joven que la definida para el OAE 1a. En consecuencia, esta investigación 
propone que es probable que el registro de dicho evento se encuentre en las formaciones subyacentes Cupido/Tamaulipas Inferior. Por 
su edad y características litológicas, la Formación Agua Salada de la Plataforma de Lampazos también parece estar ligado a este 
evento. El OAE 2 ha sido documentado en el noreste de México en las formaciones Agua Nueva e Indidura, y en el sur de México en 
la parte superior de la Formación Morelos. El enriquecimiento en metales traza de estas unidades indican que el emplazamiento de la 
plateau del Caribe desempeñó un papel clave en el registro de este OAE a lo largo del país. Las condiciones empobrecidas en oxígeno 
durante el Cenomaniano/Turoniano persistieron en el noreste de México hasta el Coniaciano temprano. Otras unidades estratigráficas 
cuyo estudio parece prometedor para encontrar el OAE 2 son las formaciones Agua Nueva, Eagle Ford, Soyatal y Maltrata. Aunque el 
registro del OAE 3 es aún desconocido, es posible considerar que la paleogeografía y el patrón sedimentario durante el Coniaciano/
Santoniano pudieron al menos originar condiciones anóxicas/disóxicas intermitentes, favorables para el enterramiento de materia 
orgánica. Se sugiere la búsqueda de este evento en las formaciones San Felipe, Indidura o Austin.

Palabras clave: Sedimentos cretácicos enriquecidos en carbono orgánico, eventos anóxicos oceánicos (OAEs), México, rocas 
generadoras de hidrocarburos, isótopos estables de carbono.
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2. A brief look at the major Cretaceous OAEs

The Mesozoic DSDP and ODP record mostly comprises 
Cretaceous sedimentary rocks, which is why OAEs were 
originally described from deposits of this age (Schlanger 
and Jenkyns, 1976; Arthur and Schlanger, 1979; Jenkyns, 
1980). From their conception, the OAEs were linked to the 
deposition of organic carbon-rich sediments (mostly referred 
to as black shales) acting as hydrocarbon source rocks and 
commonly related to giant oil-field reservoirs (Arthur and 
Schlanger, 1979). The causes of enhanced synchronous 
organic matter sequestration by sediments during OAEs are 
thought to be the result of complex feedback mechanisms 
such as sea level rise, increase in oceanic crust production 
and CO2 outgassing, emplacement of large igneous 
provinces, high surface ocean temperature, acceleration of 
the hydrological cycle, changes in ocean circulation patterns 
and, enhanced marine productivity (Sinton and Duncan, 
1997; Leckie et al., 2002; Mort et al., 2007; Méhay et al., 
2009; Keller et al., 2011; Föllmi, 2012). These components 
controlled production and preservation of organic matter 
in sedimentary environments and resulted in characteristic 
sedimentary features, carbon isotope patterns and trace 
element enrichment; signatures that can be traced in the 
sedimentary record. Its is noteworthy that regional or local 
conditions have the potential to modify these records.

Several OAEs occurred during the Cretaceous, 
particularly during the Barremian-Santonian interval; 
Figure 1A (Leckie et al., 2002; Jenkyns, 2010; Föllmi, 
2012). However, the most studied OAEs due to the 
distribution of their record, duration, global impact on the 
ocean-atmosphere system, and importance for hydrocarbons 
production, are (a) the early Aptian OAE 1a (Selli event), 
(b) the Cenomanian/Turonian boundary OAE 2 (Bonarelli 
event), and (c) the Coniacian/Santonian boundary OAE 3. 
They are classically recognized by the presence of a long-
term positive δ13C excursion that can be predated by a short-
lived negative spike. The positive carbon isotope excursions 
are related with a heightened 12C removal from seawater 
resulting from the enhanced burial of organic carbon in 
marine sediments during episodes of high productivity 
(Ingall et al., 1993; Leckie et al., 2002; Jarvis et al., 2006; 
Mort et al., 2007). The negative carbon isotope excursions 
are commonly linked to a rapid release of isotopically light 
carbon into the ocean-atmosphere system either to organic 
matter decomposition or CO2 degassing associated with 
volcanism and/or massive methane release from clathrates 
(Beerling et al., 2002; Jahren, 2002; Méhay et al., 2009).

The OAE 1a was included in the initially described OAE 
1 occurring from late Barremian through middle Albian 
(Schlanger and Jenkyns, 1976; Arthur and Schlanger, 1979; 
Jenkyns, 1980). It was not until Arthur et al. (1990) that the 
OAE 1a was recognized as an isolated event in the early 
Aptian. This event is associated with increased marine 

productivity, a sea-level rise, a major episode of drowning 
of carbonate platforms, and a widespread nannoconid crisis 
(Erbacher et al., 1996; Menegatti et al., 1998; Weissert 
and Erba, 2004; Millán et al., 2009; Föllmi, 2012). It has 
a temporal relationship with (a) the onset of the long-term 
mid-Cretaceous greenhouse, which prompted high rates of 
continental runoff and nutrient supply (Jones and Jenkyns, 
2001; Leckie et al., 2002; Weissert and Erba, 2004), and 
(b) the initiation of an interval of increased submarine 
volcanism in the Pacific ocean related to the emplacement of 
the Ontong Java-Manihiki plateau, which stimulated marine 
productivity through the hydrothermal input of biolimiting 
metals (e.g. Fe, Co, Mn, Cu, Zn, Se) (Larson, 1991; Jones 
and Jenkyns, 2001; Jahren, 2002). Currently, the proper way 
to record this event is by identifying the distinctive segments 
of Menegatti et al. (1998), which are characteristic long-
term carbon isotope trends linked to different disturbances 
in the global carbon cycle during the late Barremian/Aptian. 
According to this global standard pattern, the onset of OAE 
1a is marked by a sharp negative δ13C excursion (segment 
C3) followed by an abrupt and prolonged positive δ13C 
excursion (segments C4 to C6) (Erba et al., 1999; Leckie 
et al., 2002; Millán et al., 2009; Bover-Arnal et al., 2010; 
Najarro et al., 2011; Moreno-Bedmar et al., 2012a). 

The OAE 2 is the most widespread and best defined OAE 
of the Cretaceous OAE. The anoxic conditions developed 
during this event are interpreted as the consequence of 
enhanced marine productivity due to iron fertilization 
prompted by the emplacement of the Caribbean large 
igneous province (Sinton and Duncan, 1997; Snow et al., 
2005). According to Mort et al. (2007), an active mechanism 
that sustained marine productivity during the OAE 2 was the 
recycling of P and other nutrients from sediments overlain 
by anoxic waters. The Bonarelli event is traditionally 
associated with a broad positive carbon isotope excursion 
(Schlanger and Jenkyns, 1976; Jenkyns, 1980; Snow et 
al., 2005; Jarvis et al., 2006; Westermann et al., 2010). 
Other investigations report the occurrence of a small abrupt 
negative carbon isotope excursion predating the positive 
shift in δ13C (Hasegawa and Saito, 1993; Erbacher et al., 
2004; Kuroda et al., 2007).

The less studied among the Cretaceous OAEs is the 
OAE 3 (Jenkyns, 1980; Arthur et al., 1990; Hofmann et al., 
2003). It is the longest of the OAEs and, unlike OAE 1a and 
OAE 2, its record is regionally limited and characterized 
by a moderate positive δ13C excursion. Organic carbon-rich 
sediments related to this OAE have been documented on 
both sides of the Atlantic Basin (Wagner et al., 2004). This 
distribution was likely influenced by the deepening and 
widening of the connection between the Central and South 
Atlantic, and the free exchange between deep and surface 
water masses during the Coniacian/Santonian (Wagner and 
Pletsch, 1999; Pletsch et al., 2001; Wagner et al., 2004). As  
result, restricted epicontinental basins developed along the 
upper continental margins of the Atlantic Basin, together 
with an oxygen minimum zone favoring the preservation of 
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rich organic sediment (Dean et al., 1984; Erlich et al., 1999). 

3. Major Cretaceous OAEs in Mexico: current state 
and discussion

3.1. The OAE 1a (Selli event)

Research regarding the OAE 1a has focused on the 
pelagic Barremian/Aptian succession of northeastern 
Mexico. Although the δ13C signal of this event was 
identified, little effort has been done in order to study its 
effects on the Mexican Sea. Critical questions that remain 
unanswered are those related to (a) the redox regime, 
(b) changes on the water chemistry, and (c) impact on 

the carbonate platform development. A multi-proxy 
investigation based on sedimentary, paleontological and 
geochemical proxies could provide answers to these 
questions. Given that the Aptian-Albian is a time interval 
containing hydrocarbons source rocks in some wells across 
northern Mexico (Monreal and Longoria, 2000), answering 
these questions is also important in order to increase the 
knowledge of the hydrocarbon system.

Early studies related to the known (at that time) OAE 1 
were conducted by Scholle and Arthur (1980) at cretaceous 
organic carbon-rich pelagic limestones of the Sierra Madre 
Oriental exposed at Peregrina Canyon and rancho Jacalitos 
(Tamaulipas and Nuevo León states, respectively; Figures 
1B and 2). These authors identified a positive carbon 
isotope excursion (δ13Ccarb = ~1.5 ‒ 2.0 ‰) near the Aptian/

Figure 1. A. Cretaceous Oceanic Anoxic Events (OAEs) of the Barremian-Santonian interval. Approximate absolute-age durations are from Ogg et al. 
(2004) and Wagner et al. (2004). Three major events are in bold and red. B. Stratigraphic correlation chart of the areas mentioned in this investigation. 
Sources: Sierra Madre Oriental : Goldhammer (1999); Parras Basin: Lehmann et al., (1999); Sabinas Basin: Eguiluz-de Antuñano and Amezcua (2003); 
Burgos Basin: Salvador and Quezada-Muñetón (1989); Lampazos Platform: Monreal and Longoria (2000), Santa María-Díaz and Monreal (2008); 
Guerrero-Morelos Platform: Hernández-Romano et al. (1997), Aguilera-Franco (2003), Elrick et al. (2009); Tampico-Misantla Basin: López-Doncel 
(2003); Valles San Luis Potosí Platform: López-Doncel (2003), Omaña (2011); Veracruz Basin: Ortuño-Arzate et al. (2003).
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Albian boundary that assigned to this event. At Peregrina 
Canyon, the δ13C anomaly is predated by an interval with 
high total organic carbon (TOC) content (up to ~0.8 %; 
~3 ‒ 4 × background) (Figure 3A). Unfortunately, they 
failed to mention about the exact lithostratigraphic position 
of such anomaly. It was not until the study of Bralower 
et al. (1999) that the first report of the OAE 1a occurred. 
They studied the carbon isotope record of four Barremian/
Aptian localities in northeastern Mexico. The most complete 
record of the OAE 1a was found in the Santa Rosa Canyon 
section, in the leading edge of the Sierra Madre Oriental 
thrust and fold belt (Nuevo León State; Figures 1B and 2). 
The Barremian/Aptian exposed succession of such section 
corresponds to the lime mudstones with chert nodules 
of the Lower Tamaulipas Formation and the overlying 
intercalation of marls and mudstones of the La Peña 
Formation. The former is the basinal equivalent of the 
shallow-water skeletal limestones of the Cupido Formation, 
which represents a carbonate platform with the same name 
that developed around the Coahuila block. Bralower et 
al. (1999) constructed an organic carbon isotope (δ13Corg) 
curve for Santa Rosa and compared it to the curve of 
Peregrina Canyon developed by Scholle and Arthur (1980). 

Based on this comparison, these authors reinterpreted 
the chronostratigraphic position of the latter, defined the 
segments of Menegatti et al. (1998), and identified the 
OAE 1a at Peregrina Canyon (Figure 3B). At Santa Rosa, 
the OAE 1a consists of a positive δ13C shift about 2.0 ‰ 
predated by a ~1.5 ‰ negative spike toward the base of the 
La Peña Formation (Figure 3C). This stratigraphic interval 
is also characterized by a two-fold increase in TOC (2 ‒ 3 
%). Later, Li et al. (2008) resampled in greater detail the 
Santa Rosa Canyon section, and developed a new δ13Corg 
curve with a new position of the OAE 1a. According to 
their results, this event is located between the uppermost 
part of the Lower Tamaulipas Formation and the base of 
the La Peña Formation (Figure 3D). Besides the isotope 
data, Bralower et al. (1999) and Li et al. (2008) constrained 
their δ13Corg curves through the determination of planktonic 
foraminifera and calcareous nannofossil biozones. Based on 
the magnetostratigraphic data of Clement et al. (2000), Li 
et al. (2008) also suggested that OAE 1a lasted ~1.28 My, 
being its record at Santa Rosa a relatively expanded OAE 
1a succession.

The investigations of Bralower et al. (1999) and 
Li et al. (2008) might be questionable considering that 

Figure 2. A. Sketch map of México. Boxed area is shown in detail in B. B. Location of paleogeographic elements and localities related to the record of the 
major Cretaceous OAEs. BB = Burgos Basin, CB = Coahuila Block, GMP = Guerrero-Morelos Platform, LP = Lampazos Platform, PB = Parras Basin, 
SB = Sabinas Basin, TMB = Tampico-Misantla Basin, VSLP = Valles-San Luis Potosí Platform, VB = Veracruz Basin. Sources: Goldhammer (1999); 
Lehmann et al. (1999); Lawton et al. (2001); López-Doncel (2003); Ortuño-Arzate et al. (2003).



Núñez-Useche et al.496496

they sampled separate segments instead of a continuous 
stratigraphic section, with a lack of data for ~7 m at the 
Lower Tamaulipas/La Peña contact, immediately above 
the negative δ13C spike of Li et al. (2008) (Figure 3D). 
Considering the ammonite biostratigraphy (the most 
accurate for the Aptian to date), a misidentification of the 
OAE 1a at Santa Rosa Canyon section is indeed highly 
possible. Although there is no ammonite database for the 
La Peña Formation of Santa Rosa, if we consider that 
the base of this formation is isochronous and assignable 
to the Dufrenoyia justinae Zone (Barragán-Manzo and 
Méndez-Franco, 2005; Barragán and Maurrasse, 2008; 
Moreno-Bedmar et al., 2011; 2012b; Moreno-Bedmar 
and Delanoy, 2013), we can infer that the lowermost part 
this unit at Santa Rosa Canyon section also belongs to this 
ammonite zone. At La Boca and the Huasteca Canyon 
sections (Nuevo León State; Figure 2), close to Santa Rosa 
Canyon, the ammonite record of the lowermost part of the La 
Peña Formation also starts in the Dufrenoyia justinae Zone 
(Cantú-Chapa, 1976; Barragán-Manzo and Méndez-Franco, 
2005; Barragán and Maurrasse, 2008). In the ammonite 
Mediterranean biostratigraphic scheme of Reboulet et al. 
(2014), this Mexican ammonite zone is representative of 
the uppermost part of the late early Aptian Dufrenoyia 
furcata Zone. Therefore, it is likely that the base of the La 
Peña Formation at Santa Rosa section has a younger age 
than the OAE 1a event, commonly restricted to the early 
Aptian Deshayesites forbesi Zone (Moreno-Bedmar et al., 

2009; 2012a; Najarro et al., 2011; Bover-Arnal et al., 2010; 
Gaona-Narvaez et al., 2013). Hence, the OAE 1a should 
be located within the Lower Tamaulipas Formation (or the 
Cupido Formation) instead of the La Peña Formation (or the 
time-equivalent Otates Formation consisting of shaly and 
organic-rich limestones) (Figure 4). This situation would 
imply that the deposition of the Cupido Formation lasted 
beyond the early Aptian and probably the Cupido Platform 
survived the OAE 1a. 

If the previous scenario is correct, what is the significance 
of the organic carbon-rich sediments at the base of the La 
Peña Formation? Such levels with high TOC have been 
reported at the Francisco Zarco dam section (Durango State; 
Figure 2) (Barragán, 2001) and La Huasteca section (Nuevo 
León State; Figure 2) (Barragán and Maurrasse, 2008). In 
both places, the La Peña Formation also starts within the 
Dufrenoyia justinae Zone. This interval has been correlated 
by Millán et al. (2009) and Skelton and Gili (2012) with 
TOC-enriched sediments of the base of the Lareo Formation 
(Dufrenoyia furcata Zone) from the Basque-Cantabrian 
basin in Spain, and corresponding to the so-called Aparein 
level. It is a new OAE occurring in the upper part of the early 
Aptian, associated with a carbonte platform termination. As 
suggested for the Aparein level by Millán et al. (2009), the 
TOC-enriched levels at the base of the La Peña Formation 
may represent the last period of dysoxia/anoxia at the top 
of the early Aptian (Bralower et al., 1994; Föllmi, 2012).

On the other hand, it is noteworthy that magneto-

Figure 3. Record of the OAE 1a in Mexico. Stratigraphic sections showing the geochemical and biostratigraphic data used for its definition. A. Peregrina 
Canyon section (Scholle and Arthur, 1980). B. Peregrina Canyon section (Bralower et al., 1990). In the interpretation of Bralower et al. (1999) of the 
curve by Scholle and Arthur (1980), the segments C4 to C6 were not individually identified; therefore the isotope end of the OAE 1a was not determined. 
C, D. Santa Rosa Canyon section (Bralower et al., 1999 and Li et al., 2008, respectively).
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stratigraphic and micropaleontological data support 
the presence of the OAE 1a at the base of the La Peña 
Formation. In this regard, a characteristic interval link to 
the record of the OAE 1a that both Bralower et al. (1999) 
and Li et al. (2008) documented at the base of the La Peña 
Formation is the nannoconid crisis interval. In this case, 
our supposition might be wrong and key topics such as 
the isochronism/diachronism of the La Peña Formation 
and the correspondence between planktonic foraminifera, 
calcareous nannofossil and ammonite biozones have to be 
strongly addressed. 

In order to answer these questions, further carbon isotope 
and biostratigraphic/magnetostratigraphic studies must 
be conducted in the Lower Tamaulipas(Cupido)/La Peña 
formations. The age of the demise of the Cupido Platform 
(the Cupidito facies) should be determined along with a 
precise identification of the segments of Menegatti et al. 
(1998). For instance, these tasks could be undertaken in 
the lowermost 7 m of the La Peña Formation at the Santa 
Rosa Canyon section. A properly constrained C-isotope 
curve is key to identify the signal of global and regional/
local events. Given the nature of nearshore deposits of the 
Cupido Formation along with diagenetic processes that 
could mask the primary geochemical signal (e.g. fresh-water 
input, elevated evaporation rates), the Lower Tamaulipas 
Formation seems to be a suitable candidate for carbon 
isotope studies. In the search for the record of anoxic/
dysoxic conditions, an interesting new approach could be 
the study of oxygen levels from the fossil assemblage and 

trace element data. Thus, these redox regimes would not 
only be recorded but could also be deciphered in terms 
of their global and/or local effects. On the other hand, if 
the Aparein level was precisely located, it will be its first 
record outside Europe, implying a wider paleogeographic 
extension for this event, and supporting its probable use as 
a chemostratigraphic marker.

3.1.1. Other reports and prospects for further studies
Lampazos Platform: Monreal and Longoria (2000) 

correlated the OAE 1a (as defined by Bralower et al., 1999 
at Santa Rosa Canyon) with the base of the Agua Salada 
Formation of the Lampazos Platform (Figures 1B and 2). 
This unit is characterized mainly by calcareous shale and 
limestone beds consisting of pelagic skeletal wackestones 
and floatstones. It is important to mention that the re-
assignment of the middle part of the Agua Salada Formation 
to the early Aptian, as well as the presence of black shales in 
its lower part (which may be the lithologic expression of the 
anoxic episode), support the hypothesis of the base of this 
unit recording the OEA la (González-León, 1988; Monreal 
and Longoria, 2000; Santa María-Díaz and Monreal, 2008). 
The occurrence of the ammonite Dufrenoyia justinae in 
the upper part of the unit at Rancho Agua Salada section 
(Sonora State; Figure 2) (González-León, 1988) does not 
exclude this possibility.

3.2. The OAE 2 (Bonarelli event)

This OAE is the most documented and studied in Mexico 
and elsewhere. The record of the OAE 2 has been reported 
in southern, central and northern Mexico (Scholle and 
Arthur, 1980; Duque-Botero and Maurrasse, 2004; Ifrim, 
2006; Blanco-Piñón et al., 2008, 2014; Rojas-León et al., 
2008; Duque-Botero et al., 2009; Elrick et al., 2009; Blanco 
et al., 2010, 2011; Ifrim et al., 2011). The interest in studying 
this event lies in the fact that several Cenomanian/Turonian 
rocks are proved or potential prolific hydrocarbon source 
rocks. Despite this, the genetic link of the OAE 2 with these 
rocks in several basins is still poorly understood.

3.2.1. Northeastern Mexico
At Peregrina Canyon (Figure 2), within the hemipelagic 

limestones and shaly limestones (mudstones and 
wackestones) of the Agua Nueva Formation, Scholle and 
Arthur (1980) found a positive shift in δ13C values of 
cabonates of ~1.5 ‰ spanning almost the entire Turonian, 
which was interpreted as the geochemical signature of the 
OAE 2 (Figure 5A). This positive δ13C excursion overlaps 
partly with an organic carbon-rich interval (up to 2.5 %, 
about 10 ‒ 12 × background values). 

Recent studies focused on the Agua Nueva Formation 
have linked its informal Vallecillo Member (Blanco-Piñón, 
2003), a Konservat-Lagerstätten deposit, to the OAE 2 
occurrence (Blanco-Piñón, 2003; Ifrim, 2006; Ifrim et al., 
2011). At Vallecillo section (Nuevo Léon State; Figure 

Figure 4. Aptian lithostratigraphy of northeastern México correlated with 
the standard Mediterranean ammonite zonation (pro parte) and the Mexican 
ammonite zonation. The red rectangle marks the current age calibration 
of the OAE 1a. Note that based on ammonite biostratigraphy, the base of 
the La Peña formation is younger than the OAE 1a.
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2), this member is characterized by laminated marly 
limestones to plattenkalk with abundant and very well 
preserved fish fossils. At Las Mitras section (Nuevo León 
State; Figure 2), the base of this member is a black shale 
level. Ifrim (2006) constrained the age of the Vallecillo 
Member to the latest Cenomanian/early Turonian time 
interval through ammonite, inoceramid and planktonic 
foraminifera biostratigraphy. This author unsuccessfully 
searched for the carbon isotope signal of the OAE 2 in 
both the Vallecillo and Las Mitras sections. According 
to him, such task was not possible due to the existence 
of a diagenetic overprint evidenced by a clear negative 
correlation between δ13C and δ18O values. In this regard, 
we recommend further efforts to find the carbon isotope 
signature of this event, including a characterization of the 
TOC content. It is possible that the characteristic inflection 
point in the δ13C curve at the Vallecillo section that marks 
the onset of the OAE 2 is recorded in a lower stratigraphic 
position, considering that such point occurs in an older 
planktonic foraminifera biozone (Rotalipora cushmani) 
than that recorded at the base of the Vallecillo section 
(Whiteinella archaeocretacea). Ifrim (2006) interpreted the 
presence of pyrite framboids with the same morphology 
and uniform size of around 2 µm in the Vallecillo Member 
as a sign of anoxic pore-water conditions with high H2S 
content. Strong depletion in Mn and remarkable peaks of Cu, 
Ni and Zn also portray poorly oxygenated settings. Based 
on the fossil assemblage distribution, this author proposed 
that the onset of the oxygen depletion above the seafloor 
began in the late Cenomanian and reached the seafloor in 

the latest Cenomanian as result of the vertical expansion of 
the oxygen minimum zone.

Duque-Botero and Maurrasse (2004) and Duque-
Botero et al. (2009) examined the Cenomanian/Turonian 
stratigraphic interval of the Indidura Formation in several 
stratigraphic sections from the Parras Basin at the Coahuila 
State (Figure 1B). This unit consists mainly of pelagic 
mudstones to wackestones and intercalated shales. At the 
base of the Parras de la Fuente section (Figure 2), within 
the identified CC10 (containing the Cenomanian/Turonian 
boundary) and the lower part of the CC11 calcareous 
nannoplankton biozones, these investigations documented 
a positive δ13C anomaly up to ~2 ‰ in organic carbon that 
related to the OAE 2 (Figure 5B). This interval comprises 
~15 ‒ 16 m and does not exhibit high TOC (0 ‒ 1.5 %); 
however, it records redox indices [(V/(V+Ni), V/Cr and 
Mo content)] that reveal oxygen-depleted conditions at the 
time of its deposition.

According to Duque-Botero et al. (2009), poorly 
oxygenated conditions favoring the deposition of organic 
carbon-rich sediments in northeastern Mexico prevailed 
during the Cenomanian/Turonian and lasted for about 4 
million years (that is, until the Coniacian). Therefore, such 
conditions also influenced the deposition of the Indidura 
Formation. As it is attested by the cyclic laminations 
of bacterial microspheres, interpreted as blooms of 
cyanobacteria, these conditions resulted from intense 
primary productivity associated with periodic incursions 
of riverine Fe-rich waters. Accordingly, Ifrim (2006) 
suggest that although the uppermost water layers became 

Figure 5. Record of the OAE 2 in Mexico. Stratigraphic sections showing the geochemical and biostratigraphic data used for its definition. A. Peregrina 
Canyon section (Scholle and Arthur, 1980). B. Parras de la Fuente section (Duque-Botero et al., 2009). C. Barranca el Cañón section (Elrick et al., 2009). 
Among the sections studied by Elrick et al. (2009) containing the carbon isotope expression of the OAE 2, only the Barranca el Cañón section is shown 
due to its completeness.
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oxygenated during the early Turonian, the bottom remained 
anoxic. Stinnesbeck et al. (2005) also pointed to the 
prevalence of poorly oxygenated conditions until the early 
Coniacian, based on the excellent preservation showed by 
a Turonian/lower Coniacian fossil assemblage (including 
vertebrate fossils with soft tissues) at El Rosario quarry 
(Coahuila State; Figure 2), in strata assigned to the Austin 
Formation of the Sabinas Basin (Figures 1B and 2). This 
unit consists of intercalated marl and limestone (chalk) 
deposited under open marine conditions.

3.2.2. Guerrero-Morelos Platform
The OAE 2 in southern Mexico was mentioned for the 

first time by Hernández-Romano et al. (1997) in a study of 
the Guerrero-Morelos Platform (Figures 1B and 2). These 
authors studied the Morelos and Mezcala formations at the 
Barranca del Tigre, Axaxacoalco and Zotoltitlán sections 
(Guerrero State; Figure 2). The Morelos Formation is 
composed of shallow-marine limestones that was part of an 
Albian/Cenomanian carbonate platform in southern Mexico. 
It is characterized by bioclastic and intraclastic limestones. 
On the other hand, the Mezcala Formation corresponds 
to interbedded hemipelagic limestones and siliciclastic 
turbidites. Based on the vertical distribution of microfossils 
(benthonic and planktonic foraminifera, calcareous algae 
and calcisphaerulids), the three sections were constrained 
to the middle Cenomanian/early Turonian time interval. 
These authors suggested that the OAE 2 caused, in part, 
the drowning of the platform, which occurred first in the 
western zone. According to their model, the expansion of 
an oxygen minimum zone related to an upwelling system 
along the Pacific side of the platform and the sea level rise 
during the latest Cenomanian/earliest Turonian, resulted 
in the invasion of oxygen-poor waters over the platform, 
disappearance of benthos, and shut down of the carbonate 
production. This is reflected by a drastic diminishing of 
benthic flora and fauna, and the appearance of an organism 
assemblage resistant to low oxygen levels from the Morelos 
Formation to the Mezcala Formation. This transition 
is also characterized by black, organic-rich, laminated 
sediments lacking bioturbation. A greater subsidence rate 
of the western portion of the platform also stimulated its 
demise. On the other hand, the platform termination in 
the eastern part occurred in the middle Turonian as result 
of the interplay of terrigenous-clastic supply and a new 
impingement of anoxic waters.

Elrick et al. (2009) also studied the Barranca del 
Tigre and Axaxacoalco sections and added them to their 
investigation of the Barranca el Cañón section (Guerrero 
State; Figure 2). Over a ~40 m-thick interval of the Morelos 
Formation containing the Cenomanian/Turonian boundary 
(in the three sections), they found an abrupt δ13C positive 
shift (3 – 4 ‰) in carbonates that related to the isotopic 
signature of the OAE 2 (Figure 5C). However, the sediments 
of this interval lack the typical features of oxygen-depleted 
conditions, such as TOC enrichment or laminated fabrics; 

instead, these rocks exhibit a bioturbated fabric reflecting a 
well oxygenated setting. Such redox regime was associated 
with the abundant supply of oxygen from the ocean surface-
atmosphere interface to the shallow-water sediments. The 
study of Elrick et al. (2009) not only resulted in the first 
isotopically constrained expression of the Bonarelli event 
in southern Mexico, but is also an important contribution 
to the poor database of this event in both the proto-Pacific 
area and carbonate platform settings. So far, the Mexican 
record of the OAE 2 at the Guerrero-Morelos Platform is 
one of the most stratigraphically expanded and contains 
one of the largest reported positive δ13C excursions to date.

Across the Mexican territory, the δ13C anomaly related to 
the OAE 2 has been interpreted as the response of seawater 
to the increase of iron caused by the emplacement of the 
Caribbean plateau. Such scenario is feasible since the area 
of volcanic eruptions (over the Galapagos hot spot) took 
place at a relatively short distance from Mexico (~2000 to 
4000 km according to the tectonic plate reconstruction of 
Wignall, 1994). Considering the model of surface circulation 
during Late Cretaceous (Barron and Peterson, 1990), 
and the Cenomanian/Turonian Mexican paleogeography 
(Goldhammer, 1999; Padilla y Sánchez, 2007), water 
masses carrying metals may have been transported to the 
Mexican Sea, thereby intensifying primary production and 
producing  δ13C positive values. For the Mezcala Formation, 
Snow (2003) measured the abundance of trace elements 
with short and long residence time in seawater and found 
concentrations consistent with the increase of magmatic 
and hydrothermal activities. According to Elrick et al. 
(2009), this hypothesis is also supported by the coincidence 
of strong peaks of trace elements at the onset of the δ13C 
excursion and at the end of the maximum positive excursion 
at the Barranca el Cañón. Duque-Botero et al. (2009) also 
suggest the influence of the Caribbean plateau volcanism on 
the Indidura Formation deposition; however, this relation is 
still poorly studied. Arguments supporting this scenario are: 
(1) the record of the effects of this activity on the positive 
δ13C excursion at the Rock Canyon section in the Western 
Interior Seaway (around 5000 km from the source) (Snow, 
2003; Snow et al., 2005), indicating that the Mexican Sea 
must have acted as a bridge and was also affected; and (2) 
the trace element abundances measured by Duque-Botero 
et al. (2009) coinciding with the end of the maximum 
δ13C positive excursion. In order to corroborate the link 
between the OAE 2 and the Caribbean plateau volcanic and 
hydrothermal activity, it is necessary to examine trace metal 
enrichment patterns of elements in other sections deposited 
at the Cenomanian/Turonian sections. 

Unlike the studies that have addressed the OAE 1a, 
those focused on the OAE 2 have looked into the causes 
of the drawdown in seawater oxygen concentrations and/
or the occurrence of the positive carbon isotope excursion; 
however, additional studies are still needed. Some of the 
promising stratigraphic units that could constitute the basis 
for further research are listed below. It is significantly 
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important to search for signs of submarine volcanic 
activity by measuring trace metal abundances. It allows 
to clarify the effects of this activity on sewater chemistry 
and Mexican carbonate platforms. In this task, useful 
proxies that could be included are the strontium (87Sr/86Sr) 
and osmium (197Os/186Os) isotope ratios. These isotope 
measurements will allow an accurate differentiation between 
the signatures of local weathering and global ocean crust 
production (Jones and Jenkyns, 2001; Leckie et al., 2002). 
Furthermore, 87Sr/86Sr ratios will help increasing the age 
control, especially in stratigraphic sections lacking a proper 
biostratigraphic age control.

3.2.3. Other references and prospects for further studies
Burgos and Sabinas basins: The Eagle Ford Formation 

of the Burgos and Sabinas basins (Figures 1B and 2) is a 
proved oil and gas source rock. This unit was deposited 
on a shallow-marine shelf at the southern end of the 
Western Interior Seaway (WIS) of North America, and is 
characterized by mixed siliciclastic-carbonate mudstones 
and shales. It has a TOC content of about 1 ‒ 4 % with 
mainly marine-derived organic matter (type II) (Escalera-
Alcocer, 2012). Within the frame of the current interest for 
non-conventional hydrocarbons, the Eagle Ford Formation 
is one of the top-ranked prospects in Mexico (EIA/ARI, 
2013). The OAE 2 recorded in the organic carbon-rich 
deposits of this unit has been recognized and characterized 
in Texas, USA (Kearns, 2011; Eldrett et al., 2014).

Tampico-Misantla Basin: Several studies report that 
the Agua Nueva Formation of the Tampico-Misantla 
Basin (Figure 1B) at the Xilitla section contains the record 
of the OAE 2 (Blanco et al., 2010, 2011; Blanco-Piñón 
et al., 2008, 2014; Rojas-León et al., 2008). The Xilitla 
section (San Luis Potosí State; Figure 2) consists mainly 
of intercalated hemipelagic mudstones and wackestones, 
shales and bentonites. Calcareous beds contain common 
fishes and inoceramids. The evidences of poorly oxygenated 
conditions near the seafloor during its deposition are: (a) total 
lack of bioturbation, (b) fine lamination of the sediments, 
(c) TOC up to 9.9 %, and (d) presence of framboidal pyrite. 
These investigations also found structures of algal/bacterial 
origin in both micritic matrix and pyrite laminae. Recently, 
Castañeda-Posadas et al. (2014) reported also the presence 
of brackish and fresh-water stomatocysts in laminated 
pyrite from Xilitla beds preserved under oxygen-deficiency 
conditions in a low energy environment. They proposed that 
the riverine input could be responsible for the delivery of 
this type of continental material to the marine realm. 

Valles-San Luis Potosí Platform: The base of the 
Soyatal Fomation in the western margin of the Valles-
San Luis Potosí Platform (Figures 1B and 2) has been 
assigned by Omaña (2011) and Omaña et al. (2013) to 
the latest Cenomanian/early Turonian through planktonic 
foraminifera. It is composed of dark calcareous limestones, 
marly limestones and shales, commonly interpreted as 
turbidite deposits. The analysis of several stratigraphic 

sections, mainly the Sierra de Álvarez section (Figure 
2), allowed these authors to determinate that changes in 
nutrient gradient across the El Abra/Soyatal formations 
was a determinant factor for the drowning of the Valles-San 
Luis Potosí Platform. This event was triggered by changes 
in the global sea-level and eutrophic conditions during the 
OAE 2. At the Cerritos section (Figure 2), these changes 
are evidenced by a pithonellid bloom associated with a 
microfossil assemblage indicative of low oxic–dysoxic 
bottom conditions (Omaña et al., 2014). 

Veracruz Basin: The deep-water facies of the Turonian 
Maltrata Formation of the Veracruz Basin (Figures 1B and 
2), and the tectonic front of the Córdoba Platform, are well-
known source rocks of hydrocarbons (González-García and 
Holguín-Quiñones, 1992; Ortuño-Arzate et al., 2003). This 
unit consists of dark limestones and shaly limestones with an 
average TOC content of 3 ‒ 4 % and marine-derived organic 
matter (type II) (Ortuño-Arzate et al., 2003).

3.3. The OAE 3

The OAE 3 has not yet been recognized in Mexico; 
however sediments linked to this OAE in America have 
been documented in Venezuela (Davis et al., 1999; Erlich 
et al., 1999; Crespo de Cabrera et al., 1999), Colombia 
(Vergara, 1997; Rangel et al., 2000), Surinam (Shipboard 
Scientific Party, 2002), Ecuador (Brookfield et al., 2009), 
and in areas rather close to Mexico such as Costa Rica and 
Panama (Erlich et al., 1996; 2003), and the Western Interior 
Seaway, USA (Bottjer and Stein, 1994; Dean and Arthur, 
1998). In most of these areas, the temporal distribution of 
black shales related to the OAE 3 indicates that it was not 
a single and distinct event, but several discrete episodes 
that occurred over a long time interval, from the Coniacian 
to the Santonian (Wagreich, 2012). Considering the basin 
conditions favorable for the development of the OAE 3 
in the aforementioned areas and the Coniacian/Santonian 
Mexican paleogeography and sedimentary pattern, we 
explore the possibilities of Mexican basins and stratigraphic 
units for recording this OAE.

Unlike the areas where the OAE 3 is documented, 
in Mexico there was not a restricted epicontinental sea 
during the Late Cretaceous. Although the Mexican 
Sea was separated from the Pacific Ocean by a large 
Cenomanian volcanic arc (Grajales-Nishimura et al., 1992; 
Goldhammer, 1999; Centeno-García et al., 2008) as result 
of a major eustatic sea level rise, it had a real connection 
with both the Atlantic (through the proto-Caribbean) and 
the Western Interior Seaway (McFarlan and Menes, 1991; 
Goldhammer, 1999). Such scenario may have allowed for 
the mixing of intermediate waters, reducing the possible 
occurrence of oxygen-depleted at the seafloor. However, 
a closer assessment of the Coniacian/Santonian Mexican 
Sea shows that it was not a broad unbroken depositional 
realm. This sea consisted of marine basins separated by 
relatively prominent topographic submerged/emerged 
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highs. In eastern Mexico, most of the basement high blocks 
that resulted from the opening of the Gulf of Mexico had 
been flooded and only persisted as shrunken islands that 
on top gave rise to isolated shelf carbonates. The karstic 
platforms of the Upper Guzmantla and the Upper Tamasopo 
formations were developed on the drowned and backstepped 
Córdoba and Valles San Luis Potosí platforms, respectively 
(Horbury et al., 2003). Further south, the Artesa-Nuevo 
Mundo and Chiapas platforms also remained high (Cros 
et al., 1998; Williams-Rojas and Hurley, 2001). On the other 
hand, in central Mexico the Laramide phase of deformation 
occurred between 90 and 65 Ma (Hernández-Jáuregui, 
1997; López-Oliva et al., 1998), and resulted in a foreland 
basin system to the east of the tectonic front, encompassing 
syntectonic sub-basins confined by positive topography 
(folds and overthrust faults). Together, these topographic 
highs (submerged or emerged) constituted paleobathymetric 
barriers that could have controlled (partially restricted) the 
exchange of bottom waters between basins and the open sea, 
thus favoring bottom dysoxic/anoxic conditions.

Widespread volcanic ash fall is characteristic of the 
Coniacian/Santonian time interval in the eastern and 
southern Gulf of Mexico, as evidenced by abundant 
bentonite beds interlayered with limestones and shales 
(Salvador, 1991; Padilla y Sánchez, 2007). This volcanic 
activity might increase nutrient availability in the ocean 
surface. Different investigations have determined that 
ash particles can supply large amounts of bio-available 
elements to the ocean such as Fe and other important 
nutrients (PO3

-4, Si, Zn, Mn, Ni, Co and Cu) (Frogner et 
al., 2001; Langmann et al., 2010). On the other hand, an 
increase of terrigenous input prompted by the presence 
of mountain blocks built by the Laramide orogeny could 
also enhance primary productivity. The magnified export 
of organic matter coupled with soil-derived nutrients can 
stimulate primary production and increase mid-water 
oxygen consumption (Erbacher et al., 1996; Leckie et al., 
2002). Furthermore, an enhanced continental runoff caused 
salinity stratification, which is another factor favorable for 
oxygen-drawdown (Arthur and Natland, 1979); however, 
associated processes such as massive fluvial outflow and 
turbidite sedimentation can cause mixing of intermediate-
deep waters with oxygenated surface waters (Erlich et al., 
2003), reducing the preservation potential of organic matter 
in the water column and on the seafloor.

The foregoing scenario allows the assumption that 
Coniacian/Santonian Mexican Sea likely developed oxygen-
depleted conditions related to the OAE 3; however, they 
must have been intermittent, disturbed by mixing with 
oxygenated waters (anoxic/dysoxic variations). One of the 
main hurdles to overcome in the search for these conditions 
is the volcanic and detrital supply that may have diluted 
carbonate and organic material, complicating the detection 
of the OAE 3. This is the case in the study of (a) the San 
Felipe Formation, deposited in almost the entire eastern and 
southern Gulf of Mexico Basin (Figure 1B) and consisting 

of shaly limestones, calcareous shales and abundant 
bentonite; (b) the Soyatal Formation (Valles-San Luis Potosí 
Platform; Figures 1B and 2); and (c) the Mezcala Formation 
(Guerrero-Morelos Platform; Figures 1B and 2). These 
stratigraphic units do not seem to be the most suitable for 
studying redox conditions. In the Formation,  TOC content 
above 1 % is a promising feature likely related to the OAE 
3. (González García and Holguín Quiñones, 1992). Given 
that this unit is a target for shale gas exploration (EIA/
ARI, 2013), an appropriate paleoredox study searching 
for possible links with OAE 3 is key to assisting the 
exploration. Furthermore, the presence of bentonite beds in 
this stratigraphic unit allow its radiometric dating (e.g. U/Pb, 
K/Ar, 40Ar/39Ar). For the Soyatal Formation is noteworthy 
that Omaña (2011) did not report foraminiferal evidence 
suggesting stressed poorly oxygenated conditions during 
the Coniacian/Santonian. According to this author, after the 
crisis suffered by planktonic foraminifera during the OAE 
2, the fossil assemblage from Turonian to late Santonian 
reflects normal conditions. Since in northeastern Mexico 
orogenic deformation and subsequent shift from carbonate 
to clastic deposition started in the early Campanian (Gray 
et al., 2001), the Indidura (Parras Basin; Figures 1B and 2) 
and Austin formations (Sabinas Basin; Figures 1B and 2) 
were less prone to detrital contamination. 

As previously mentioned, poorly oxygenated conditions 
during deposition of both units has already been proposed 
for the early Coniacian (Stinnesbeck et al., 2005; Duque-
Botero et al., 2009); however, similar redox conditions 
across the Coniacian/Santonian time interval (related to the 
OAE 3) have not been documented.

4. Conclusions 

The δ13C signal of the OAE 1a has been found in 
northeastern Mexico in the lower part of the La Peña 
Formation. Considering the ammonite data, it is probable 
that the OAE 1a has been misidentified and its record is 
present within the Cupido/Lower Tamaulipas formations. 
Sediments with high TOC content at the base of the La Peña 
Formation could correspond to the European Aparein level 
or represent the last pulse of dysoxia/anoxia that occurred 
at the top of the early Aptian. To clarify this situation are 
necessary new studies that calibrate the age of the Cupido 
(Lower Tamuilipas)/La Peña formational contact, and 
construct high-resolution carbon isotope curves throughout 
such interval. The Agua Salada Formation of the Lampazos 
platform is another promising unit to be examined searching 
for the record of this event.

The most documented and studied Cretaceous OAE 
in Mexico is the OAE 2. It is documented in the organic 
carbon-rich sediments of the Agua Nueva and Indidura 
formations in northeastern Mexico, and in the nearshore 
sediments of the Morelos Formation in southern Mexico. 
Although trace element concentrations of these records 
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suggest that the emplacement of the Caribbean plateau 
stimulated surface water productivity, thereby decreasing 
O2 availability and causing the positive δ13C excursion, it 
is important to search for new evidence of this activity. 
The Eagle Ford Formation (Burgos and Sabinas basins), 
the Agua Nueva Formation (Tampico-Misantla Basin), 
the Soyatal Formation (Tampico-Misantla Basin), and the 
Maltrata Formation (Veracruz Basin) are excellent prospects 
in which to document this event.

Although the OAE 3 has been reported in areas relatively 
close to Mexico, its record in this country is unknown. 
Even though the Coniacian/Santonian Mexican Sea was 
not a truly favorable setting for the record of this event, 
the paleogeography and the sedimentary pattern may have 
contributed at least to the development of intermittent 
anoxic/dysoxic conditions. The San Felipe (several 
basins), Indidura (Parras Basin) and Austin (Sabinas 
Basin) formations are candidates to study the record of 
such conditions.
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Abstract: In this work we discuss a proposed updated division of the C7 isotope segment of MENEGATTI 
et al. (1998). The new standard division of the segment C7 is based on a revision of published Barre-
mian-Aptian carbon isotope curves from stratigraphic sections of the Prebetic Domain in Spain. It 
includes four distinct isotopic subunits labeled C7a to C7d, with a characteristic negative carbon isoto-
pe excursion at the base of the segment and which correlates with the Dufrenoyia furcata ammonite 
Zone. The negative excursion is recognized on a regional extent, and the term Intra-Furcata Negative 
Excursion (IFNE) is proposed to identify it. We provide possible sites correlatable with the IFNE in both 
the Old and New worlds, which suggest its potential use as an even global chemostratigraphic marker 
for the Aptian record. 

Key Words: Aptian; C7 segment; negative carbon isotope excursion; Dufrenoyia furcata Zone. 
Citation : NÚÑEZ-USECHE F., MORENO-BEDMAR J.A., COMPANY M. & BARRAGÁN R. (2014).- A negative car-
bon isotope excursion within the Dufrenoyia furcata Zone: proposal for a new episode for chemostrati-
graphic correlation in the Aptian.- Carnets de Géologie [Notebooks on Geology], Brest, vol. 14, nº 6, p. 
129-137. 
Résumé : Une excursion négative de la courbe isotopique du carbone au sein de la Zone à 
Dufrenoyia furcata : proposition pour un nouvel épisode permettant la corrélation chimoi-
stratigraphique dans l'Aptien.- Dans ce travail nous proposons une mise à jour de la subdivision du 
segment isotopique C7 de MENEGATTI et al. (1998). Ce nouveau standard est fondé sur une révision des 
courbes isotopiques du carbone publiées pour le Barrémo-Aptien à partir de coupes stratigraphiques du 
domaine prébétique en Espagne. Le segment C7 inclut quatre sous-unités isotopiques distinctes réper-
toriées C7a à C7d et est caractérisé à sa base par une excursion isotopique négative qui est corrélée 
avec la Zone d'ammonites à Dufrenoyia furcata. Cette excursion négative est reconnue à l'échelon 
régional, et le terme Excursion Négative Intra-Furcata (ENIF) est proposé pour sa dénomination. Nous 
proposons d'autres sites, à la fois dans l'Ancien et le Nouveau Monde, qui paraissent révéler cette 
ENIF, ce qui suggère ses potentialités comme marqueur chimiostratigraphique global pour l'Aptien. 
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furcata. 

1 Posgrado en Ciencias de la Tierra, Departamento de Paleontología, Instituto de Geología, Universidad Nacional 
Autónoma de México, Ciudad Universitaria, Delegación Coyoacán, 04510 México, D.F. (Mexico)  
fernandonunezu@comunidad.unam.mx
2 Departamento de Paleontología, Instituto de Geología, Universidad Nacional Autónoma de México, Ciudad Uni-
versitaria, Delegación Coyoacán, 04510 México, D.F. (Mexico)  
josepamb@geologia.unam.mx 
3 Departamento de Estratigrafía y Paleontología, Facultad de Ciencias, Universidad de Granada Avenida Fuente-
nueva s/n, 18002 Granada (Spain)  
mcompany@ugr.es
4 Departamento de Paleontología, Instituto de Geología, Universidad Nacional Autónoma de México, Ciudad Uni-
versitaria, Delegación Coyoacán, 04510 México, D.F. (Mexico)  
ricardor@geologia.unam.mx  
Manuscript online since May 8, 2014  
[Editor: Michel MOULLADE; copy editor: Bruno GRANIER; language editor: Phil SALVADOR] 

mailto:fernandonunezu@comunidad.unam.mx
mailto:josepamb@geologia.unam.mx
mailto:mcompany@ugr.es
mailto:ricardor@geologia.unam.mx


Carnets de Géologie [Notebooks on Geology] - vol. 14, n° 6 

130 

Introduction 
The carbon isotope segments of MENEGATTI et 

al. (1998) describe long-term trends linked to 
different disturbances in the global carbon cycle 
during the Late Barremian-Aptian interval. They 
derived from high-resolution studies of carbon 
isotope stratigraphy from sections at the 
western and eastern margins of the Alpine Te-
thys. From C1 to C8, each segment is characte-
rized by a distinctive pattern of variation in the 
inorganic (δ13Ccarb) and organic carbon (δ13Corg) 
isotope curve. Their recognition in several pa-
leogeographic domains worldwide has provided 
evidence of their reliability as a well-established 
standard pattern for the carbon isotope curve 
and attests to their use as a valuable tool for 
correlations between different stratigraphic 
sections (BRALOWER et al., 1999; GEA et al., 
2003; RENARD et al., 2005; LI et al., 2008; MÉ-
HAY et al., 2009; MILLÁN et al., 2009; BOVER-AR-
NAL et al., 2010; NAJARRO et al., 2011; MORENO-
BEDMAR et al., 2012). Among the different isoto-
pe segments, greatest emphasis has been given 
to segments C3 to C6 because they characteri-
zed the most prominent shift in the C-isotope 
curve during the early Aptian, the Oceanic Ano-
xic Event 1a (OAE 1a, Selli event, ~120 Ma) 
(SCHLANGER & JENKYNS, 1976; JENKYNS, 1980, 
1999; ARTHUR et al., 1990). So far the other 
segments have received less attention, but con-
spicuous fluctuations within their temporal pat-
tern also have the potential to be used as che-
mostratigraphic markers. Characterizing in 

detail these minor but significant episodes allow 
us to improve the chemostratigraphic and chro-
nologic resolution of the original segments (ME-
NEGATTI et al., 1998).  

In this paper we focus on segment C7 (ME-
NEGATTI et al., 1998), and we attempt to identify 
particular characteristics of useful minor isoto-
pic trends that can be recognized in different 
stratigraphic sections. We propose a new divi-
sion of segment C7 into discrete sub-units ba-
sed on similar isochronous behavior of δ13C va-
lues within this segment, as provided in diffe-
rent published European sections. We also pro-
vide evidence to demonstrate that the most 
significant sub-unit within C7 is characterized 
by a negative δ13C shift that we propose should 
be considered as a new and important element 
of correlation for the lower Aptian record. We 
also aim to motivate future research that may 
further reveal the minor isotopic shift discussed 
in this study in order to increase its known re-
cord and verify its potential as a tool for spatio-
temporal correlations. 

The isotope C7 segment 
The C7 isotope segment (MENEGATTI et al., 

1998) the longest of all segments, corresponds 
to the maximum positive δ13C excursion of the 
lower Aptian record, and is known as the 
Cismon event (WEISSERT & LINI, 1991; WEISSERT 
et al., 1998). Based on the planktonic foramini-
fera biozones used by MENEGATTI et al. (1998) 
from Cismon core reference section in Italy 

 

Figure 1: Map showing location of stratigraphic sections mentioned in this contribution in a paleogeografical 
reconstruction at 120 Ma (BLAKEY, 2010; © Ron BLAKEY, Colorado Plateau Geosystems). 1- Cismon core section, Italy 
(MENEGATTI et al., 1998; ERBA et al., 1999); 2- Serre Chaitieu section, Vocontian Basin, France (HERRLE et al., 2004), 
3- Cassis-La Bédoule section, France (MOULLADE et al., 1998), 4- Prebetic Domain sections, Spain (MORENO-BEDMAR et 
al., 2012, this study); 5- Djebel Serdj section, Tunisia (HELD et al., 2008), 6- Igaratza section, Basque-Cantabrian 
Basin, Spain (MILLÁN et al., 2009), 7- Santa Rosa section, Mexico (LI et al., 2008), 8- Permanente Quarry section, 
USA (ROBINSON et al., 2008), 9- Curití section, Colombia (GAONA-NARVAEZ et al., 2013). 



Carnets de Géologie [Notebooks on Geology] - vol. 14, n° 6 

131 

(Fig. 1), C7 spans from the upper part of the 
Globigerinelloides blowi through the entire Leu-
poldina cabri Zone (Fig. 2.A). However, at the 
same section, ERBA et al. (1999) constrained 
this segment mostly to the Leupoldina cabri Zo-
ne and stated that its uppermost part falls 
within the Globigerinelloides ferreolensis Zone 
(Fig. 2.B). Despite the overall high δ13C values 
that originally defined segment C7 (MENEGATTI et 
al., 1998), the actual pattern includes minor, 
relatively abrupt negative to positive excur-
sions. Numerous investigations have addressed 
the issue of these minor carbon isotopic varia-
tions and divided segment C7 into discrete sub-
segments or zones that emphasize the value of 
these isotopic trends as suitable correlation pat-
terns. In this respect, a detailed δ13Ccarb analy-
sis in sections from the Vocontian Basin, South-
east France (HERRLE et al., 2004) allowed the 
splitting of segment C7 into three units labeled 
Ap7, Ap8 and Ap9 at Serre Chaitieu section 
(Fig. 1). Furthermore, since Ap7 consisted of a 
prominent positive δ13Ccarb excursion that inclu-
ded distinct lower magnitude variations, HERRLE 
et al. (2004) also subdivided unit Ap7 into four 
sub-units (Fig. 2.D). According to this scheme, 
sub-unit Ap7b is located within the uppermost 
part of the planktonic foraminifera L. cabri Zone 
and encloses the lowest δ13C values in the 
lower part of segment C7. 

Subsequently, DEBOND et al. (2012) studied 
the Aptian δ13C signal at Ocean Drilling Program 
Site 765C, Leg 123, off the northwestern mar-
gin of Australia. They found differences with the 
scheme proposed by MENEGATTI et al. (1998), 
especially with respect to the values in the seg-
ment C7. They divided the segment C7 of site 
765C into two zones which also found on a 
composite section with better sampling reso-
lution and conformed with δ13Ccarb data from 
the Cismon core section (ERBA et al., 1999) and 
the Vocontian Basin (HERRLE et al., 2004) (Fig. 
2.C). In this section, Zone C7a represents in-
creasing values and correlates with the lower 
Aptian highest positive δ13C excursion of MENE-
GATTI et al. (1998). This zone is equivalent to 
the lower and middle part of the C7 segment of 
ERBA et al. (1999), which is the upper part of 
the C6 segment of HERRLE et al. (2004). Zone 
C7b of the composite section is equivalent to a 
period of high δ13C variation not clearly distinct 
in the Cismon core section, and corresponds to 
the uppermost part of the C7 segment of ERBA 
et al. (1999) and to the unit Ap7 of HERRLE et al. 
(2004). The latter correlation reduced the upper 
extent of HERRLE's segment C7 and made it mo-
re coherent with the original age-calibration of 
the segments defined by MENEGATTI et al. (1998) 
(see in Fig. 2). Based on the pattern of δ13C 
values of HERRLE et al. (2004) and ammonite 
biostratigraphy data analysis, MORENO-BEDMAR et 
al. (2012) even proposed that only sub-units 
Ap7a to Ap7c defined by HERRLE et al. (2004) 
correspond to segment C7. 

The main issue with these proposed subdivi-
sions for segment C7 (HERRLE et al., 2004; DE-
BOND et al., 2012) is that they are based in 
each case only on the carbon isotopic record of 
a single section, and the sub-units cannot be 
clearly recognized in other stratigraphic sec-
tions; therefore, their potential as chemostrati-
graphic tools remains unproven and may only 
have a local value. 

Division of the segment C7 
in the Prebetic Domain, Spain 

The present study uses δ13Ccarb values within 
segment C7 from different published stratigra-
phic sections of the Prebetic Domain in Spain, 
including the L'Alcoraia, Racó Ample and Cau 
sections (MORENO-BEDMAR et al., 2012) (Figs. 1 
and 3). Carbon isotope determinations were 
carried out with reproducibility better than 
0.03‰. All these sections have been calibrated 
by means of ammonite biostratigraphy (MORE-
NO-BEDMAR et al., 2012), and the Cau section 
has also been correlated with planktonic forami-
nifera zonation (GEA et al., 2003). 

Since segment C7 shows a similar pattern in 
all these sections, we divided it into four dis-
tinct isotopic trends labeled C7a to C7d, from 
bottom to top (Fig. 3). While sub-unit C7a is re-
presented by somewhat variable but overall 
constant values, the sub-unit C7b consists of a 
conspicuous negative excursion followed by a 
positive shift (sub-unit C7c). Finally, uniform to 
slightly increasing values characterize sub-unit 
C7d. These sub-units are identified in sections 
from the Prebetic Domain but are not clearly 
correlatable with the sub-units defined by HERR-
LE et al. (2004) or DEBOND et al. (2012). 

All the sections shown in MORENO-BEDMAR et 
al. (2012) include the well-defined negative ex-
cursion of sub-unit C7b, which corresponds to 
the lowest carbon isotope data within segment 
C7. This negative shift has an amplitude of 
about 0.7‰ in the L'Alcoraia section, 1.2‰ in 
the Racó Ample section and close to 1‰ in the 
Cau section (Fig. 3). This sub-unit occurs within 
the middle to upper part of the Leupoldina cabri 
Zone. A more consistent biostratigraphic posi-
tion for this δ13C sub-unit is achieved if it is cor-
related with established Mediterranean ammo-
nite zones. As shown in Figure 3, the negative 
inflection equivalent to subunit C7b consistently 
occurs in the Dufrenoyia furcata Zone. Taking 
into account the subzones of the Dufrenoyia 
furcata Zone showed in MORENO-BEDMAR et al. 
(2012) for the Cau and Racó Ample sections, it 
seems that the lower part of the zone is con-
densed and consequently this sub-unit is loca-
ted about the middle part of the zone. The fact 
that this negative carbon isotope excursion is 
defined by a single point is significant. This may 
be a result low sedimentation rate in an outer-
ramp environment where these sections were 
deposited (CASTRO, 1998; GEA, 2004; CASTRO et 
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Figure 2: The C7 isotope segment of MENEGATTI et al. (1998) and ERBA et al. (1999) and the subsequent divisions of 
HERRLE et al. (2004) and DEBOND et al. (2012). Dashed lines are used for correlation. Scale bar in A, B and D indi-
cates distance interval in meters (m), whereas in C represents time interval in million years (Myr). 

al., 2008). Since this negative inflection is not 
linked to a significant lithologic change nor is it 
coeval with an oxygen isotope shift (see Appen-
dix 1), it can be considered as a primary carbon 
isotope signal. Diagenetic overprinting can be 
also excluded, given the presence of this nega-
tive carbon isotope excursion, with a similar va-
lue and biostratigraphic position, in geographi-
cally distant stratigraphic sections. 

Intra-Furcata Negative Excursion 
(IFNE): Definition 

The δ13Ccarb values of segment C7 of the 
three sections from the Prebetic Domain (Fig. 
3) reveal that the negative carbon isotope ex-
cursion represented by sub-unit C7b appears in 
the same chemo- and bio-stratigraphic position 
and displays a similar drop in carbon isotope 

values at each location. Hence, this excursion 
appears to represent a constant chemostrati-
graphic marker with regional significance. This 
characteristic carbon isotope trend is here na-
med the Intra-Furcata Negative Excursion 
(IFNE), which is defined as a negative carbon 
isotope excursion with the lowest values within 
segment C7, and can be correlated with the 
middle part of the Dufrenoyia furcata ammonite 
Zone (Fig. 3). Regarding planktonic foraminife-
ra biozones, the IFNE can be recognized within 
the middle to the upper part of the Leupoldina 
cabri Zone. However, considering inconsistency 
regarding the definition of the base of this 
planktonic foraminifera biozone (BOLLI, 1959; 
PREMOLI SILVA & VERGA, 2004), such correlation 
for the IFNE is less accurate. 
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Figure 3: Carbon-isotope stratigraphy of sections in the Prebetic Domain: Cau, Racó Ample and L'Alcoraia sections. 
Proposed sub-units for dividing the segment C7 are shown. Sections are correlated (dashed line) using the negative 
carbon isotope excursion represented by the sub-unit C7b (IFNE). For all sections scale bar is 10 m. 

Probable expressions of the "IFNE" 
in the Old World 

Although more studies are needed, it is like-
ly that the IFNE appears elsewhere beyond the 
Prebetic Domain (Fig. 4.A) because a compara-
ble negative variation also occurs in other stra-
tigraphic sections in Old World. The Cassis-La 
Bédoule Stratotype section in southeast France 
(MOULLADE et al., 1998) is such an example, as 
a negative shift in the δ13Ccarb curve (~1.2‰) 
is recorded within the planktonic foraminifera L. 
cabri Zone, and is correlatable with the Dufre-
noyia furcata Zone (e.g., ROPOLO et al., 2006; 
MORENO-BEDMAR et al., 2012) (Fig. 4.B). In the 
Vocontian Basin, a negative carbon isotope ex-
cursion similar to IFNE has been documented 
by HERRLE et al. (2004) (Ap7b=~1.5‰). This 
correlation is very reliable because Ap7b has 
been related to the Niveau Blanc (HERRLE et al., 
2004), which is a significant reference level ob-
served in most sections of the Vocontian Basin, 
and its upper part has been associated with the 
lower part of the Dufrenoyia furcata Zone (DU-
TOUR, 2005). This biochronologic correlation is 
also in agreement with the reconstructed car-
bon isotope segments of MENEGATTI et al. (1998) 
in the Vocontian Basin, as shown in Figure IX of 
MORENO-BEDMAR et al. (2012) (Fig. 4.C). Another 
comparable negative carbon isotope shift that 
may be equivalent to the IFNE is reported in 
the Aptian outcrops of the Djebel Serdj area, 
north-central Tunisia (HELD et al., 2008). It con-
sists of a δ13Ccarb negative variation of ~2.5‰ 
within the L. cabri Zone (Fig. 4.D). 

In the Basque-Cantabrian Basin (Spain), at 
Igaratza section, MILLÁN et al. (2009) documen-
ted a pronounced negative δ13Ccarb spike preda-
ting the Aparein level and within the Dufrenoyia 
furcata Zone. Since according to MILLÁN et al. 
(2009) this negative carbon isotope excursion 
overlies the segment C8 and records a variation 
of about ~4.1‰, we consider that this does 
not correspond to the IFNE. Instead, it is more 
likely that the carbon isotope drop of ~1‰ to 
the middle part of the segment C7 correlates 
with the IFNE (Fig. 4.E). A firm correlation is 
not possible due to the fact that this drop is in-
cluded in the Deshayesites deshayesi - Dufre-
noyia furcata transition Zone. All mentioned 
sections in this chapter are located in Figure 1. 

Probable expressions of the "IFNE" 
in the New World 

A cursory review of the literature reveals 
that fewer published data are available for the 
New World regarding the Aptian interval; howe-
ver, carbon isotope data from some sites show 
isotopic trends that could correspond to the 
IFNE. The δ13Corg curve of the Santa Rosa sec-
tion in northeastern Mexico displays a negative 
carbon isotope excursion of ~2.0‰ toward the 
base of segment C7 in the La Peña Formation, 
within the L. cabri planktonic foraminifera Zone 
(LI et al., 2008). Since ammonite data are not 
available for the Santa Rosa section, we cannot 
determine whether or not this carbon isotopic 
drop is related to the Mexican ammonite zone  
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Figure 4: Different stratigraphic sections in the Old World which exhibit a negative carbon isotope excursion similar 
to the IFNE. Cau section of the Prebetic Domain is shown for comparison. Dashed line correlates the stratigraphic 
sections using IFNE as a characteristic chemostratigraphic marker. Ammonite biozones plotted for the Cassis-La 
Bédoule (MOULLADE et al., 1998) and the Serre Chaitieu (Vocontian Basin) sections (HERRLE et al., 2004) correspond 
to the interpretation of MORENO-BEDMAR et al. (2012). Planktonic foraminifera zones of the Djebel Serdj section are 
also depicted (HELD et al., 2008). The segment C7 of the Vocontian Basin is also in agreement with MORENO-BEDMAR 
et al. (2012). The Igaratza section [reference section of the Aparein level of MILLÁN et al. (2009)] is shown for com-
parison with the IFNE. 

equivalent to the European Dufrenoyia furcata 
Zone. In the USA, a decrease of 0.4‰ in car-
bon isotope composition of organic matter is re-
ported at the base of the segment C7 of the La 
Calera limestone exposed at the Permanente 
Quarry in California (ROBINSON et al., 2008). A 
lack of biostratigraphic data along with the car-
bon isotope data prevents us from further con-
straining the age of this negative excursion. In 
Colombia, the δ13Corg curve of the Curití section 
shows a pronounced negative inflection in the 
lowermost part of the segment C7 that reaches 
~2.0‰ (GAONA-NARVAEZ et al., 2013) and is al-
so compatible with the IFNE. All mentioned sec-
tions in this chapter are located in Figure 1. 

Conclusions 
A review of the δ13Ccarb curve in three diffe-

rent stratigraphic sections of the Prebetic Do-
main in Spain reveals a consistent pattern that 
allows us to propose a quadripartite division of 
the segment C7 of MENEGATTI et al. (1998). We 
divided segment C7 into distinct isotopic trends 
labeled, from bottom to top, C7a, C7b, C7c and 
C7d. The most conspicuous of these subdivi-
sions corresponds to sub-unit 7b and consists of 
a negative carbon isotope excursion, with the 
lowest values within the lower middle part of 
segment C7. Since its record is chronologically 
linked to the Dufrenoyia furcata Zone, this iso-
tope trend is here named the Intra-Furcata Ne-
gative Excursion (IFNE). 

The chemostratigraphic record of the IFNE 
does not seem to be limited to the Prebetic Do-
main in Spain. We provide several plausible 
sites in both the Old and New worlds where a 
comparable negative carbon isotope excursion 
may be equivalent to the IFNE. Although addi-
tional research is needed, we wish to highlight 
the possible use of the IFNE as a new chemo-

stratigraphic marker that has the potential to 
provide a more robust chronologic framework 
for the lower Aptian record. 
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Appendix: 
Carbon and Oxygen isotope data from stratigraphic sections 

in the Prebetic Domain 

Cau section  Raco Ample section  L’Alcoraia section 

Sample 
δ13Ccarb 

(‰PDB) 
δ18Ocarb 

(‰PDB) 
 Sample 

δ13Ccarb 

(‰PDB)
δ18Ocarb 

(‰PDB)
 Sample 

δ13Ccarb 

(‰PDB)
δ18Ocarb 

(‰PDB)

54 3.10 -1.78  46 2.63 -2.29  212 3.01 -1.50 

53 3.05 -2.16  45 2.66 -2.14  210 2.99 -2.03 

51 3.41 -2.07  44 2.78 -2.35  209 2.92 -1.77 

50 3.70 -1.67  43 2.64 -1.99  208 3.38 -2.24 

49 3.57 -1.92  42 2.46 -2.06  207 2.98 -1.74 

48 3.55 -2.04  41 3.82 -2.32  206 3.08 -1.55 

47 3.61 -2.15  40 2.70 -2.50  205 3.01 -1.65 

46b 3.88 -1.66  39 3.17 -2.27  204 3.68 -1.10 

46a 3.58 -1.72  38 3.13 -2.02  203 3.38 -1.52 

46 3.78 -2.02  37 3.47 -2.32  202 3.17 -1.69 

44* 3.04 -1.97  36 3.43 -2.45  201 3.74 -1.44 

43 4.04 -1.67  35 3.39 -2.52  200 3.78 -1.47 

42 3.54 -2.52  34 3.24 -2.41  199 3.30 -2.12 

41 4.07 -1.22  33 3.57 -2.46  198 3.85 -1.29 

39 3.88 -2.02  32 3.100 -2.36  197 3.76 -1.92 

38 3.78 -2.08  31 3.96 -2.35  196 4.23 -1.42 

37 3.96 -1.95  30 4.03 -2.27  195 3.76 -1.92 

35 4.04 -1.49  29 3.81 -2.47  194 4.36 -1.41 

33 3.71 -2.09  28 3.97 -2.25  193 4.44 -1.57 

32 3.77 -1.96  27 3.44 -2.61  191 4.13 -2.07 

31 3.84 -1.96  26 3.74 -2.56  190 4.02 -2.34 

30 3.99 -1.85  24 3.93 -2.41  189 4.43 -1.85 

29a 3.100 -2.01  23 4.02 -2.39  188 4.36 -1.65 

29 3.59 -1.97  22 3.64 -2.46  187 4.11 -1.75 

28 3.69 -1.69  21 3.93 -2.08  186 3.71 -2.50 

27 3.52 -1.85  20 3.89 -2.25  185 4.08 -2.06 

26 3.61 -1.92  19a* 2.82 -2.76  184 3.77 -2.31 

25 2.97 -1.98  19 4.00 -2.06  183 3.97 -2.32 

23 2.48 -2.05  18 3.96 -2.24  182* 3.07 -1.44 

    16 4.00 -2.43  181 3.84 -2.09 

Reproducibility ± 0.03 ±0.03  15 3.83 -2.56     

    14 3.75 -2.32  Reproducibility ± 0.01 ± 0.06 

*IFNE    13 2.91 -2.73     

    11a 3.10 -2.27     

    11 2.62 -2.25     

           

    Reproducibility ± 0.02 ± 0.05     
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The lower to lower-upper Aptian succession of northern Mexico documents the drowning of the shallow-water
Cupido/Cupidito carbonate platform system followed by deposition of the deep-water sediments of the La Peña
Formation. Using δ13C stratigraphy, geochemical and mineralogical information coupled with previous
microfacies, paleontological and total organic carbon (TOC) data from a stratigraphic section, which includes
such lithological change, this study identifies distinctive episodes of accelerated global environmental change,
and determines the paleoenvironmental conditions conducive to the deposition of TOC-rich intervals. Within
the Cupidito unit, the Oceanic Anoxic Event 1a (OAE 1a) is recorded near the base of the section and the Intra-
Furcata Negative Excursion in the topmost beds of the unit. The upper part of the section, within the La Peña For-
mation, is correlatable with the Noire level. Organic-carbon rich intervals occur in the lower and middle part of
the OAE 1a, upper part of the Cupidito unit, base of the La Peña Formation, and in the Noire level equivalent. Re-
ducing conditions within the sediment and oxic–dysoxic at the seafloor, locally controlled, persisted both before
and duringOAE1a interval in the Cupidito lagoon.Oxygen-depleted conditions (dysoxic–anoxic)weremore per-
manent and stronger during the deposition of the base of the la Peña Formation and the Noire equivalent level. It
is proposed here that deposition of the lower-middle part of the OAE 1a and the base of the La Peña Formation
was influenced by climate-controlled increases in detrital and accompanying nutrient influx that supplied espe-
cially biolimiting nutrients (Fe, P), fostering marine productivity and TOC burial. Upwelling of nutrient-rich
deeper waters and minor arrival of nutrients from runoff, both account for the domination of radiolaria and
organic-carbon burial during the Noire level equivalent. Record of the OAE 1a time-equivalent facies in the
Cupidito lagoonal sediments confirms the diachronism of the Cupidito–La Peña flooding. Heterozoan carbonate
production in the Cupidito ramp was uninterrupted during and after OAE 1a. Periodic arrival of detrital compo-
nents and nutrients duringwarmer/humid periods accelerated platformdrowning, which peaked during the dia-
chronic deposition of the La Peña Formation.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The Aptian represents a time of accelerated global change in
the lithosphere–ocean–atmosphere system with profound imprint
on climatic, paleogeographic, sedimentary and biotic evolutionary
patterns. These changes were brought by a battery of interrelated
events with positive and negative feedbacks. Increase in ocean crust
production and midplate and plate margin volcanism raised the level

of atmospheric CO2 and induced episodes of extremegreenhouse condi-
tions (Menegatti et al., 1998; Larson, 1991; Leckie et al., 2002; Jenkyns,
2003; Weissert and Erba, 2004; García-Mondéjar et al., 2009; Tejada
et al., 2009; Keller et al., 2011). These climate conditions accelerated
the hydrologic cycle and increased continental weathering and runoff
(Erba, 1994; Föllmi et al., 1994; Leckie et al., 2002; Föllmi, 2012). They
also resulted in various episodes of global rise in sea-level (Haq et al.,
1988); several crises and demises of carbonate platforms in the peri-Te-
thyan region (Föllmi et al., 1994; Wissler et al., 2003; Barragán and
Maurrasse, 2008; Millán et al., 2009); a biocalcification crisis, which af-
fected most of the pelagic biota (Larson and Erba, 1999; Weissert and
Erba, 2004); and major global perturbations in carbon cycling
(Menegatti et al., 1998; Weissert and Erba, 2004).
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The combination of these events produced stressful conditions trig-
gering conspicuous global episodes of environmental change that can be
indentified in the stratigraphic record by their specific carbon-isotope sig-
nature and/or by the presence of organic-carbon rich sediments (Föllmi,
2012). For the late Barremian–early late Aptian age, such events include:
(a) several perturbations during the Barremian–Aptian transition mark-
ing the switch from an interval with normal conditions, to an episode of
intensified greenhouse conditions and accelerated paleoceanographic
change associated with several organic-carbon rich levels (Menegatti
et al., 1998; Föllmi, 2012; Sanchez-Hernandez and Maurrasse, 2014);
(b) the early Aptian OAE 1a (Livello Selli event) considered as one of
the most important global perturbations in the carbon cycle in the Creta-
ceous, defined by a negative spike in the carbon-isotope curve followed
by a shift toward positive values, and usually concomitant organic-
carbon rich sediments deposited under poorly-oxygenated conditions
(Schlanger and Jenkyns, 1976; Jenkyns, 1980, 1999; Menegatti et al.,
1998; Erba et al., 1999); and (c) a set of early late Aptian episodes associ-
ated with the Noire and Fallot levels in the Vocontian Basin, France
(Bréhéret, 1997; Herrle et al., 2004); and with an organic-carbon rich
level reported in Italy (Cobianchi et al., 1997; Luciani et al., 2006),
which is equivalent to the Aparein level in the Basque–Cantabrian Basin,
Spain (García-Mondéjar et al., 2009; Millán et al., 2009). Recently,
Núñez-Useche et al. (2014) proposed a new chemostratigraphic event,
termed Intra-Furcata Negative Excursion (IFNE) for the Prebetic Domain
in Spain. It is characterized by a negative excursion in δ13C record within
the Dufrenoyia furcata ammonite Zone.

The Francisco Zarco Dam section of the south-facing paleomargin
of the Cupido carbonate platform, northeastern Mexico (Durango
State) contains a transgressive Barremian–Aptian succession that
records several organic-carbon rich intervals and the gradual drown-
ing of the carbonate platform (Araujo and Martínez, 1981; Barragan,
2001; Barragán-Manzo and Díaz-Otero, 2004; Barragán-Manzo
and Méndez-Franco, 2005; Núñez-Useche and Barragán, 2012;
Moreno-Bedmar et al., 2012a, 2013). The section exhibits a completely
outcropping succession composed of the transgressive shallow-water
Cupidito unit (upper part of the Cupido Formation; Wilson and Pialli,
1977), and the overlying deep-water facies of the La Peña Formation.
In the present studywe integrate previous biostratigraphic and total or-
ganic carbon (TOC) informationwith new geochemical (δ13C of the car-
bonate fraction and whole-rock major and trace elements) and
mineralogical (mineral composition and pyrite framboid size) data to
unravel the evolution of paleoenvironmental conditions in response to
global and local changes. The specific objectives are: (a) to describe
δ13C major trends and correlate them with global and local episodes
of environmental changes that took place during the early–early late
Aptian interval; and (b) to understand the paleoenvironmental condi-
tions that resulted in organic-carbon sequestration in sediments and
its possible causes and forcingmechanisms. We further address the ap-
parent inconsistency regarding the lithostratigraphic position of the
OAE 1a in northeastern Mexico, previously identified in the base of
the La Peña Formation (Bralower et al., 1999; Li et al., 2008) but record-
ed in this study within the Cupidito unit. Altogether, the data presented
herein provide an excellent case to investigate the local response to ep-
isodes of global accelerated change and its link with detrital flux and
nutrient input coupled with marine productivity, oxygen consumption
in the water column and organic-carbon burial.

2. Geological setting

The development of extensive shallow-water carbonate platforms
around the Gulf of Mexico reached its maximum extent during the
early Aptian (Scott, 1990; Wilson and Ward, 1993; Lehmann et al.,
1999) (Fig. 1). This paleogeographic configuration was favored by
post-Berriasian tectonic subsidence related to the crustal cooling and
opening of the Gulf of Mexico (Goldhammer et al., 1991). In northeast-
ern Mexico, the Cupido and Coahuila carbonate platforms developed

around the Coahuila basement block during Barremian through Albian
time (Fig. 1). This block controlled the geometry and stacking pattern
of carbonate facies and also acted as a source area for detrital sediments
(Wilson and Selvius, 1984; Goldhammer et al., 1991).

The late Barremian Cupido platformwas a flat-topped, rimmed shelf
with a broad interior shallow lagoon isolated by a variable margin
(Fig. 1). The southern part of this margin is a high-energy shoal that
changes along strike to a discontinuous coral-rudist reef in the eastmar-
gin facing the ancestral Gulf ofMexico (Lehmann et al., 1999). These set-
tings are recorded by massive, shallow-water limestone of the Cupido
Formation (Imlay, 1937; Humphrey, 1949; Conklin and Moore, 1977;
Wilson and Pialli, 1977; Goldhammer et al., 1991; Lehmann et al.,
1999). The hemipelagic mudstone of the Lower Tamaulipas Formation
(Stephenson, 1922; Muir, 1936) represent the down-dip, low energy
deposits accumulated on the surrounding deeper water shelf (Fig. 1).

During the latest Barremian–earliest Aptian (Fig. 1), deposition of
transgressive facies of the Cupidito unit across a homoclinal ramp pro-
file (Wilson and Pialli, 1977) marked the retrogradational backstep
and beginning of the drowning of the Cupido platform, in response to
a major second-order marine transgression (Goldhammer et al., 1991;
Lehmann et al., 1999). According to Conklin and Moore (1977), the
Cupidito unit contains isolated rudist pinnacle reefs, which are
interpreted by Lehmann et al. (1999) as the fossil record of the response
of the platform system to the drowning event. The flooding event con-
tinued through the deposition of the deep-water carbonates of the La
Peña Formation throughout the early Aptian-earliest Albian (Fig. 1).

The Cupidito–La Peña flooding event has been widely accepted
as diachronic, usually interpreted as a time-transgressive facies
boundary above which the base of the La Peña Formation rise
biostratigraphically toward shelfal sections (Goldhammer et al.,
1991; Goldhammer, 1999; Lehmann et al., 1999). However, the
results of recent investigations focused on ammonite data suggest
that the base of the La Peña Formation is rather isochronous and
assignable everywhere to the upper part of the late early Aptian
Dufrenoyia furcata Zone (Barragán-Manzo and Méndez-Franco,
2005; Barragán and Maurrasse, 2008; Moreno-Bedmar et al., 2011,
2012a; Moreno-Bedmar and Delanoy, 2013). Since the transition
from the Cupidito to the La Peña facies occurred simply by landward
migration of the shallow-water marine depositional sites toward the
Coahuila block, Goldhammer et al. (1991) and Lehmann et al. (2000)
consider that the Cupidito–La Peña contact cannot be interpreted
either a drowning unconformity or a standard sequence boundary.
This lithostratigraphic boundary is not a prominent unconformity,
but rather is a transitional flooding surface. The termination of this
platform has been correlated with the early to early late Aptian
episode of shallow carbonate platform demise throughout the peri-
Tethyan region (Föllmi et al., 1994).

The La Peña Formation records a sudden moderate increase in
detrital components evidenced by the appearance of fine-grained
siliciclastic components in limestone and calcareous shale. Siliciclastic
components were derived from distal highlands to the north and west
(Goldhammer et al., 1991). The shale beds of this unit contain frequent
ammonites and small rounded clasts of phosphorite. With a highly
variable thickness controlled by both the accommodation space and
the paleorelief, this unit blankets large extensions of the southwest
Gulf of Mexico (Goldhammer et al., 1991; Lehmann et al., 1999;
Barragan, 2001).

Once the deposition of the La Peña Formation ended, the significant-
ly backstepped Coahuila carbonate platformwas established during the
early Albian (Fig. 1). It consisted of a restricted evaporitic lagoon (inter-
bedded massive carbonates and evaporites of the Acatita Formation)
isolated by a shallow shoal margin (massive shallow-water limestone
of the Aurora Formation). On the surrounding areas of this platform
took place the deposition of the deep-water carbonates of the Upper
Tamaulipas Formation characterized by hemipelagic mudstone
(Goldhammer et al., 1991; Lehmann et al., 1999).
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3. The Francisco Zarco Dam stratigraphic section: lithostratigraphic
character and previous investigations

The Francisco ZarcoDamsection (FZD section; 25° 16′N/103° 46′W) is
located along the western exposed limb of an open anticline situated at
the southern part of the Sierra del Rosario in eastern Durango State,
about 40 km southwest of the city of Torreón (Fig. 1). Excellently
exposed alongside the road leading to the Francisco Zarco Dam, this
section shows the Cupidito unit and the overlying La Peña and Upper
Tamaulipas formations (Fig. 2A). In this paper we focus on a 102.2 m
interval that comprises the uppermost 73.1 m of the Cupidito unit and
the lowermost 29.1 m of the La Peña Formation. Relevant available

information concerning age, stratigraphy and sedimentology of the
stratigraphic units is summarized as follows.

3.1.1. Cupido Formation/Cupidito unit
Based on the occurrence of the benthic foraminifera Palorbitolina

lenticularis at ~30 and ~70 m below the base of the section studied
herein, Araujo and Martínez (1981) suggest that the Cupidito unit
encompasses the late Barremian–early Aptian transition. However,
the exact stratigraphic position of the boundary between these
ages is not yet defined. Since the upper part of the Cupidito unit is
neither a condensed interval nor a hiatus, it must be stratigraphically
coeval with the lower-middle part of the late early Aptian D. furcata

Fig. 1. A — Paleoceanographic reconstruction of the Aptian (http://jan.ucc.nau.edu/~rcb7/) showing the location of Mexico; B — Map of Mexico displaying the location of the Francisco
Zarco Dam (FZD) and the Santa Rosa Canyon (SRC) sections, and the area enlarged in (C); C — Paleogeographic maps of northeastern Mexico for selected times from late Barremian to
early Albian (modified from Lehmann et al., 1999); D — Synthetic lithostratigraphic scheme and age distribution (modified from Lehmann et al., 1999 and Goldhammer, 1999).
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Zone. This is by considering the ammonite zonation of the overlying
La Peña Formation (Barragan, 2001; Moreno-Bedmar et al., 2013)
(Fig. 3A).

The Cupidito unit consists of thickly- and very thickly-bedded, gray
to dark-gray limestone that occasionally are partially or completely
dolomitized. Chert nodules are scattered as irregular shaped and elon-
gate lenses parallel to bedding, mainly within the lowest 40m. The sed-
iments are somewhat bioturbated. Núñez-Useche and Barragán (2012)
characterize and illustrate in detail the facies of the Cupidito unit. From
such study, four distinct associations of microfacies can be described
and interpreted as follows (Fig. 3A):

(I) Wackestone and packstone containing miliolids, orbitolinids,
worm tubes, dasycladacean algae and mollusk fragments
(peritidal and subtidal facies deposited in a shallow lagoon
with different levels of restriction);

(II) Grainstone and rudstone with superficial and well-sorted ooids
(mainly with radial micro-fabric), crinoids, miliolids, filamen-
tous algae and intraclasts, and incipient vadose pendant cement
in the uppermost beds (shallow-water shoal facies);

(III) Grainstone and packstone containing abundant crinoids, and
common peloids, intraclasts, miliolids and mollusk fragments
(high-energy, shelf margin facies); and

(IV) Wackestone and floatstone containing randomly orientated
rudists with algal incrustations, common crinoids, peloids,
miliolids and brachiopod fragments, as well as rare coral
fragments (fore-reef facies).

No subaerial exposure surface reflecting a clear emersion phase is
observed. At the outcrop scale, the Cupidito–La Peña contact is concor-
dant (Fig. 2B) but very distinctive due to the sharp contrast between
the underlying massive, rudist-bearing limestone (Fig. 2C) and the
overlying shale and shaly limestone beds with ammonites (Fig. 2D).

Barragan (2001) reports an overall low TOC content (below b1%) in
the sediments of Cupidito and describes two stratigraphic TOC-rich in-
tervals (Fig. 3B); one spans from 13 to 30 m and shows an upward
decreasing trend in TOC (values between 5.15% and 1.13%), and the
other encompasses the uppermost 10 m of the unit (from 62 to 72 m)
and shows TOC values of up to 6.23%. These intervals are hereinafter

Fig. 2.General characteristics of the Francisco ZarcoDam (FZD) section. A— Panoramic view inGoogle Earth of the area showing the studied stratigraphic profile; B—Outcrop photograph
of the Cupidito–La Peña contact; C — Rudist-shells fragments in the uppermost part of the Cupidito unit; D — Casts of ammonite shells in the base of the La Peña Formation.
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Fig. 3. Summary of the lithostratigraphy, biostratigraphy and carbon chemostratigraphy of the Francisco Zarco Dam section. A—Stratigraphic column showing fossils, lithology and facies.
Age distribution and ammonite zonation for the La Peña Formation are from Moreno-Bedmar et al. (2013) (considering the standard Mediterranean zonation of Reboulet et al., 2014).
Microfacies associations (I)–(VI) are based on Núñez-Useche and Barragán (2012) and described in Section 3; B — Vertical variation in TOC (Barragan, 2001) and TOC-rich intervals
named in this study; C— Relative abundances of benthic and planktonic foraminifera (Barragan, 2001); D— Carbon stratigraphy (this study): vertical variation in δ13C including the char-
acteristic Aptian carbon-isotope C2–C8 segments fromMenegatti et al. (1998). The location of major chemostratigraphic events (OAE 1a, Intra-Furcata Negative Excursion = IFNE, Noire
level equivalent) is also showed. ND= No data available from this or other works.
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named TOC-rich intervals A and B, respectively. This author also points
out that foraminiferal assemblages observed in the Cupidito unit are
dominated by benthic specimens (Fig. 3C).

3.1.2. La Peña Formation
The studied part of the La Peña Formation has been dated in several

works as latest early–early late Aptian based on ammonite biostratigra-
phy (upper part of the D. furcata Zone–Epicheloniceras martini Zone)
(Barragan, 2001; Barragán-Manzo and Méndez-Franco, 2005;
Moreno-Bedmar et al., 2013) (Fig. 3A). The base of the unit does not
show any features of condensation (hardgrounds or horizons enriched
with authigenic minerals such as glauconite or phosphorite). It com-
prises medium- and thick-bedded, dark-gray micritic shaly limestone
intercalatedwith thin- andmedium-bedded gray shale, both containing
abundant ammonites without signs of reworking or condensation.
Overall, the abundance of ammonites decreases upward in the section.
The sediments are finely laminated and contain disseminated pyrite.
According to Núñez-Useche and Barragán (2012), the La Peña Forma-
tion consists of two associations of microfacies (Fig. 3A):

(V) Mudstone and wackestone with abundant planktonic foraminif-
era, and common echinoderms, pelecypod fragments and ostra-
cods; and

(VI) Wackestone and packstone with extremely abundant radiolaria,
common planktonic foraminifera and ostracods, and rare pelecy-
pods (including inoceramids) and ammonite fragments.
Both facies are interpreted as deposited in the distal parts of the
outer neritic area.

Barragan (2001) describes two important TOC enriched intervals
throughout this unit (Fig. 3B). The first one corresponds to the lowest
9 m (TOC between 1.94 and 8.72%), and coincides with the total disap-
pearance of benthic foraminifera and the appearance of planktonic fora-
minifera (across the shift of facies from the Cupidito unit to the La Peña
Formation) (Fig. 3C). The second interval corresponds to the uppermost
6 m (TOC values of up to 18.39%) and concurs with a radiolarian-
dominated zone (Fig. 3B). These intervals are hereinafter named TOC-
rich intervals C and D, respectively.

4. Material and methods

We used standard analytical techniques to examine bulk rock
samples from limestonebeds of the Cupidito unit (without petrographic
evidence of dolomitization) and shaly limestone beds of the La Peña
Formation. The samples were broken into small fragments to remove
surface contamination and to have better access to the unaltered rock.

The carbonate fraction for stable isotope analysis (δ13Ccarb) of 113
samples throughout the section was extracted with a dental drill from
micritic matrix in order to avoid calcite veins, macrofossils or areas
altered by circulation of meteoric water. Approximately 50–60 μg of
sample were treated with H3PO4 (100%) at 70 °C and the produced
CO2 was analyzed with a Thermo Finnigan MAT-252 stable isotope
ratio mass spectrometer at the Unitat de Medi Ambient-Serveis
Cientificotècnics of the Universitat de Barcelona. The isotope results are
expressed in ‰ relative to the VPDB standard and have a precision
of ±0.02‰.

Mineralogical composition was determined in ten samples of lime-
stone from both the Cupidito unit and the La Peña Formation. The sam-
ples were ground with an agate pestle and mortar to b75 μm and
mounted in aluminum holders for X-ray powder diffraction analysis. A
Shimadzu XRD-6000 X-ray diffractometer equipped with a Cu tube
and graphite monochromator was used at the XRD laboratory of the
Instituto de Geología, Universidad Nacional Autónoma de México
(UNAM). The analyses were carried out on randomly oriented samples
using themeasurement range (2θ) of 4 to 70° at a speed of 1°/min. Four

samples were also analyzed by the step scan method with integration
time of 2 s and step size of 0.02. Phase identification was made with a
PDF-2 database using Shimadzu software. Rietveld refinement of the
data was done with TOPAS Academic v.4.1 software (http://www.
topas-academic.net/).

Major and trace element concentrations were measured on 59 rock
samples from the Cupidito unit and the lower part of the La Peña Forma-
tion. This analysis was not performed on samples from the uppermost
8.5 m of the section. Fresh chips of rock samples (free of veinlets,
stylolites and hydrocarbons) were washed with distilled water and
dried prior to being pulverized with an agate pestle and mortar to
b75 μm. These analyses were done at the Activation Laboratories Ltd.
(Actlabs) in Canada, by inductively coupled plasma mass spectrometry
(ICP-MS; Perkin Elmer Sciex ELAN 9000) after the digestion of 1.0 g of
sample using four different acids (HF, HClO4, HNO3 and HCl) (Package
code Ultratrace 6). Percentages of the relative standard deviation were
consistently below 10% as checked by standards and analysis of repli-
cate samples.

The size of at least 150 pyrite framboids per sample in seven thin
sections from the TOC-rich intervals C and D of the La Peña Formation
(Fig. 3B) was measured by eyepiece micrometer under reflected light
mode of an Olympus BX60 optical microscope using maximummagni-
fication (×100). Despite this microscope has a low resolution in com-
parison to the backscattered electron microscope normally used in
this type of research, it ensures the requirement for size distribution
analysis of pyrite framboids (down to 0.1 to 1 μm level).

5. Results

5.1. Carbon-isotope stratigraphy

The stratigraphic distribution of carbon-isotope values for the
FZD section is illustrated in Fig. 3D (Appendix A). In general, the
measured δ13Ccarb values vary between −0.04 and +4.35‰. The
Cupidito unit is characterized by a general upward increase in δ13C,
with values between +1.67 and +2.82‰ within the lowest 9.4 m
and between +2.20 and 3.44‰ from 11.7 m to the top of the unit.
This pattern of variation is interrupted by two distinctive negative
excursions in the carbon-isotope record. Of these, the most promi-
nent occurs between 9.4 and 11.7 m and has an amplitude of
2.86‰ (down to +0.04‰). It is followed by a positive excursion of
3.25‰ that finishes at 39.9 m. The second corresponds to a discrete
isotope drop of 0.7‰ (from +2.98 to +2.27‰) between 70.7 and
71 m, and is followed by a positive shift of 1.6‰ that finishes at the
first sample from the base of the La Peña Formation. The general
trend in the δ13C record of the La Peña Formation shows an increase
in values from +3.41 to +4.35‰ within the lowest 11.0 m. From
86.0 m upward in the succession there is a decline in the trend
from +4.35 to +2.43‰.

5.2. Bulk mineralogy

The analyzed rocks are composed of both detrital and non-
detrital minerals (Table 1). The Cupidito unit consists mainly of
calcite (76.53–99.06%) and moderate to minor concentrations of
potassium feldspar (2.56–6.81%), phyllosilicates (0.18–4.94%),
quartz (0.52–3.09%), gypsum (0.11–5.5%), and dolomite (found
only in sample FZD-09; 6.86%). The content of detrital components
is highly variable throughout this unit; however, the highest occur
in their lowest ~22 m. Otherwise, the La Peña Formation is mainly
composed of calcite (86.41–93.72), moderate concentrations of po-
tassium feldspar (1.67–5.55%), phyllosilicates (2.5–5.4%), quartz
(0.94–3.15%) and low presence of gypsum (0.15–1.04%). Dolomite
was not detected in samples of this unit. In all cases, phyllosilicates
have a distinctive diffraction line at 10 Å suggesting that they belong
to the illite group.
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5.3. Major and trace elements

Several studies show that major and trace elements in marine sedi-
ments have either a detrital source and/or a marine source (Calvert and
Pedersen, 1993; Canet et al., 2004; Algeo and Maynard, 2004; Rimmer
et al., 2004; Brumsack, 2006; Tribovillard et al., 2006; Piper and
Calvert, 2009; Sanchez-Hernandez and Maurrasse, 2014). According to
these studies, elements such as Al (mainly incorporated into detrital sil-
icates), Zr and Ti (bound to the heavymineral fraction), andK (although
also present in seawater, it is a typical element of light silicates) repre-
sentmainly the influence of detrital input on the sedimentary geochem-
ical signal. The marine fraction involves several trace elements that in
seawater have a redox-sensitive behavior, the RSTEs. They participate
actively in several geochemical reactions under different redox regimes,
and thus, they may become authigenically enriched or depleted in sed-
iments. Major and trace element concentrations are reported here as
parts per million (ppm) and percentage (%) (Appendix B) and their
variations are discussed in this section.

5.3.1. Detrital proxy elements
For the entire section studied herein, a high positive correlation of Al

with Ti andwith Kwas found (R2=0.89 and 0.91, respectively) (Fig. 4).
Al and Zr have a strongpositive correlation for theCupidito unit samples
(R2 = 0.89) but weak for the La Peña Formation samples (R2 = 0.16)
(Fig. 4). Raw trends of these elements are very similar (Fig. 5). All
these elements exhibit synchronous and comparable increases in the
lower part of the studied section at 1.7 m (values of up to 1.38% for Al,
49 ppm for Zr, 0.0873% for Ti and 1.17% for K); 5.8 m (values of up to
0.69% for Al, 15 ppm for Zr, 0.0421% for Ti and 0.48% for K); 12.2 m
(values of up to 1.28% for Al, 52 ppm for Zr, 0.0454% for Ti and 0.84%
for K); and from 19.5 to 27 m (values of up to 1.08% for Al, 38 ppm for
Zr, 0.0614% for Ti and 0.91% for K), within the Cupidito unit. A uniform
decrease can be observed from de middle part of the Cupidito unit at
27.0 m and it is followed by a stable phase of low values (down to
0.01% for Al, b1 ppm for Zr, 0.0006 for Ti and 0.02% for K) that lasts
until the upper part of the unit, being interrupted by a punctual slight
increase at 62.5 m (values of up to 0.22% for Al, 5 ppm for Zr, 0.0137%
for Ti and 0.14% for K). Concentrations of these elements have a rising
trend in the uppermost 3 m of the Cupidito unit and reach high values
in the base of the La Peña Formation, from 73.1 to 80 m (values of up
to 1.25% for Al, 19 ppm for Zr, 0.0747% for Ti and 0.62% for K).

5.3.2. Indices of chemical weathering
Two indices were calculated using major element concentrations to

assess the degree of chemical weathering undergone by the source
rock: the Chemical Index of Alteration (CIA; Nesbitt and Young, 1982);
and the Chemical Index of Weathering (CIW′; Cullers, 2000; Chemical
Proxy of Alteration-CPA of Buggle et al., 2011). Concentrations of ele-
ments involved in these indices are listed in Appendix B.

The CIA gives a quantitative measure of the removal of labile cations
(e.g. Ca 2+, Na+, K+) relative to stable residual constituents (Al3+,
Ti4+). Using molecular proportions, CIA is normally calculated as:

CIA = [Al2O3/(Al2O3 + CaO* + Na2O+ K2O)] × 100

where CaO* represents only the calcium that is incorporated in sili-
cate minerals. Therefore, if the measured CaO corresponds to bulk con-
centration, it is necessary to make a correction by subtracting Ca from
carbonates and phosphates. Given that bulk-rock analyses do not
show a significant fraction of detrital minerals containing calcium
(except gypsum), we presumed that most of Ca is of marine origin
(proxy for skeletal CaCO3) and calculate this index excluding the CaO*
from the equation.

Alternatively, and for comparison, we also calculate the CIW′

(Cullers, 2000; Buggle et al., 2011). The classical CIW was introduced
by Harnois (1988) as a K-free index that account for feldspar
weathering. This author considers that K shows no consistent behavior
during weathering and eliminates it from the CIA calculation. The CIW′

used in this study is a modified version of the CIW for carbonate-rich
sediments proposed by Cullers (2000). This index excludes Ca to

Table 1
Mineral composition obtained by XRD analysis.

Bed/sample Distance base (m) Phyllosilicates (%) Gypsum (%) Quartz (%) Potassium Feldspar (%) Calcite (%) Dolomite (%)

FZD-143 a 101.1 4.89 0 3.15 5.55 86.41 0
FZD-135 96.5 5.4 0.15 2.01 1.89 90.54 0
FZD-99 81.5 3.37 0 2.55 4.56 89.52 0
FZD-84a 77.9 4.6 1.04 1.59 1.67 91.1 0
FZD-62 a 72.6 2.5 0.32 0.94 2.52 93.72 0
FZD-48t 53.9 0.13 0.23 0.62 0 99.06 0
FZD-47 m 45.9 0.18 0.28 0.52 0 99.02 0
FZD-32 22.2 4.56 0 1.25 2.56 91.63 0
FZD-27b 12.9 4.94 0.11 3.09 2.58 89.22 0
FZD-09a 2.1 3.54 5.5 0.76 6.81 76.53 6.86

a Samples analyzed by step scan

Fig. 4. Correlation of Ti, K and Zr with Al.
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overcome the CIW uncertainty related to the estimation of silicate Ca in
calcareous sediments, which may lead to biased weathering profiles.
Given the presence of dolomite and gypsum in some samples studied
herein, this indexmay bemore reliable for studying variations in chem-
ical weathering in the FZD section. Using molecular proportions, CIW′

was calculated as:

CIW′ = [Al2O3/(Al2O3 + Na2O] × 100.

For both CIA and CIW′ calculations, in those samples with Na below
the detection limit (b0.01%) the number of moles of Na2Owas estimated
using this maximum value. Fig. 5 shows the distribution of calculated
indices of chemical weathering. The obtained values for the CIA and
CIW′ indices differ significantly. CIA fluctuates between ~28 and 74
and averages ~62, whereas CIW′ fluctuates between ~46 and 99 and
averages ~89. Because values of CIA and CIW′ may be overestimated
because of elimination of CaO and K2O in their calculation (Fedo et al.,
1995), in the present work, weathering intensity is mainly interpreted
from the vertical variations of these indices instead of their absolute
values. Distinct peaks of CIA and CIW’ in the lower and upper part of
the studied interval of the Cupidito unit coincide with increases in
detrital-source elements (Al, Zr, Ti and K). Highest and almost invariant
values can be observed for the La Peña Formation.

5.3.3. Redox-sensitive trace elements (RSTEs)
In order to interpret the sources of trace elements (detrital vs.

marine origin) in the FZD section, we calculated their correlation
coefficient (R2) with Al, which is an element entirely attributed to the
detrital fraction. Normalization to Al (TE/Al ratio) was also perfomed.
This normalization was not conducted in samples with low Al content
(samples with very low detrital fraction; down to 1% according to XRD
analysis), to avoid exaggerated and unrealistic RSTE/Al peaks
(Brumsack, 2006).

From R2 values (Table 2), it clearly appears that Fe is significantly
correlated with Al (R2 = 0.80), and V and U are moderately correlated
with Al (R2 = 0.67 and 0.60, respectively). Consequently, a significant
amount of these elements may have a detrital origin and their fluctua-
tions can be influenced by variation in the detrital influx.

The stratigraphic variation of Al-normalized RSTEs is illustrated in
Fig. 6. Highly variable ratios regularly above the average shale are
present in the Cupidito unit. Except for the Cr/Al and Mn/Al that
show the highest peak within the lower 2 m (82.6 × 10−4 and
600.0 × 10−4, respectively), trace elements display only minor to mod-
erate increases in the lower 10mof the section. In general, high concen-
trations occur between 10 and 25mwith values of 29.0 × 10−4 for U/Al,
86.1 × 10−4 for V/Al, 144.2 × 10−4 for Ni/Al, 7.0 × 10−4 for Co/Al,
16.2 × 10−4 for Cu/Al, 133.8 × 10−4 for Zn/Al, 32.8 × 10−4 for Mo/Al,

Fig. 5. Vertical variations in content of typically detrital elements (% in weight) compared with CIA and CIW′ profiles. Blue shaded intervals correspond to significant peaks in detritism
associated with warmer/humid periods. Unshaded intervals correspond to low detritism associated with colder/drier periods. Age distribution, carbon stratigraphy, vertical variation in
TOC and TOC-rich intervals are shown for reference. ND= No data available from this or other works.
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and 2.7 for Fe/Al. In the Cupidito unit, P/Al ratio presents relatively con-
stant average shale-like values and only shows a minor peak of 0.06 at
23m; and Pb/Al is commonly below the average shale value and display
a peak of 5.4 × 10−4 at 13 m. The uppermost 1.5 m of the Cupidito unit
contain the highest peaks of Co/Al (7.3 × 10−4) and Cu/Al
(24.5 × 10−4), a significant peak of Mn/Al (490.9 × 10−4), and minor
to moderate peaks for the other elements.

Otherwise, the La Peña Formation displays a slight to moderate
enrichment (above the average shale) inmost of the RSTEs and less var-
iable profiles with respect to those observed in the Cupidito unit. Major
increases can be observed in the lower 8 m of the unit with values of

9.3 × 10−4 for U/Al, 76.2 × 10−4 for V/Al, 66.5 × 10−4 for Cr/Al,
2.6 × 10−4 for Pb/Al, 16.0 × 10−4 for Cu, 90.0 × 10−4 for
Zn/Al. Ni/Al, Mo/Al and Fe/Al present low, rather constant values
through the La Peña Formation. Co/Al, Pb/Al and Mn/Al are regularly
below the average shale.

5.4. Pyrite framboid size distribution

Different investigations have proved that the size distribution of py-
rite framboids is a successful proxy for interpreting the paleoredox con-
ditions at the time of pyrite formation (Wilkin et al., 1996, 1997;
Wignall andNewton, 1998; Bond andWignall, 2010; Rajabi et al., 2014).

In the studied thin sections of the La Peña Formation, pyrite
framboids occur randomly distributed and, occasionally, they form
mm-thick lenses. They rarely as clusters (Fig. 7). The statistic parame-
ters of pyrite framboid size distribution are presented in Table 3 and il-
lustrated in Fig. 7. Framboids range in size from 2.2 μm to 26.3 μm.
Meanwhile in beds 63, 77, 134 and 142 they are usually smaller than
6.0–8.0 μm in diameter, framboids with diameters larger than 10–15
μm are more common in beds 65 and 73.

6. Discussion

6.1. Analysis and correlation of the δ13C curve

Vertical fluctuations in δ13C of sedimentary successions encode im-
portant information about paleoenvironmental changes associated
with global perturbations in the global carbon pool, and can be used
as a high resolution tool for precise correlations between different

Table 2
Values of coefficient of correlation (R2) between RSTEs
and Al.

Trace element R2

U 0.6001
V 0.6701
Cr 0.4401
Ni 0.4155
Co 0.2959
Pb 0.4658
Cu 0.0049
Zn 0.2419
Mo 0.1219
Mn 0.3845
Fe 0.8023
P 0.4328

Fig. 6. Vertical variations in RSTEs. Al-normalized concentrations of RSTEs throughout the studied section. Except Fe/Al and P/Al ratios, all represent values × 10−4. The hatched area rep-
resents unnormalized values due to very low Al content. Dashed lines represent the Al-normalized concentrations of each corresponding element in the average shale from Wedepohl
(1991) and Brumsack (2006). Age distribution, carbon stratigraphy, vertical variation in TOC and Al, and TOC-rich and detritism intervals are shown for reference. ND=No data available
from this or other works.
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Fig. 6 (continued).

Fig. 7. Pyrite framboids in the La Peña Formation. A and B—microphotographs taken under reflected light that showmicroscopic features of the pyrite framboids; C—Mean versus stan-
dard deviation plot of pyrite framboid size. The boundary between zones for euxinic, anoxic and dysoxic environments is that seen in modern depositional settings (Wilkin et al., 1996).
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stratigraphic sections (Erba et al., 1999; García-Mondéjar et al., 2009;
Millán et al., 2009; Moreno-Bedmar et al., 2009, 2012b; Najarro et al.,
2011; Elkhazri et al., 2013; Núñez-Useche et al., 2014). However, it is
known that besides post-depositional diagenetic alteration, regional/
local paleoceanographic conditions, mainly in carbonate platforms sys-
tems, may cause the carbon-isotope signal to deviate from the open
ocean global signal (Immenhauser et al., 2008; Di Lucia et al., 2012).
Therefore, before attempting a correlation with other Barremian-
Aptian curves, we tried to assess the reliability of the δ13C record of
the studied section.

6.1.1. Reliability of the δ13C record
In the FZD section there is a low covariance between δ13C and δ18O

(Appendix A) (R2 = 0.017 for the entire section; R2 = 0.034 for the
Cupidito unit; and R2 = 0.0005 for the La Peña Formation). The δ13C
mean values for the FZD section fall within the range of Barremian–
Aptian seawater (~0.5–5‰) determined by Prokoph et al. (2008) from
low latitude biotic calcite. Moreover, there are not particular C-isotope
trends associated with a specific type of facies (Fig. 3). For instance,
the two negative excursions in the carbon-isotope record of the
Cupidito unit (between 9.4–11.7 m and 70.7–71 m) fall in the middle
of the microfacies association I (peritidal and subtidal facies) and the
upper part of microfacies association IV (fore-reef facies), respectively.
None of these narrow stratigraphic intervals relate to an emersion
phase or to an interval rich in ooids or crinoids which may shift the
carbon-isotope record to lower values (Föllmi et al., 2006). In fact, the
stratigraphic intervals related to this type of facies (microfacies associa-
tions II and III) do not show any significant decrease in δ13C values. The
positive carbon-isotope excursion between 11.7 and 39.9 m is defined
bymany data points and extends across different types of facies (mostly
microfacies associations I and II). Likewise, despite the drastic shift of fa-
cies from the Cupidito unit to the La Peña Formation, the general
carbon-isotope trend across this lithological boundary shows little var-
iation. Summing up, this suggests that variations in δ13C are not signifi-
cantly biased by diagenesis and cannot be related solely to facies
changes.

6.1.2. Identification of isotopic segments of Menegatti et al. (1998)
According to the foregoing discussion, the carbon-isotope record of

the FZD section can be considered as a pristine marine signal. It closely
correlates with the long-term global segments C2 to C8 of Menegatti
et al. (1998).

The conspicuous negative excursion in the carbon-isotope record of
the lower part of the studied section (beds 25–27), with a value of
2.86‰, can be assignable to segment C3. Together, the following two
points support this correlation.

1- The two levels with Palorbitolina lenticularis reported by Araujo and
Martínez (1981) (see Section 3) occur at ~40 and ~80 m below
the onset of the negative peak. The present study confirms the

occurrence of this benthic foraminifer 40 m below the segment C3.
It is included in a 2.3 m thick bed of wackestone/floatstone with
abundant miliolids, orbitolinids, and worm tubes. Since the first oc-
currence of Palorbitolina lenticularis occurs in the late Barremian
(Ogg and Ogg, 2006), the negative excursion in the FZD section is
therefore included in the latest Barremian–early Aptian interval.

2- Besides the early Aptian negative carbon-isotope excursion
(segment C3), another negative spike is associated with the
Barremian-Aptian boundary in many localities (Moullade et al.,
1998, 2000; Erba et al., 1999; Godet et al., 2006). However, the
amplitude of this negative excursion varies considerably from one
section to another. In the Cassis-La Bédoule section SE France the am-
plitude of the shift is ~2‰ (Moullade et al., 1998, 2000; Renard et al.,
2005), which is higher than for the basinal Tethyan sections (0.4‰ at
Cismon outcrop NE Italy, Menegatti et al., 1998; 0.22‰ at Gorgo a
Cerbara section Central Italy, Stein et al., 2011; and 0.2‰ at Angles
outcrop SE France, Godet et al., 2006). However, it is lower than for
the shallow-water outcrop of Lopper (4‰; Stein et al., 2012). In
deep-water sediments of northern Mexico (Scholle and Arhur,
1980) and shallow-water sediments of the coeval Sligo platform in
Texas (Phelps et al., 2015), the Barremian–Aptian negative excursion
is not over 1‰. Thus, it is not a prominent regional carbon-isotope sig-
nal. In both cases, segment C3 (with a value of about 2 and 3‰, re-
spectively) is the only negative excursion comparable in scale to
that reported in this study.

Building upon previous correlation, the underlying trend should cor-
respond to segment C2. Following the δ13C negative excursion, the re-
turn to 13C enriched values (positive excursion of 3.25‰) can be
traced until bed 45. This interval can be correlatedwith undifferentiated
C4–C6 segments. It is not possible to recognize each segment indepen-
dently. The slow increase of the δ13C values that begins at bed 45 and
finishes at bed 108 is analogous to segment C7. The uppermost part of
the segment within the Cupidito unit is stratigraphically coeval with
the lower-middle part of the late early Aptian D. furcata Zone, as previ-
ously discussed in Section 3. The upper part of this segment lies within
the La Peña Formation and contains the highest values of δ13C (from
+4.19 to +4.35‰). According to the ammonite zonation of Moreno-
Bedmar et al. (2013) (Fig. 3A), this part of segment C7 can be dated as
latest early Aptian (upper part of theD. furcata Zone). Following the seg-
ment C7 there is a negative trend that can be correlated with segment
C8. Based on the investigation of Moreno-Bedmar et al. (2013)
(Fig. 3A), it can be dated as latest early-early late Aptian (D. furcata–
E. martini transition).

6.1.3. Correlation of the δ13C curve with other sections
The here proposed correlation of the carbon-isotope record of the

FZD section with those published by Menegatti et al. (1998) allows
chemostratigraphic correlations with other sections, and discussion
about four significant global/regional events as follows from oldest to
youngest (Fig. 8):

1- Constrained by the time-equivalent segments C3 to C6 of Menegatti
et al. (1998) (Fig. 7), OAE 1a is located in the lagoonal facies of the
Cupidito unit and has a thickness of about 30.6 m. Taking into ac-
count that this event has an estimated duration of 1.0–1.3 My (Li
et al., 2008), the average sedimentation rate for the Cupidito facies
lies between 2.3 and 3.0 cm/ky, which is well within the lower
range of sedimentation rates reported by Enos (1991) for lagoonal
settings.

2- In the uppermost part of the Cupidito unit, bed 59 yields a clear neg-
ative excursion followed by a rapid positive excursion. This negative
peak of 0.7‰ is located in the middle part of segment C7 and, as
discussed before, included in the coeval lapse of the D. furcata
Zone. It can be correlated with the Intra-Furcata Negative Excursion
(IFNE) (0.7–1.2‰) defined by Núñez-Useche et al. (2014) from the
Prebetic domain in Spain (Fig. 8F), which is equivalent to the isotope

Table 3
Pyrite framboid size statistic parameters.

Bed Distance base
(m)

Na Meanb

(μm)
S.D.c Min F.D.d

(μm)
Max F.D.e

(μm)

142 100.2 165 5 2.3 2.4 9.2
140 98.8 150 5.3 2.6 1.9 10.1
134 96.0 350 5.2 2.1 2.2 10.6
77 76.2 268 6 2.5 2.7 15.5
73 75.9 150 5.9 3.2 5 14.3
65 73.7 165 5.7 2.9 3.2 18.8
63 72.8 328 5.8 2.5 2.8 15.2

a Number of measured framboids.
b Mean framboid diameter.
c Standard deviation of framboid diameter.
d Minimum framboid diameter in sample.
e Maximum framboid diameter in sample.
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drop (1.2‰) reported within segment C7 in the δ13C curve from the
Cassis-La Bédoule section ofMoullade et al. (1998) (Fig. 8C), the sub-
unit Ap7b of the Vocontian Basin, France (Herrle et al., 2004) (both
included in the D. furcata Zone by Moreno-Bedmar et al., 2012b)
(Fig. 8D), and the negative shift of about 1‰ described in themiddle
part of segment C7 at the Basque–Cantabrian Basin (Millán et al.,
2009) (Fig. 8E). The record of a new possible IFNE strengthens the
potential of this carbon-isotope drop as a new chemostratigtaphic
marker for the lower Aptian.

3- The base of the La Peña Formation is an organic-carbon rich interval
(TOC-rich interval C) in the upper part of the D. furcata Zone. TOC
reaches values of up to 8.72% in the FZD section (Barragan, 2001)
(Fig. 3B), and up to 3.2% in the La Huasteca section (Barragán and
Maurrasse, 2008). Otherwise, the lower part of the Lareo Formation
from the Basque–Cantabrian Basin is a TOC-enriched (values of up to
2.11%) interval which also dates from the D. furcata Zone and is
known as the Aparein level (García-Mondéjar et al., 2009; Millán
et al., 2009) (Fig. 8E). It is equivalent to an organic-carbon rich level re-
ported in Italy (Cobianchi et al., 1997; Luciani et al., 2006). Both the
Mexican and the Spanish intervals have been correlated in light of
their similar biostratigraphic position (Millán et al., 2009; Skelton
and Gili, 2012; Moreno-Bedmar et al., 2012a); however, this study
shows that apparently they do not fit chemostratigraphically. Where-
as the base of the La Peña Formation is time-equivalent with the tran-
sition of the segments C7 to C8, the Aparein level postdates a

pronounced negative δ13Ccarb spike (with amplitude of 4–5‰) overly-
ing the segment C8 (Fig. 8E). Such a discrepancy can be explained by
considering the lack of aworldwidewell-established C-isotope profile
in the D. furcata ammonite Zone. Further studies are needed to check
whether these intervals are correlatable or they link todifferent events
associated with a major phase of oxygen-poor or anoxic conditions
recognized on a global scale during the late early Aptian (Föllmi,
2012).

4- The uppermost 6 m of the section correspond to the TOC-rich interval
D (TOC values of up to 18%) within the base of the early late Aptian
E. martini Zone (Moreno-Bedmar et al., 2013) (Fig. 3). This interval is
probably time-equivalent to the Noire level black-shale horizon
defined in the Vocontian Basin (Bréhéret, 1997; Herrle et al., 2004),
which is also included in the lower part of the Epicheloniceras
martinoides ammonite Zone (Herrle et al., 2004) (Fig. 8D). Both inter-
vals coincidewith a negative carbon-isotope trend (Herrle et al., 2004;
Föllmi, 2012) (Fig. 8D).

6.2. Weathering, detrital input and climate

The variation in the detrital influx is reconstructed from the profiles
of Al, Zr, Ti and K (Fig. 5). Increases in the detrital influx occurred
episodically before and during the lower part of the OAE 1a interval
(segment C3) and the TOC-rich interval A. From this interval onward,
a decrease took place and persisted until the uppermost part of the

Fig. 8. Correlation of stable carbon-isotope curves of different stratigraphic sections. A— Francisco Zarco Dam section (this study); B— Cismon core (Menegatti et al., 1998); C— Cassis-La
Bédoule (Moullade et al., 1998; Moreno-Bedmar et al., 2012b); D — Serre Chaitieu (Vocontian Basin; Herrle et al., 2004; Moreno-Bedmar et al., 2012b); E — Cau (Moreno-Bedmar et al.,
2012b); F— Igaratza (Millán et al., 2009). C1 to C8 refer to the stable carbon-isotope segments defined byMenegatti et al. (1998). Dashed lines correlate the OAE 1a, IFNE and Noire level.
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Cupidito unit. It is followed by a slight to moderate punctual increase.
Toward the end of the deposition of the Cupidito unit (close to the inter-
val in which the IFNE occurred and partially coincident with the TOC-
rich interval B) continental influence raised and detrital input remained
high. This trend persisted during sedimentation of the TOC-rich interval
C in the lower part of the La Peña Formation. Thereafter, detrital input
decreased and varied erratically, rising and falling irregularly. The
most significant peaks in detritism correspond to the blue shaded inter-
vals in Fig. 5.

The above described changes in detrital influx are irregular and
do not fit with a steady and long-term sea-level rise, as is recorded
in the lower Aptian succession of northern Mexico (Goldhammer
et al., 1991; Goldhammer, 1999; Lehmann et al., 1999, 2000), includ-
ing those exposed in the FZD section (Barragan, 2001; Núñez-Useche
and Barragán, 2012). Periods of sea-level rise normally result in the
decrease of the input of detrital material to marine environments,
since the depocenter shift landward. According to Weissert (1990)
and Wortmann et al. (2004), the increase in detrital influx on the
shallow-marine Tethyan and Atlantic shelves during the Aptian
was triggered predominantly by climate. A warm and/or humid cli-
mate link to intensified greenhouse conditions accelerated water cy-
cling and chemical continental weathering of parent rocks. It was
accompanied by the input of fine clay particles into sediments. In
this study, the calculated indices (CIA and CIW′) are used to infer
weathering profiles and pinpoint climate fluctuations (Nesbitt and
Young, 1982; Fedo et al., 1995, 1997; Cullers, 2000) (Fig. 5). CIA
and CIW′ increases mostly coincides with peaks in detritism (blue
shaded intervals), which indicates that a relative intensification in
both weathering in the source area and detrital output took place
during deposition of these intervals. They represent periods with
warmer/more humid prevailing conditions. Conversely, intervals
with lower detritism and low CIA and CIW′ values denote a decrease
in the intensity of chemical weathering (unshaded intervals in
Fig. 5). They represent periods with colder/drier climatic conditions
that substantially reduced the chemical continental weathering and
runoff of fine particles. According to the above analysis, detrital in-
flux in the FZD section was indeed climate controlled. A link between
TOC concentrations and climate controlled detrital influxes is obvi-
ous, as the TOC-rich intervals A and C (and B in a minor extent) coin-
cide with peaks in detritism.

The interpretation proposed here is in agreement with two charac-
teristic global warming trends that occurred during (a) the late
Barremian–early Aptian (Larson, 1991; Jenkyns, 2003; Weissert and
Erba, 2004; Zakharov et al., 2013; Bottini et al., 2014) linkedwithmeth-
ane release from gas hydrate melting (Jahren et al., 2001; Jenkyns,
2003) and intensive volcanic activity eventually related to the
Ontong-Java plateau (Tejada et al., 2009; Keller et al., 2011); and
(b) the late early Aptian D. furcata Zone (García-Mondéjar et al., 2009;
Zakharov et al., 2013), both almost coinciding with the time of occur-
rence of the warmer/humid periods defined in the FZD section. Like-
wise, colder/drier periods (unshaded intervals in Fig. 5) could be
triggered by global cooling episodes in the early Aptian (during and
after the onset of the OAE 1a), attributed to a drawdown of carbon diox-
ide due to enhanced marine organic-carbon burial and continental
weathering (Menegatti et al., 1998; Erba et al., 2010; Jenkyns, 2010;
Jenkyns et al., 2012).

6.3. Evaluating paleo-redox conditions

Several studies of RSTEs in marine sediments demonstrated their
use to distinguish oxygen levels. Sediments deposited under oxygen-
depleted marine environments have higher concentrations of certain
RSTEs (Huerta-Diaz and Morse, 1992; Algeo and Maynard, 2004;
Brumsack, 2006; Sanchez-Hernandez and Maurrasse, 2014). Such con-
ditions favor that trace elements associatemainlywith the organicmat-
ter fraction and/or authigenic Fe-sulfides or precipitate directly from the

water column as mineral phases including discrete sulfide particles.
Conversely, under reduced bottom-water conditions Mn diffuses and
oxidizes and reprecipitates asMn oxides or MnCO3 when find oxic con-
ditions either in the water column or in the pore water (Calvert and
Pedersen, 1993; Algeo and Maynard, 2004; Tribovillard et al., 2006).
Since RSTEs are prone to secondary mobilization, especially under vari-
able bottom-water redox conditions (Algeo and Maynard, 2004;
Rimmer et al., 2004; Tribovillard et al., 2006), they must be carefully
interpreted.

In the FZD section, the RSTEs enrichment is higher andmore variable
in the Cupidito unit than in the La Peña Formation (Fig. 6). Since differ-
ent mechanisms account for this distribution, we discuss separately
each stratigraphic unit.

6.3.1. Redox conditions during deposition of the Cupidito unit
In the Cupidito unitmost of RSTEs show similar profiles (Fig. 6).Minor

peaks recorded in the segment C2 and build upmore strongly within the
segment C3–TOC-rich interval. A similar behavior is observed even for the
Pb/Al (regularly below the average shale) and Mo/Al (frequently above
the average shale) ratios. Atfirst glance, the RSTEs pattern indicates depo-
sition under low oxygen bottom-waters conditions, episodic during seg-
ment C2 and progressively more permanent upward. This scenario fits
with high concentrations of organic matter in the TOC-rich interval A. It
also agrees with documented episodic anoxic–dysoxic conditions during
earliest Aptian which become more severe toward the OAE 1a in the Te-
thys Basin (Föllmi, 2012; Föllmi et al., 2012; Stein et al., 2011;
Sanchez-Hernandez and Maurrasse, 2014). However, the occurrence of
a high and constant benthic foraminiferal abundance andpunctuated bio-
turbated levels within the same intervals (Fig. 3) indicate that oxygen-
depleted conditions inferred from geochemical proxies was not perma-
nent. Contrasting results for the same intervals may therefore hint to
markedly variable bottom-water redox conditions.

Weakly reducing conditions at the seafloor are also suggested by the
enrichment in Mn. The positive correlation between Mn/Al and Ca/Al
for the Cupidito unit samples (R2 = 0.6) indicates fixation of dissolved
Mn as mixed Mn–Ca-carbonates under oxygen-depleted conditions
where Mn was enriched in pore water (Brumsack, 2006). Otherwise,
the coincidence of peaks of Mn/Al with peaks of U/Al, V/Al, Ni/Al, Co/
Al, Cu/Al and Zn/Al (Fig. 6) implies that the oxic–anoxic interface must
have residedwithin the sediments or atmost at the sediment–water in-
terface. This interface could not have risen durably into the water col-
umn, because no such Mn enrichment could have been recorded.
Hence, reducing conditions prevailed within the sediments whereas
more oxic–dysoxic conditions favorable for benthic life dominated the
sediment–water interface.

It is widely accepted that during the OAE 1a interval several organic-
rich deposits with higher concentrations of certain RSTEs were deposit-
ed in pelagic and hemipelagicmarine environments under oxygen-poor
or anoxic conditions almost on a global scale (Heldt et al., 2008; Huck
et al., 2010; Millán et al., 2009; Najarro et al., 2011; Stein et al., 2012;
Sanchez-Hernandez and Maurrasse, 2014). In contrast, organic-rich
levels are often scarce or absent in shallow-water carbonate
sediments across the OAE 1a interval. Although many Tethyan
carbonate platforms were drowned before OAE 1a, redox conditions
in those which underwent uninterrupted carbonate production
during this event seem to have been more influenced by regional/local
paleoceanographic conditions (Immenhauser et al., 2005; Föllmi et al.,
2006; Huck et al., 2010; Di Lucia et al., 2012). In a similar fashion, the
subtle balance between reducing conditions in the sediments and
favorable oxygen conditions for benthic life in the Cupidito lagoon
might reflect the interaction of local factors occurring in shallow-water
environments such as:

1- Strong to moderate degree of surface-water–atmospheric O2

mixing: This process prevents the development of permanent
oxygen-depleted conditions at the seafloor. However, it may
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be affected by increased continental runoff and freshwater
influx creating a low-salinity surface which diminish the
interchange.

2- Seasonal productivity: In addition to control the benthic foraminif-
eral abundance, the organic-matter flux also influence the oxygen
content in bottom water masses. The burial of organic matter can
lead to organic-carbon rich sediments in oxygen-containing condi-
tions; however, beyond a certain quantity, it results in oxygen con-
sumption at the seafloor (Calvert and Pederson, 1993; Jorissen
et al., 1995; Friedrich et al., 2010).

3- Wastermass restriction: The degree of restriction, especially in
shallow regions of the ocean, determines the mixing rate with
more open ocean water masses and the rate of oxygen renewal
to bottom waters. In turn, oxygen replenishment regulates
organic-matter oxidation (Wilkin et al., 1996; Algeo and Rowe,
2012).

It is noteworthy that Al-normalized RSTEs concentrations associate
with a moderate TOC enrichment in the Cupidito unit. The heights of
the peaks in RSTEs contents observed in Fig. 6 for this part of the section
seem exaggerated considering the proposed weak reducing bottom
conditions. They are even too large compared with the peaks measured
in the TOC-rich interval C,which, as is discussed below, deposited under
more uniform oxygen-depleted conditions. Hence, these concentrations
are difficult to explain by considering only local redox conditions in the
Cupidito lagoon.

We hypothesize that besides local conditions, the RSTEs distribution
in the Cupidito unit probably also reflects a major global availability of
trace metals in seawater associated with magmatic degassing and hy-
drothermal activity produced during the formation of the Ontong-Java
plateau during the late Barremian–early Aptian (Duncan et al., 2007;
Tejada et al., 2009; Keller et al., 2011). Although some links between
the emplacement of this plateau and trace metal anomalies in coeval
marine sediments have been suggested in some studies (Sinton and
Duncan, 1997; Larson and Erba, 1999; Leckie et al., 2002; Walczak,
2006; Duncan et al., 2007; Tejada et al., 2009), this relationship is
quite recently strengthened by Erba et al. (2015). According to these au-
thors, local redox conditions exerted a secondary effect on abundance
anomalies of trace elements, which were mainly controlled by the vol-
canism related to the greater Ontong-Java event (including the em-
placement of the Ontong-Java, Manihiki, and Hikurangi Plateaus) with
a paroxysmal phase coincident with OAE 1a. Further work is necessary
to determine the influence of this event in the trace element abundance
peaks observed in OAE1a time-equivalent facies of the Cupidito unit.

6.3.2. Redox conditions during deposition of the La Peña Formation
In the case of the La Peña Formation, the TOC-rich interval C features

(disappearance of benthic foraminifera and domination of planktonic
foraminifera, fine lamination, and presence of disseminated pyrite)
(Fig. 3 and 7) clearly reflect deposition under reduced bottom-water
conditions. Barragan (2001) related this redox regime to the invasion
of dysoxic/anoxic waters onto the Cupido platform, likely as conse-
quence of the global expansion of the oxygen minimum zone and high
sea-level during the Aptian. Indeed, this interval displays an enrichment
in RSTEs that suggests depletion in O2 content during its deposition. The
minor variability that these elements record with respect to that shown
in the Cupidito unit also suggests that redox conditionswere less fluctu-
ating. This matches with the low Mn/Al values (frequently below the
average shale; especially at the TOC-rich interval C), reflecting long-
term oxygen-depleted conditions that favored Mn diffusion out of the
sediments.

Consistent with Mn/Al, Co/Al is also depleted in the La Peña Forma-
tion. This occurs in sediments deposited underneath zones of highmarine
productivity of the Gulf of California (Brumsack, 1989) or the Peruvian
margin (Böning et al., 2004), where Mn-and Fe-oxyhydroxides enriched
in Co are transported away under oxygen-depleted conditions. In the

present case, Co likely mobilized from particles which settled through a
poorly-oxygenatedwater columnbefore reaching the sediment. The exis-
tence of anoxic instead of euxinic conditions may also account for the
above mentioned Co depletion. This element may be enriched in sedi-
ments deposited under euxinic conditions given that it forms stable
sulfides only when H2S is present; however, it may have a limited incor-
poration into authigenic sulfides under anoxic conditions (Luther, 1991;
Huerta-Diaz and Morse, 1992; Algeo and Maynard, 2004). A similar pro-
cess may be invoked in order to explain the low values of Pb/Al.

Information concerning O2 levels from the La Peña Formation is also
deduced from the size distribution of pyrite framboids. Sediments de-
posited underneath oxic/dysoxic waters have highermean framboid di-
ameter than those deposited from euxinic environments in which the
framboids formed in the water column and do not have enough time
to grow before they sink below the iron reduction zone (Wilkin et al.,
1996, 1997; Suits and Wilkin, 1998; Wignall and Newton, 1998; Bond
and Wignall, 2010). According to this proxy, bottom waters were
poorly-oxygenated during deposition of the TOC-rich intervals C and
D. In the mean vs. standard deviation plot of pyrite framboid size data,
samples of the TOC-rich interval C plot in the anoxic and dysoxic
zones (as is suggested by the RSTEs enrichment) and samples of the
TOC-rich interval D plot in the anoxic zone (Fig. 7C). These latter contain
a population characterized by minimal and not very variable sizes,
which suggests that deposition of these sediments occurred underneath
a stronger anoxic regime, as proposed by Barragan (2001).

6.4. Detrital and nutrient input, marine productivity and redox conditions

TOC-rich intervals A and C (andB in aminor extent) coincide partial-
ly with climate controlled increases in detrital influx, thus indicating a
direct relationship between detrital influx and organic-matter burial
(Fig. 6). Whilst continental runoff may have supplied terrestrial organic
matter, it also could enhance nutrient delivery to the basin, stimulating
marine productivity and thus causing direct marine organic-carbon se-
questration and depleted O2 concentration at the seafloor. This mecha-
nism has been proposed as responsible of enhanced burial of several
black shales during the Cretaceous (Erba, 1994; Larson and Erba,
1999; Leckie et al., 2002; Jenkyns, 2010; Sanchez-Hernandez and
Maurrasse, 2014), and can be also applied to explain the formation of
Pliocene Mediterranean sapropels (Wehausen and Brumsack, 1998;
Meyers, 2006). In the FZD section, this scenario is in agreement with
the positive correlation of Fe and P with Al.

Iron and phosphorus are important biolimiting elements in the ocean.
Delivery of both elements to surface waters stimulates widespread ma-
rine productivity (Larson and Erba, 1999; Leckie et al., 2002; Brumsack,
2006; Bodin et al., 2007; Stein et al., 2012; Sanchez-Hernandez and
Maurrasse, 2014). The fluxes of these elements into the seawater/sedi-
ment system are mainly controlled by continental runoff.

Iron concentration in the FZD sediments is frequently above the
average shale in the Cupidito unit (raw concentration ranges from
0.08 to 1.03%, average 0.26%; Appendix B) and close to that in the La
Peña Formation (raw concentration ranges from 0.26 to 0.65%, average
0.41%; Appendix B) (Fig. 6). Fe concentrations in this height in a calcar-
eous dominated setting like the represented by the FZD section should
have been sufficient to support enhanced marine productivity. Positive
correlation of this element with Al (Table 2) supports that it was sup-
plied by detrital fluxes.

For the lower part of the Cupidito unit, P shows concentration close
to that of average shale (raw P concentration ranges from 0.001 to
0.024%, average 0.004%; Appendix B). Moderate correlation of P with
Al (R2 = 0.6) and Fe (R2 = 0.76; Fe/Al and P/Al profiles have roughly
consistent trends in Fig. 6) suggest that Pwas deliveredmainly by detri-
tal input. In this case, P must have been carried to the sediments mainly
adsorbed onto particulate inorganic phosphorus or detrital iron-
oxyhydroxides derived from weathering (Jarvis et al., 1994; Piper and
Perkins, 2004). Because the deposition of this interval of the Cupidito
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unit coincides with pronounced oceanic magmatic episodes of the
Greater Ontong-Java event, marine productivity in the Cupidito ramp
might also have been stimulated by the associated introduction of Fe
and other biolimiting metals into the ocean (Sinton and Duncan,
1997; Larson and Erba, 1999; Leckie et al., 2002; Tejada et al., 2009;
Erba et al., 2015).

For the La Peña Formation, P is consistently enriched with respect to
average shale (raw P concentration ranges from 0.018 to 0.077%, aver-
age 0.037%; Appendix B) and lacks a positive correlation with Al
(R2 = 0.25). Furthermore, P/Al is decoupled of Fe/Al and shows covari-
ation with TOC in the TOC-rich interval C (Fig. 6). These P relationships
indicate that a considerable portion of the total P is probably present as
organic P (its presence as an authigenic phase was not detected neither
by petrographic nor XRD analyses), and its enrichment at TOC-rich in-
terval C can be interpreted as the result of high nutrient levels in seawa-
ter (Bodin et al., 2007; Stein et al., 2012). Under oxygen-depleted
bottom waters, P from the uppermost sediments is prone to be
remobilized and returned to the water column to sustain marine pro-
ductivity (Böning et al., 2004; Bodin et al., 2006; Stein et al., 2011;
Tribovillard et al., 2006). Given that dysoxic–anoxic bottom waters are
inferred for TOC-rich interval C but high P values persist in sediments,
P recycling processes must have been limited by some mechanism
such as water column stratification. Another possibility is that P may
have been transferred into an authigenic phase rather than transferred
back into the bottom waters. Although in the FZD section P is not pres-
ent as an authigenic phase, Lehmann et al. (1999) reported phosphorite
clasts in the shale beds of this unit in coeval stratigraphic sections.

In summary, our results indicate that delivery of Fe and P by con-
tinental runoff was a local factor that triggered eutrophication of the
surface waters, stimulating marine productivity and triggering
organic-matter burial. The fluxes of these elements increased due
to warm/humid conditions that intensified chemical continental
weathering and detrital and nutrient input. Likewise, positive excur-
sions in δ13C occurring in the TOC-rich intervals A and C are in agree-
ment with enhanced 12C removal due to marine productivity. Spatial
variations in δ13C and TOC are also consistent with changes observed
in the trace metal data, thus indicating that marine productivity and
the production and export of organic matter contributed to decrease
oxygen concentrations and enrich sediments in a selection of RSTEs.
As we discussed before, variable bottom-water redox conditions oc-
curred within the Cupidito lagoon as consequence of the interaction
of local processes.

The TOC-rich interval D has been previously interpreted as deposit-
ed under anoxic bottom conditions related to eutrophication of surface
waters that resulted from a local upwelling system in a basinal environ-
ment (Barragan, 2001; Núñez-Useche and Barragán, 2012). Certainly,
the sudden increase in radiolarian and marked decline in benthic fora-
miniferal abundance associated with this interval (Fig. 3) have been
also observed in modern sediments deposited under regions of intense
upwelling systems (Diester-Haass, 1977). Data from this study show
that the TOC-rich interval D coincides with a decrease in δ13C values
(Fig. 3), which indeedmay have resulted from the strongmixing of sur-
face waters with cold nutrient-rich deeper waters depleted in 13C
(Wefer et al., 1999; Peeters et al., 2002). Considering themodel applied
to explain the origin of the underlying TOC-rich intervals, we hypothe-
size that eutrophic conditions could also be induced by nutrient supply
to the surface waters related to increased rates of continental runoff
during warmer/humid periods (Fig. 5). The transfer of continental-
derived-freshwater may also account for the decrease in carbon-
isotope values in the TOC-rich interval D; however, this shift must
have required large amounts of freshwater and accompanied detrital
components, which are no reflected in sedimentary facies. The results
of XRD analysis show that samples from this interval (see Table 1, sam-
ples FZD-135 and FZD-143a) have an abundance of detrital components
quite similar to that found in the other samples. Therefore, the arrival of
nutrients from runoff probably was secondary with respect to nutrient

advection due to upwelling. The scarce of planktonic foraminifera in
the TOC-rich interval D is probably related to the shoaling of the carbon-
ate compensation depth as consequence of high productivity and/or un-
favorable conditions for calcareous plankton in surface waters.

6.5. Time-equivalent facies of the OAE 1a and diachronism of the
Cupidito–La Peña flooding

Deposits of theOAE 1a in the section investigated are included in the
Cupidito unit. By contrast, Li et al. (2008) associate this event with the
organic-carbon rich facies of the uppermost part of the Lower Tamauli-
pas Formation–lower part of the La Peña Formation at the Santa Rosa
Canyon section (SRC section; see location in Fig. 1) (Fig. 9). This incon-
sistency regarding the lithostratigraphic position of the OAE 1a as well
as unpublished nannoplankton data of the lowermost part of the La
Peña Formation confirms the diachronism of the Cupidito–La Peña
flooding event, as previously proposed by some studies (Goldhammer,
1999; Lehmann et al., 1999, 2000), and rules out the isochronous
hypothesis (Barragán-Manzo and Méndez-Franco, 2005; Barragán
and Maurrasse, 2008; Moreno-Bedmar et al., 2011, 2012a;
Moreno-Bedmar and Delanoy, 2013) (see Section 2). According to the
diachronous model, this flooding event took place by onlap and shifted
gradually landward, which implies that the Cupidito–La Peña
lithostratigraphic contact in coeval basinal sections like the SRC section
is older than the same contact in shelfal sections like the FZD (Fig. 9A).
This scenario explains that OAE 1a time-equivalent facies occur in a
lower lithostratigraphic position in the SRC section and appear higher
in the FZD section (Fig. 9). It also allows the correlation of the negative
excursion in the δ13C record of 2.0‰ toward the base of segment C7 in
the SRC section (within the Leupoldina cabri planktonic foraminifera
Zone) with the IFNE recorded in the FZD section (see Núñez-Useche
et al., 2014) (Fig. 9).

The diachronismof the base of the La Peña Formation can be also de-
duced from biostratigraphic age data. Deposition of this unit in the SRC
section onsets in the middle early Aptian (upper part of the
Globigerinelloides blowi foraminifera Zone; Li et al., 2008) (Fig. 9), and
much later, in the latest early Aptian in the FZD section (upper part of
the D. furcata Zone; Moreno-Bedmar et al., 2013) (Fig. 9). If we roughly
assume that the base of the La Peña Formation coincides with the onset
of the OAE 1a at the SRC section (Li et al., 2008, Fig. 9), andwith the base
of the D. furcata Zone in the FZD section (Moreno-Bedmar et al., 2013,
Fig. 3A), and consider the published numerical ages of these events of
~124 Ma (Meyers et al., 2006) and ~122 Ma (Scott, 2014), respectively,
it is possible to approximately estimate that the onset of the La Peña
Formation deposition occurred diachronously, with a difference in age
of about 2 My between the two sections.

6.6. Carbonate platform response to the drowning and OAE 1a

Initial flooding of the Cupido platform started in the latest
Barremian–earliest Aptian with the stepwise transformation of the
rimmed shelf with marginal reefs and barrier shoals to the Cupidito
ramp (Goldhammer et al., 1991; Lehmann et al., 1999) (Fig. 1). This
change of the platform architecture marked an important turning
point from photozoan towards heterozoan-dominated carbonate pro-
duction alongwith the transition from Cupido to transgressive Cupidito
facies. This early platformdrowning coincideswith the installation of an
heterozoan mode platform over the photozoan rudist-rich ecosystem
(Urgonian Platform) in the northern Tethyan, which started at the
very end of the Barremian and peaked immediately before the OAE 1a
(Wissler et al., 2003; Föllmi et al., 2006, 2007; Huck et al., 2011, 2013;
Stein et al., 2012). The data show the onset of such drowning phase in
Mexico at the Cupido–Cupidito boundary also predating the OAE 1a.

Several shoal-water carbonate systems along the northern Tethyan
margin underwent demise and subsequent drowning before the onset
of the OAE 1a (Wissler et al., 2003; Weissert and Erba, 2004;
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Immenhauser et al., 2005; Föllmi et al., 2006; Huck et al., 2011, 2013;
Skelton and Gilli, 2012). However, in the Cupidito ramp in northern
Mexico carbonate production continued during this event. Indeed, the
beginning of the OAE 1a is not characterized by a noticeable variation
in the Cupidito facies. In the FZD section there is not evident change in
the lagoonal facies in the C2–C3 transition (Fig. 3A). However, basinal
sediments of the Santa Rosa Canyon section record the onset of the
“nannoconid crisis” (Erba, 1994; Erba et al., 1999, 2010; Weissert and
Erba, 2004) at this time (Fig. 9). This biotic turnover is the result of a

worldwide biocalcification carbonate crisis occurring shortly before
and during the early Aptian negative carbon-isotope excursion
(segment C3) (Erba et al., 1999, 2010; Weissert and Erba, 2004; Millán
et al., 2009), and also affected platform environments stressing rudist
bivalves and corals and favoring Lithocodium/Bacinella or similar
microbial blooms (Immenhauser et al., 2005; Huck et al., 2010;
Skelton and Gilli, 2012). The biocalcification crisis is the response to a
period of ocean acidification caused by amajor injection of volcanogenic
CO2 derived from the emplacement of the Ontong-Java (Leckie et al.,

Fig. 9.Mexican record of theOAE 1a. A—Geochemical correlation of δ13C curves between the Francisco ZarcoDam (FZD) section (this study) and the Santa Rosa Canyon (SRC) section (Li et al.,
2008); B—Lithostratigraphic position of the OAE 1a and IFNE confirms the diachronism of the Cupidito-La Peña flooding event. The base of the la Peña Formation in the FZD section correlates
with the upper part of theMediterraneanDufrenoyia furcata Zone of Reboulet et al. (2014) (Barragan, 2001;Moreno-Bedmar et al., 2013). TheOAE is included in theDeshayesites forbesi Zone
(Moreno-Bedmar et al., 2009, 2012b; Najarro et al., 2009; Föllmi, 2012).
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2002; Méhay et al., 2009; Erba et al., 2010). Remarkable in the FZD sec-
tion is the presence of radial ooid-dominated carbonates (microfacies
association II; Figs. 3 and 9) in the uppermost 9 m of succession which
represents the OAE 1a interval. Similar oolitic successions have been
documented in southern Italy during the early Toarcian oceanic anoxic
event and in carbonate platforms of the northern Tethyan margin also
associated with the early Aptian OAE 1a (; Trecalli et al., 2012; Föllmi
and Godet, 2013). This facies can be a consequence of excessive carbon-
ate production during a phase of alkalinity in the oceans following a
phase of ocean acidification (Kump et al., 2009; Föllmi and Godet,
2013). In the FZD section, a major acceleration of weathering and
organic-matter burial during deposition of the TOC-rich interval A
(Fig. 5) may have induced drawdown of CO2 and caused the alkalinity
recovery. Núñez-Useche and Barragán (2012) proposed that ooid accu-
mulation toward the upper part of the microfacies association II oc-
curred close to the vadose zone, as is indicated by the presence of
pendant cement. This suggests gradual carbonate aggradation probably
as an attempt of the Cupidito ramp to keep up with drowning.

The phase of heterozoan carbonate growth of the Cupidito ramp
continued after the global crisis associated with OAE 1a, as is indicated
by the crinoids-rich carbonate succession in the post-OAE 1a interval
in the FZD section. In a similar fashion, shallow-water carbonate plat-
forms in Oman underwent uninterrupted carbonate production during
this event (Immenhauser et al., 2005).We suggest that the perturbation
of carbonate production and export during OAE 1a which affected vari-
ous shelves and openmarine environments did not significantly disturb
the Cupidito ramp.

In the post-OAE 1a succession, the presence of rudist-debris in the
uppermost part of the Cupidito unit (Figs. 2C and 3A) indicates that
photozoan ecosystems also persisted in inner areas of the ramp, proba-
bly as isolated rudist pinnacle reefs (Conklin andMoore, 1977). Reduced
rates of chemical weathering and continental runoff during colder/drier
periods after OAE 1a (Fig. 5)might have caused low nutrient conditions,
which induced favorable growth conditions for these carbonate
ecosystems.

Definitive drowning of the Cupidito ramp during latest early Aptian
occurred in response to a long-term global sea-level rise. Diachronic
flooding, which peaked during the deposition of the La Peña Formation,
is the result of the regional paleogeographic configuration (Fig. 1). In the
FZD section, this transgressive episode is correlated with the transgres-
sive part of the Tethyan sequence Ap4 of Hardenbol et al. (1998)
(Moreno-Bedmar et al., 2012a). The termination of platform growth is
coeval with a drowning event in the Basque–Cantabrian Basin, Spain
(Najarro et al., 2011; García-Mondéjar et al., 2009; Millán et al., 2009),
and a protracted platform drowning and demise phase in the Helvetic
platforms which lasted until the late Aptian (Föllmi et al., 1994, 2006).
This study reveals that the Cupidito ramp underwent periodic arrival
of detrital components and nutrients link to an increased rate of conti-
nental runoff during warmer/humid periods. Such conditions may
have increasingly stressed the carbonate factory, thus accelerating plat-
form demise.

7. Conclusions

The recognized δ13C trends within the FZD section match C2 to C8
segments observed from other global Aptian sections. Coupled with
available biostratigraphic data, these segments permit correlation of
some intervals with the OAE 1a (in the shallow lagoonal deposits of
the Cupidito unit, encompassing the TOC-rich interval A), the IFNE
(uppermost portion of the Cupidito unit), and the Noire level (upper-
most part of the section, TOC-rich interval D). It is also possible to
raise a doubt on the previously proposed correlation between the
Spanish Aparein level and the TOC-rich interval C at the base of the La
Peña Formation.

Various increases in detrital influx occurred episodically in the lower
part of the section, within the segment C2 and the lower-middle part of

OAE 1a. A slight increase can be also observed in the upper part of the
Cupidito unit. Meanwhile, the base of the La Peña Formation is coeval
with a sustained increase. Concurrent high values of CIA and CIW′ with
these peaks in detritism indicate weathering intensification, presumably
during periods with warmer/humid conditions. This observation fits
with global warming conditions occurring at these time intervals.

Reducing conditions within the sediment and more oxic–dysoxic
at the seafloor occurred during the deposition of the lower part of the
Cupidito unit. This subtle balance was controlled by the interaction
of local processes rather than by paleoceanographic changes related
to the OAE 1a perturbation. It is probable that the apparent excess of
RSTEs in the Cupidito unit also reflects the higher availability of these
elements in seawater associated with the greater Ontong-Java pla-
teau event. Oxygen depletion was more persistent within the lower
part of the La Peña Formation (TOC-rich interval C), as is corroborat-
ed by sustained low Mn/Al ratios. Anoxic/dysoxic bottom waters for
this interval are indicated by the size distribution of pyrite
framboids. This proxy also suggests anoxic conditions during the de-
position of the TOC-rich interval D.

Coincidence of TOC-rich intervals with significant peaks in detritism
suggests a direct relationship between continental runoff and organic-
matter burial. Correlations among Fe, P and Al confirm that detrital in-
flux delivered these biolimiting nutrients, fostered local marine produc-
tivity, organic-matter burial and, subsequently, oxygen depletion in
bottomwaters. This model is supported by the concomitant occurrence
of positive excursions in δ13C and RSTEs enrichment at TOC-rich inter-
vals A and C. High TOC values in the TOC-rich interval D together with
the domination of radiolaria and low δ13C values are indicative of
mixing of surface waters with cold nutrient-rich deeper waters and
minor arrival of nutrients from runoff.

The inconsistency regarding the lithostratigraphic position of the
OAE 1a (appearing in a higher lithostratigraphic position in shelfal sec-
tions) confirms the diachronismof the Cupidito–La Peña flooding event.
It is possible to roughly estimate that the onset of the La Peña Formation
deposition occurred diachronously, with a difference in age of about 2
My between basin and platform environments.

The shift from the photozoan Cupido platform to the heterozoan
Cupidito ramp during the latest Barremian–earliest Aptian marks the
beginning of the drowning of the carbonate platform in response to a
long-term global sea-level rise. The perturbation of carbonate produc-
tion and export during OAE 1a which affected various shelves and
openmarine environments did not significantly disturb the Cupidito la-
goon, which continued its growth in heterozoan mode during this
event. Remarkably is the presence of ooid-dominated facies in the up-
permost part of the OAE1a succession probably associated to a phase
of alkalinity recovery. After OAE 1a, local photozoan ecosystems
flourished in response to low nutrient conditions associated with low
continental runoff during colder/drier periods. Definitive drowning of
the Cupido/Cupidito platform system peaked during diachronous depo-
sition of the La Peña Formation in response to a global transgressive
event. Periodic arrival of detrital components and nutrients to the
Cupidito ramp during warmer/humid periods accelerated platform de-
mise by stressing the carbonate factory.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.sedgeo.2015.04.006.
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Appendix A. δ13Ccarb and δ18O from analyzed samples of the Francisco Zarco Dam 
section. 
 

Bed/ 
Sample 

Distance 
base 
(m) 

δ13C            
(‰ VPDB) 

 

δ18O            
(‰ VPDB) 

 

 Bed/ 
Sample 

Distance 
base 
(m) 

δ13C            
(‰ VPDB) 

 

δ18O                             
(‰ VPDB) 

 

    
     

FZD-144 102.3 2.43 -4.51  FZD-47b 42.4 3.09 -6.27 

FZD-142 100.2 2.90 -4.64  FZD-46m 41.2 3.32 -5.91 

FZD-140 98.8 2.87 -4.41  FZD-46b 40.7 3.33 -5.78 
FZD-138 97.9 2.59 -5.07  FZD-45t 40.3 3.23 -5.60 

FZD-136 96.9 3.08 -4.35  FZD-45m 39.9 3.24 -5.52 

FZD-134 96.0 3.34 -4.38  FZD-45b 39.6 3.29 -5.49 
FZD-132 95.5 3.29 -4.33  FZD-44 39.2 2.67 -5.49 

FZD-129 93.9 3.69 -4.35  FZD-42t 37.8 2.32 -5.52 

FZD-127 92.9 3.75 -4.29  FZD-42m 37.5 2.41 -5.50 
FZD-125 92.3 3.71 -4.68  FZD-42b 37.2 2.38 -5.23 

FZD-122 89.1 4.01 -4.39  FZD-41d 36.7 2.50 -5.54 

FZD-117 87.5 4.14 -4.71  FZD-41c 35.7 2.54 -5.37 
FZD-113 86.1 4.23 -4.63  FZD-41b 35.1 2.46 -5.41 

FZD-108 84.5 4.35 -4.53  FZD-41a 34.0 2.60 -5.44 

FZD-106 83.5 4.23 -4.67  FZD-40t 33.4 3.02 -5.15 
FZD-104 82.9 4.22 -4.75  FZD-40m 32.4 3.02 -5.16 

FZD-99 81.5 4.27 -4.68  FZD-40b 31.3 2.89 -5.49 

FZD-97 80.7 4.19 -4.63  FZD-39t 30.7 2.83 -5.31 
FZD-96 80.5 3.80 -4.58  FZD-39m 29.7 2.68 -4.87 

FZD-92 79.7 3.84 -4.70  FZD-39b 28.8 2.69 -5.41 

FZD-89 78.8 3.82 -4.71  FZD-38 28.4 2.70 -5.05 
FZD-87 78.4 3.83 -4.79  FZD-37t 28.1 2.73 -5.16 

FZD-85 78.1 3.76 -4.67  FZD-37m 27.9 2.68 -5.29 

FZD-84 77.9 3.80 -4.85  FZD-36t 27.2 2.87 -5.35 
FZD-81 77.3 3.70 -4.81  FZD-36m 26.8 2.81 -5.19 

FZD-79 76.7 3.77 -4.75  FZD-36b 26.4 2.87 -5.52 

FZD-77 76.2 3.38 -4.82  FZD-35 25.8 3.27 -4.19 
FZD-75 75.9 3.19 -5.04  FZD-34 24.9 2.92 -4.49 

FDZ-73 75.5 3.51 -4.75  FZD-33t 24.2 2.26 -5.07 

FZD-71 75.1 3.34 -5.10  FZD-33b 22.7 2.77 -4.28 
FZD-69 74.7 3.48 -4.80  FZD-32 22.2 2.81 -4.55 

FZD-67 74.2 3.48 -4.76  FZD-31 21.5 2.20 -5.21 
FZD-65 73.7 3.35 -4.51  FZD-30e 20.6 3.10 -5.23 

FZD-64 73.4 3.41 -4.81  FZD-30d 19.2 2.98 -5.21 

FZD-62 72.6 3.93 -4.88  FZD-30d 18.2 3.02 -5.13 
FZD-60 72.3 2.94 -4.59  FZD-30b 17.1 2.98 -5.27 

FZD-59t 72.0 2.67 -4.69  FZD-30a 15.3 2.80 -5.24 

FZD-59m 71.5 2.40 -5.18  FZD-29 14.5 2.57 -4.93 
FZD-59b 71.0 2.27 -5.47  FZD-28t 14.0 2.29 -4.93 

FZD-58t 70.7 2.98 -5.75  FZD-28m 13.8 2.59 -5.24 

FZD-58b 69.4 3.23 -5.53  FZD-27t 13.3 1.35 -5.78 
FZD-57 68.1 2.83 -5.54  FZD-27b 12.9 -0.04 -6.25 

FZD-56 66.4 3.02 -5.64  FZD-26t 12.2 1.73 -5.00 

FZD-55b 65.4 2.96 -5.93  FZD-26b 11.6 1.09 -5.19 
FZD-55a 63.3 3.11 -5.78  FZD-25t 10.2 2.82 -5.41 

FZD-54b 62.7 2.92 -5.73  FZD-25b 9.4 2.63 -5.60 

FZD-54a 62.0 3.44 -5.39  FZD-23 8.2 2.68 -4.74 

FZD-53t 61.5 3.24 -5.78  FZD-22 7.4 2.73 -4.55 

FZD-53m 60.9 3.16 -6.02  FZD-19 5.9 2.14 -4.50 

FZD-51a 56.4 3.03 -5.71  FZD-17 5.1 1.76 -4.26 
FZD-50c 55.9 3.34 -5.85  FZD-14 3.9 2.58 -1.42 

FZD-50b 55.2 2.74 -5.93  FZD-12 3.2 2.28 -2.69 

FZD-49 54.5 3.32 -5.48  FZD-10 2.6 2.31 -4.27 
FZD-48t 53.9 3.13 -5.59  FZD-6 0.6 1.67 -4.61 

FZD-48m 52.3 3.42 -5.81  FZD-4b 0.0 1.79 -4.56 

FZD-48b 50.5 3.13 -5.73      
FZD-47t 49.2 3.23 -5.92      

FZD-47m 45.9 3.34 -5.90      



70 
 

 

Appendix B.  Concentrations of major and trace elements measured in selected samples of the Francisco Zarco Dam section. 

Bed/ 
Sample 

Distance 
base 
(m) 

Al 
(%) 

Zr 
(ppm) 

Ti 
(%) 

K 
(%) 

Na 
(%) 

Ca 
(%) 

U 
(ppm) 

V 
(ppm) 

Cr 
(ppm) 

Ni 
(ppm) 

Co 
(ppm) 

Pb 
(ppm) 

Cu 
(ppm) 

Zn 
(ppm) 

Mo 
(ppm) 

Mn 
(ppm) 

Fe 
(%) 

P 
(%) 

                    FZD-129 93.8 0.61 12 0.0344 0.31 0.02 32.5 4 17 20.1 13.6 0.8 1.2 2.7 21.6 1.2 67 0.41 0.034 

FZD-122 89.0 0.56 2 0.026 0.3 0.02 33.7 3.9 17 14.9 16.1 0.8 1.2 2.9 29 1.2 81 0.35 0.033 

FZD-120 88.2 0.79 17 0.0401 0.42 0.02 33.3 3.3 19 21.7 15.8 0.8 1 3.8 16.6 0.7 63 0.43 0.033 

FZD-110 84.8 0.72 8 0.0368 0.39 0.02 33.9 3.3 21 26.9 14.1 0.6 0.9 3.1 20.5 3 78 0.44 0.033 

FZD-101 82.1 0.42 1 0.0161 0.2 0.01 34.8 3.9 10 11.1 12.4 0.7 1.2 3.6 20.7 1.5 83 0.26 0.018 

FZD-96 80.5 0.41 < 1 0.0183 0.22 0.03 34 3.2 12 17.9 12.3 0.5 0.5 2.3 43.2 1.9 184 0.32 0.077 

FZD-93 79.9 0.82 3 0.0423 0.44 0.01 33.5 4.9 22 22.9 15.4 0.9 1 3.2 27.4 1.7 51 0.43 0.031 

FZD-92 79.7 0.66 6 0.0278 0.38 0.01 34.6 5.4 19 25.2 15.8 0.7 0.7 2.8 18.9 1.1 59 0.33 0.025 

FZD-87 78.4 0.99 19 0.0415 0.61 0.01 31.5 6.2 34 24 18.9 1 1.2 5.1 16.5 2.1 63 0.49 0.04 

FZD-85 78.0 0.67 16 0.0334 0.38 0.01 32.2 4.1 14 19 14.4 0.7 1.4 10.7 19.1 2.4 46 0.38 0.026 

FZD-84 77.8 1.25 17 0.0747 0.62 0.01 31.7 5.5 54 38.7 20.6 0.9 1.5 5.9 22.7 3 51 0.65 0.047 

FZD-79 76.7 0.93 4 0.0425 0.58 0.01 32.3 5.6 18 17.1 12.5 0.6 1.8 5.5 27.7 2.4 104 0.47 0.022 

FZD-77 76.2 0.57 < 1 0.0268 0.31 0.01 34.7 5.3 16 23.6 13.5 0.6 0.9 2.1 11.5 1.3 83 0.4 0.036 

FZD-73 75.5 0.76 1 0.0363 0.45 0.01 33.5 6.5 17 17.8 13.6 0.7 2 8.9 20.1 2.2 71 0.49 0.035 

FZD-71 75.0 0.67 < 1 0.0304 0.39 0.01 34.2 4.2 40 22.8 13.8 0.7 1.3 2.7 22.3 0.5 89 0.34 0.038 

FZD-69 74.7 0.65 < 1 0.026 0.36 0.02 34.5 5 24 20.4 14.8 0.6 1 3.2 21.8 1.1 59 0.34 0.048 

FZD-67 74.1 0.75 1 0.0342 0.47 0.01 34.3 5.3 46 23.5 14.7 0.7 1 2.8 18.3 1.9 47 0.42 0.045 

FZD-65 73.6 0.63 8 0.0337 0.41 0.01 34.1 4.8 48 19.8 13.8 0.8 1 3.6 22 0.5 102 0.34 0.036 

FZD-64 73.4 0.82 7 0.0387 0.55 0.01 33.4 6.1 25 29.6 23.4 0.7 1.2 6.3 73.8 4 63 0.44 0.054 

FZD-62 72.5 0.86 10 0.0486 0.47 0.01 32.8 5.3 33 57.2 15.5 0.7 1.2 4.2 25 2 50 0.46 0.036 

FZD-60 72.3 0.48 12 0.0185 0.28 0.01 32.8 2.6 12 10.5 10 0.5 0.8 6.4 7 1.9 57 0.24 0.004 

FZD-59t 71.9 0.26 5 0.0092 0.13 0.01 35.1 2.2 8 8 10.9 0.6 0.5 0.5 6 1 54 0.17 0.002 

FZD-59m 71.5 0.11 3 0.0055 0.07 0.01 34.9 2.3 6 5.2 10.6 0.8 0.5 2.7 7.5 1 54 0.14 0.001 

FZD-59b 71.0 0.19 4 0.0091 0.11 0.01 35.9 2.2 10 4.9 11.6 0.5 0.7 0.9 7.7 0.4 41 0.19 0.003 

FZD-58b 69.3 0.01 < 1 0.0006 0.02 < 0.01 35.9 1 5 18.9 10.4 0.5 < 0.5 0.7 3.2 < 0.1 27 0.08 < 0.001 

FZD-57 68.0 0.02 < 1 0.001 0.02 < 0.01 35.1 1 5 6.8 10 0.5 < 0.5 1.6 15.7 < 0.1 19 0.08 < 0.002 

FZD-56 66.4 0.03 < 1 0.0015 0.03 < 0.01 35.5 1.1 5 6.3 10.4 0.5 1.6 9.6 2.7 < 0.1 27 0.09 0.001 

FZD-55b 65.4 0.07 1 0.0033 0.05 0.01 31.1 0.7 4 7.2 8.2 0.4 < 0.5 2.1 3.9 0.2 41 0.09 0.001 

FZD-54b 62.6 0.22 5 0.0137 0.14 0.01 36.7 1.2 5 2.7 10.8 0.6 0.7 2.3 14.1 0.52 29 0.21 0.003 

FZD-53m 60.8 0.04 2 0.0019 0.04 < 0.01 37.4 0.8 3 0.7 10.3 0.5 0.8 2.4 6.7 0.33 21 0.1 0.001 

FZD-48t 53.9 0.01 < 1 0.0016 0.02 < 0.01 36.8 1.2 8 4.6 10.4 0.5 < 0.5 2.3 2.5 0.78 6 0.1 0.004 

FZD-47m 45.9 0.03 1 0.0015 0.03 < 0.01 36.6 0.8 4 1.5 10.2 0.5 < 0.5 1.3 4.2 0.14 10 0.1 0.002 

FZD-42b 37.2 0.07 4 0.0037 0.05 0.01 38.1 1.8 11 1.4 18.5 0.6 0.6 41.5 5.9 1.03 27 0.17 0.002 

FZD-40t 33.4 0.02 1 0.0011 0.03 < 0.01 37.8 0.8 6 2.4 10.5 0.5 < 0.5 < 0.2 1.1 0.63 24 0.1 0.001 
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Bed/ 
Sample 

Distance 
base 
(m) 

Al 
(%) 

Zr 
(ppm) 

Ti 
(%) 

K 
(%) 

Na 
(%) 

Ca 
(%) 

U 
(ppm) 

V 
(ppm) 

Cr 
(ppm) 

Ni 
(ppm) 

Co 
(ppm) 

Pb 
(ppm) 

Cu 
(ppm) 

Zn 
(ppm) 

Mo 
(ppm) 

Mn 
(ppm) 

Fe 
(%) 

P 
(%) 

FZD-40b 31.3 0.06 2 0.0031 0.04 0.02 28.1 0.7 4 < 0.5 14.4 0.9 0.6 5.8 7.4 0.6 46 0.25 0.002 

FZD-39m 29.7 0.17 4 0.0068 0.09 0.03 40.9 2.2 9 4.6 11.7 1.1 < 0.5 2.5 5.2 1.9 48 0.35 0.003 

FZD-38 28.4 0.39 19 0.0276 0.23 0.01 35.8 0.9 7 1.9 10.5 1 0.6 3.4 9.5 1.3 57 0.4 0.005 

FZD-37t 28.1 0.17 9 0.0059 0.1 0.02 37.4 1.3 5 4 12 0.6 < 0.5 2.6 12.9 0.39 35 0.14 0.002 

FZD-34 24.9 0.39 11 0.0367 0.22 0.03 24.4 3.2 12 < 0.5 11.6 1 0.8 2.9 8.1 12.8 75 0.39 0.007 

FZD-33b 22.7 0.1 4 0.0053 0.06 0.03 30.2 2.9 6 < 0.5 12.1 0.7 < 0.5 1.4 2.1 2.5 54 0.27 0.006 

FZD-31 21.5 1.08 38 0.0614 0.91 0.03 27.4 3.2 57 31.1 20.2 1.2 1.7 5.2 11.7 4.3 79 0.69 0.007 

FZD-30d 19.2 0.12 3 0.0074 0.12 0.01 36.1 1.7 9 2.7 17.3 0.6 < 0.5 0.4 8.1 2.45 26 0.17 0.001 

FZD-30a 15.3 0.13 6 0.0077 0.09 0.02 32.8 2.5 11 5 15 0.7 0.7 1.5 17.4 2.2 39 0.17 0.002 

FZD-29 14.5 0.4 9 0.0195 0.22 0.05 29.7 3.9 29 2.7 19.5 0.8 1.4 4.2 18.9 3.2 68 0.29 0.003 

FZD-28t 14.0 0.05 3 0.005 0.05 0.01 34.2 2.6 16 < 0.5 13.6 0.8 < 0.5 2.1 8.8 0.75 49 0.12 0.002 

FZD-27t 13.3 0.36 5 0.0264 0.28 0.03 34.4 2.8 31 5.3 15.6 0.9 0.8 3.5 15.3 1 76 0.37 0.004 

FZD-27b 12.9 1.28 52 0.0454 0.84 0.02 31.2 3.6 71 9.9 17.1 0.9 1.8 2.5 16.5 0.4 151 0.43 0.006 

FZD-26b 11.6 0.58 8 0.0357 0.46 0.01 32.7 1.7 21 4.2 11.7 0.8 0.8 9.4 10.9 2.34 68 0.38 0.004 

FZD-25t 10.2 0.44 7 0.0249 0.43 0.07 33.2 3.6 20 1.6 14.2 0.7 0.7 4.9 8.3 6.93 61 0.33 0.009 

FZD-22 7.4 0.47 12 0.0311 0.38 0.02 27.5 2.6 16 2.6 11.4 1 0.8 1.8 4.4 3.14 62 0.37 0.004 

FZD-21 6.6 0.69 15 0.0421 0.48 0.03 29.1 4 23 8.5 14.6 1.7 1.2 5.9 6 11.8 84 0.49 0.009 

FZD-19 5.8 0.17 7 0.0095 0.13 0.01 29.8 1.3 13 < 0.5 11.8 0.6 < 0.5 1 3.9 1.35 53 0.16 0.004 

FZD-18 5.5 0.21 5 0.0128 0.17 0.02 17.8 1.4 17 9.9 9.8 0.6 < 0.5 2 4.4 1.6 57 0.18 0.005 

FZD-14 3.9 0.48 13 0.0213 0.3 0.08 23.5 1 7 6.7 8.6 0.8 1.2 3.2 9.9 1.2 127 0.33 0.006 

FZD-12 3.2 0.72 17 0.0243 0.39 0.06 29.8 1.5 11 8.7 11.3 1.1 1.4 4.7 5.1 1.5 90 0.37 0.005 

FZD-10 2.6 0.62 16 0.0222 0.36 0.05 30.4 1.6 11 9.5 11.1 1.1 1.2 3.2 4.3 1.1 107 0.37 0.006 

FZD-9 2.1 1.38 49 0.0873 1.17 0.05 30.1 6.2 68 20.4 28.6 2.4 1.7 10.8 18.7 14.1 111 1.03 0.024 

FZD-8 1.5 0.19 5 0.0061 0.15 0.04 38 1.5 10 15.7 14.1 0.8 0.7 2.9 6.4 1.4 76 0.27 0.003 

FZD-5 0.6 0.19 8 0.0073 0.15 0.03 39.1 2.1 9 5.1 12.7 0.8 0.7 2.3 5.4 2.2 114 0.23 0.002 

FZD-4b 0.0 0.52 16 0.023 0.29 0.05 38.2 2.2 14 7.5 12.7 1 1.2 2.5 6.8 3.5 86 0.35 0.004 
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1. Introduction 

 

The Aptian–Turonian time interval witnessed 

the deposition of several discrete organic-rich 

horizons associated to isochronous, short-lived 

global perturbations of the carbon cycle (e.g., Leckie 

et al., 2002; Trabucho et al., 2011; Föllmi, 2012). 

These perturbations are the result of accelerated 

global/supra-regional episodes of environmental 

change commonly referred to as Oceanic Anoxic 

Events (OAEs) and are characterized by oxygen 

depletion in intermediate and bottom-water masses 

(e.g., Schlanger and Jenkyns, 1976; Jenkyns, 1980). 

Across the Aptian–Albian transition, such intervals 

are represented by a set of black shale horizons of 

which the most prominent are the uppermost Aptian 

Jacob and Kilian levels, and the lower Albian Paquier 

and Leenhardt levels, as defined in the Vocontian 

Basin, SE France (Herrle et al., 2004). The organic-

rich levels that represent the Kilian (ca 112.5 Ma) and 

Paquier (ca 112 Ma) events are the most widespread 

of these horizons, being recorded in many sites of the 

Western Tethys and North Atlantic (Erbacher et al., 

1999; Kuypers et al., 2002; Herrle, 2004; Tsikos et 

al., 2004; Wagner et al., 2007; Hofmann et al., 2008).  

Among the Cretaceous OAEs, the OAE 1b is 

considered to result from a global perturbation of the 

global carbon cycle which was likely less significant 

than other OAEs, and consequently less studied. 

Unlike the early Aptian OAE 1a and the 

Cenomanian–Turonian OAE 2, which are both 

characterized by positive carbon-isotope excursions 

linked to high marine productivity (productivity-

driven OAEs, according to Erbacher et al., 1996), the 

late Aptian–early Albian perturbations have more 

variable and less distinctive carbon-isotope signature 

and sedimentary expressions, determined by the 

effects of regional/local dissimilar 

paleoceanographic conditions (Wagner et al., 2007; 

Trabucho Alexandre et al., 2011; Sabatino et al., 

2015). For instance, at some sites of the Western 

Tethys (e.g., Vocontian Basin) and North Atlantic 

(e.g., Mazagan Plateau, off Morocco, eastern North 

Atlantic),  the  Kilian  and  Paquier  events are defined  
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ABSTRACT 

 

Here we combine colomiellid biostratigraphy and strontium-isotope data of the upper 

Aptian–lower Albian, pelagic and organic-rich interval of the La Peña Formation in 

northeastern Mexico (western Gulf of Mexico basin). The studied sediments recorded 

a long-term negative carbon-isotope excursion during the Aptian–Albian transition 

recognizable worldwide and related to the Oceanic Anoxic Event (OAE) 1b set 

interval. Furthermore, punctuated and short-term negative spikes show values and 

positions similar to those associated with the Jacob, Kilian, Paquier and Leenhardt 

episodes. The highest total organic carbon (TOC) values and detrital mineral (quartz 

and phyllosilicate) contents occur during in the 13C-depleted trend. An increase in the 

detrital index and the absence of feldspars suggest warm and humid conditions that 

may have led to intense biogeochemical weathering and runoff. An increased runoff 

may have been the cause of the δ13C decrease, resulting in density stratification of the 

basin that favored the preservation of organic-matter under oxygen-depleted bottom 

water conditions. 

 



 

by distinctive negative shifts in both marine 

carbonate (δ13Ccarb) and organic matter (δ13Corg) 

carbon-isotope records with amplitudes of 1.5–2‰ 

and 2–4‰, respectively (Herrle et al., 2004; Wagner 

et al., 2007, 2008; Hofmann et al., 2008; Trabucho 

Alexandre et al., 2011). Nonetheless, in other sites 

(e.g., Umbria Marche Basin, central Italy, and Blake 

Nose Plateau, off Florida, western North Atlantic) 

they are represented by dissimilar and more complex 

shifts in δ13Ccarb and δ13Corg records (Wagner et al., 

2008; Trabucho Alexandre et al., 2011; Sabatino et 

al., 2015). Due to this variability, the feedback 

mechanism responsible for the perturbation in the 

climate/ocean dynamics during the late Aptian–early 

Albian remains still unclear. While some authors 

restrict the term OAE 1b to the lower Albian Paquier 

event (Erbacher et al., 2001; Hofmann et al., 2008), 

others consider the OAE 1b as a longer perturbation 

of the carbon-cycle embracing the four 

aforementioned short-lived episodes of accumulation                            

  

 

of organic-rich sediments and peaking during the 

Paquier event (Leckie et al., 2002; Trabucho 

Alexandre et al., 2011; Föllmi, 2012; Coccioni et al., 

2015; Sabatino et al., 2015). 

 

In this paper, we present new 

chemostratigraphic and age data, along with 

mineralogical composition and total organic carbon 

content from an Aptian–Albian boundary section 

from northeastern Mexico, corresponding to the 

central North Atlantic Basin (western Gulf of Mexico 

basin). The aims of this study are to document the 

carbon-isotope variability, to explore its link to the 

global carbon cycle perturbation during OAE 1b, and 

to determine the processes that drove its occurrence. 

Our results expand the known records of OAE 1b to 

a site of the western margin of the North Atlantic and 

provide insights into the paleoceanographic 

evolution of this particular site during the event. 

 

Fig. 1. Location of the section studied. A–Paleogeographic location of the Francisco Zarco Dam section (FZD) 

section, Mexico (early Albian paleogeographic map redrawn from Blakey website); B–Late Aptian–early Albian 

paleogeographic map of northeastern Mexico (modified from Lehmann et al., 1999); C–Location of the outctop in a 

Google Earth image of the boxed area in B. 



2. Geological setting and studied section 

 

The Mesozoic tectonic and stratigraphic 

evolution of northeastern Mexico is the result of a 

complex superposition of events associated with two 

different provinces (Goldhammer, 1999): (a) the 

eastern Gulf of Mexico Province, related to the 

creation of a passive margin followed by the opening 

of the Atlantic Ocean, and (b) the western Pacific 

Mexico Province, governed by a convergent plate 

boundary. In such an intricate geological scenario, 

and during the Cretaceous crustal cooling stage, 

regional tectonic subsidence led to the flourishing of 

extensive carbonate platforms in the eastern Gulf of 

Mexico province during the Barremian–Albian 

interval, interrupted by punctuated episodes of clastic 

deposition (Wilson and Pialli, 1977; Conklin and 

Moore, 1977; Goldhammer et al., 1991; Wilson and 

Ward, 1993; Lehmann et al., 1998, 1999; 

Goldhammer, 1999). 

The La Peña Formation is a mixed carbonate-

argillaceous unit that crops out over an extensive area 

of northeastern Mexico. This unit was deposited 

during the peak of a major transgressive event in the 

eastern Gulf of Mexico Province and is a marker 

pelagic unit separating the development of the 

Barremian–early Aptian Cupido/Cupidito shelf 

(Cupido Formation/Cupidito unit) from the overlying 

late Aptian–Albian Coahuila ramp (Acatita/Aurora 

Formations) and coeval deep-water sediments 

(Upper Tamaulipas Formation) (Lehmann et al., 

1999, 2000; Goldhammer, 1999; Barrargan, 2001; 

Humphrey and Diaz, 2003; Moreno-Bedmar et al., 

2013). The base of this unit is diachronic as it has an 

early Aptian age (near coinciding with the onset of 

the OAE 1a) in basinal sections (Bralower et al., 

1999; Li et al., 2008) and a late early Aptian age 

(upper part of the Dufrenoyia furcata ammonite 

Zone) in shelfal sections (Barragan, 2001; Barragán 

and Maurrasse, 2008; Moreno-Bedmar et al., 2013), 

almost just above the Intra-Furcata Negative 

Excursion (IFNE; Núñez-Useche et al., 2014) in the 

topmost part of the Cupido Formation (Núñez-

Useche et al., 2015). Likewise, the top of the La Peña 

Formation is also a time-transgressive formation 

boundary (Goldhammer, 1999). The thickness of this 

unit is highly variable depending on the antecedent 

depositional paleorelief (Maldonado and Tello, 1976; 

Tinker, 1982; Cantú-Chapa, 1989). Goldhammer et 

al. (1991) considered differential compaction of 

subjacent lithologies as a probable factor controlling 

the width of this unit. 

The Francizo Zarco Dam (FZD) section, studied 

in this research, is located in the southern portion of 

the Sierra del Rosario (25° 16′ N/103° 46′ W), 

Durango State, near the city of Torreón (Fig. 1), and 

is part of the southern shoal margin of the ancient 

Cupido platform (Fig. 1). It consists of massive 

limestone of the Cupido Formation (Cupidito unit), 

interbedded thin to medium-bedded shaly limestone 

and shale of the La Peña Formation, and medium to 

thick-bedded limestone of the Upper Tamaulipas 

Formation (Figs. 2 and 3). The La Peña Formation of 

the FZD section has a thickness of 110.9 m and is one 

of the most expanded and complete sections of the 

unit across the upper Aptian–Albian interval. In this 

paper we focus on a 58 m interval corresponding to 

the middle part of the unit and characterized by the 

progressive disappearance of ammonite and shale 

beds (typical of the underlying interval), and the 

presence of shaly limestone containing chert nodules 

and lenses parallel to bedding and diagenetic chert 

beds. Núñez-Useche and Barragán (2012) 

characterized and illustrated in detail the microfacies 

associations of this interval. They are as follows: 

(A) Wackestone and packstone with extremely 

abundant radiolaria, common planktonic 

foraminifera and ostracods, and rare pelecypods 

(including inoceramids) and ammonite fragments; 

and 

(B) Mudstone and wackestone with colomiellids, 

planktonic foraminifera and calcispheres. 
 

These associations are interpreted as deposited 

in an open marine environment in a deep outer neritic 

to upper bathyal zone. 

 

3. Material and methods 

 

A total of 58 thin sections of shaly limestone 

beds previously prepared for microfacies analysis 

(Nuñez-Useche and Barragán, 2012) were observed 

under transmitted light microscopy (Olympus BX60) 

to study the vertical distribution of colomiellids 

according to the biozonation scheme of Trejo (1975) 

and Borza (1979). 



 

Strontium-isotope ratios are usually measured in 

well-preserved fossils to obtain the 87Sr/86Sr signature 

of past seawater (Veizer, 1989; Bralower et al., 1997; 

Jones and Jenkyns, 2001); however, some studies 

(Prokoph et al., 2008; Madhavaraju et al., 2013a) 

have demonstrated that sometimes this signature can 

also be obtained successfully from bulk-rock 

samples. Considering the feasibility of this approach, 

in this research we analyzed 5 samples of carbonate 

matrix from shaly limestone beds (that lack signs of 

diagenetic alteration) for their strontium-isotope 

composition. These samples were oven dried (40 °C) 

and powdered using an agate mortar and pestle to <75 

μm. They were analyzed at the Laboratorio 

Universitario de Geoquímica Isotópica (LUGIS), 

Universidad Nacional Autónoma de México 

(UNAM), using a Thermo Scientific Triton Plus mass 

spectrometer in static mode. Total blanks of 

strontium were 1.49 ng. The 87Sr/86Sr value of the 

internal standard (NBS987) was 0.710244  12       

(1 SD, n= 33). All the analyses  were normalized to 

an 86Sr/88Sr ratio value of 0.1194. Numerical ages 

were calculated using the look-up table (version 3:10 

/ 99; Howarth and McArthur, 1997). Sr, Fe and Mn 

concentrations in aliquots were analyzed at the 

Activation Laboratories Ltd. (Actlabs), Canada, to 

exclude diagenetic alteration and to evaluate the 

reliability of strontium-isotope data. These analyses 

were conducted by inductively coupled plasma mass 

spectrometry (ICP-MS; Perkin Elmer Sciex ELAN 

9000) after the digestion of 1.0 g of sample using four 

different acids (HF, HClO4, HNO3 and HCl) 

(Package code Ultratrace 6). Percentages of the 

relative standard deviation were consistently below 

10% as checked by standards and analysis of 

replicate samples. 

Bulk-rock total carbon and total inorganic carbon 

were determined in 31 powdered samples with a 

HiperTOC solid analyzer (Thermo Scientific) at the 

Laboratorio de Paleoambientes of the Instituto de 

Geología, UNAM. The concentration of total                 

carbon was measured by heating the sample to                     

980 °C, and  total  inorganic  carbon  was determined  

Fig. 2. Outcrop photographs. A–General view of the FZD section; B–Intercalation of thin-bedded shaly limestone and 

shale beds of the La Peña Formation and indication of the studied interval; C, D–Typical chert nodules and lenses. 

http://www.sciencedirect.com/science/article/pii/S0012825208000032


 

by acidifying the sediment with 10% H3PO4. The 

total organic carbon (TOC) content was calculated by 

subtracting the total inorganic carbon from total 

carbon. 

Carbon-isotope analysis was carried out on 70 

carbonate samples obtained with a dental drill with a  

 

tungsten bit from the micritic matrix of shaly 

limestone. While microdrilling the polished hand 

samples under a binocular microscope, cements, 

calcite veins, macrofossils or areas altered by 

circulation of meteoric water were avoided.                            

The  analysis  was performed  at  the LUGIS, UNAM. 

Fig. 3. A–Synthetic stratigraphic column and age distribution of the FZD section (modified from Núñez-Useche and 

Barragán, 2012 and Núñez-Useche et al., 2015); B–Studied interval with lithology, fossils and facies. Colomiellid and 

ammonite biostratigraphy and strontium-isotope age assignments are also shown. 



Approximately 0.9 mg of sample was reacted under 

vacuum with orthophosphoric acid at 25 °C for 54 

hours following the guidelines of McCrea (1950). 

The released CO2 was analyzed with a mass 

spectrometer Thermo Finnigan MAT 253 coupled 

with Gas Bench II. Carbon-isotope values of 

carbonate fraction (δ13Ccarb) are reported in permil 

relative to the VPDB (Vienna Pee Dee Belemnite) 

standard. Repeated analyses of samples and internal 

standards show a reproducibility better than 0.2‰  

Mineralogical analyses were performed by X-

ray diffraction (XRD) at the Instituto de Geología, 

UNAM, on 24 samples. For the XRD procedure, the 

samples were ground with an agate pestle and mortar 

to <75 μm and mounted in aluminum holders. The 

analyses were carried out on randomly oriented 

samples with a PANalytical Empyrean powder X-ray 

diffractometer equipped with a Ni Filter, a Pixel 3D 

detector and a Cu tube. Step-scanned data was 

collected from 5 to 70° (2θ) with an integration time 

of 40 s per 0.003° (2θ). The semi-quantitative results 

were based on the intensity of the corundum peak as 

a standard for a relative intensity ratio (RIR; Chung, 

1974; Hillier, 2000). Detrital index (DI) was obtained 

by dividing the sum of quartz and phyllosilicates 

contents by calcite (in wt. %). This parameter is used 

to observe changes in detrital influx versus marine 

carbonate input. 

All analytical data presented are available 

electronically in the Supplementary Appendix A. 

 

4. Results 

 

4.1. Biostratigraphy 

 

Colomiellids are continuously present from 28.8 

m (bed 248) above the base of the section upward. 

Their vertical succession in this interval allows us to 

identify five subzones as follows (bottom to top) 

(Fig. 3): 

-Deflandronella Subzone (Trejo, 1975). This 

subzone is characterized by the First 

Occurrence (FO) of micro granular 

colomiellids at 28.8 m (bed 248). Two species 

are recorded: Parachitinoidella cuvillieri 

Trejo (Fig. 4A) and Deflandronella 

veracruzana Trejo (Fig. 4B). 

-Mexicana Subzone (Trejo, 1975). The base of 

the subzone is characterized by the FO of 

Colomiella mexicana Bonet at 31.8 m (bed 

263) (Fig. 4C). Mexicana subzone includes the 

Aptian‒Albian boundary and can be detected 

by the FO of Colomiella recta Bonet at 33.8 m 

(bed 267) (Fig. 4D). 

-Coahuilensis Subzone (Trejo, 1975). The base 

of this subzone is characterized by the FO of 

Colomiella coahuilensis Trejo at 35.7 m (bed 

283) (Fig. 4E). It is noteworthy, however, that 

in studied samples C. coahuilensis is very 

scarce and specimens are smaller than those 

described by Trejo (1975) and Borza (1979). 

-Calpionellopsella Subzone (Trejo, 1975). 

This subzone is defined by the FO of 

Calpionellopsella maldonadoi Trejo at 41.8 m 

(bed 318) (Fig. 4F) and extends up to the top 

of the section.  

 

4.2. Strontium-isotope stratigraphy and trace 

element concentrations 

 

The 87Sr/86Sr ratios from marine calcite are a 

powerful chemostratigraphic tool for dating and 

correlating sedimentary successions (Veizer, 1989; 

Bralower et al., 1997; Jones and Jenkyns, 2001; 

McArthur et al., 2004, 2012; Madhavaraju et al., 

2013a). The strontium-isotope composition of the 

herein analyzed samples is given in Table 1. 87Sr/86Sr 

ratios vary from 0.707295 ± 29×10-6 (bed 170) 

towards the base of the section to 0.707288 ± 39 ×10-

6 (bed 357) at its uppermost part. Regarding to 

numerical ages, the ratios 87Sr/86Sr ratios indicate, 

respectively, a late Aptian (mean age of 115.90 Ma) 

and an early Albian (mean age of 112.70 Ma) age 

(Table 1 and Fig. 3). The middle part of the section 

records a minimum ratio of 0.707189 ± 36×10-6 (bed 

235), which on average is slightly below the Aptian‒

Albian values (Howarth and McArthur, 1997; Jones 

and Jenkyns, 2001) and indicates an offset age. 

However, considering the error, the maximum value 

is rather similar to the lowest 87Sr/86Sr ratio occurring 

in the latest Aptian strontium-isotope record 

(0.707200, Kennedy et al., 2000; 0.70725, Jones and 

Jenkyns, 2001; 0.707221; Madhavaraju et al., 2013a; 

and 0.70722, McArthur et al., 2012), approximately 



at 114 Ma (McArthur et al., 2012) (Fig. 3), as result 

of an increased pulse of mid-plate volcanic activity 

and the input of 86Sr to the ocean during the 

emplacement of the Manihiki and the Southern 

Kerguelen Plateaus (Bralower et al., 1997; Erba et al., 

2015). 

Previous numerical ages are validated by the 

coherence with the constructed colomiellid 

biozonation scheme defining the Aptian–Albian 

boundary (with a 206Pb/238U age of 113.08 ± 0.07 Ma, 

according to Gradstein et al., 2012) (Fig. 3), and the 

previous report of the Hypacanthoplites leanzae 

ammonite zone at the base of the section (Barragán, 

2000) (Fig. 3),equivalent to the latest late Aptian 

Hypacanthoplites jacobi Zone of the ammonite 

standard biozonation of the Mediterranean province 

(Reboulet et al., 2014). Nonetheless, the scarcity of 

ammonite fossils in the middle and upper part of the 

section does not allow the proper identification of the 

top of this zone. Furthermore, the reliability of the 

obtained numerical ages is verified by the trace 

element concentrations (Table 1). Mn (46–83 ppm) 

and Fe concentrations (26–75 ppm) are below the 

threshold value of 100 ppm considered for diagenesis 

(Steuber et al., 2005; Mutterlose et al., 2009). 

Likewise, the Mn/Sr ratios are below 2, thus pointing 

to an unaltered isotope signature (Kaufman et al., 

1993; Jacobsen and Kaufman, 1999). These results 

imply that analyzed micritic calcite matrix can be 

accepted as near-primary calcite retaining the 

original seawater strontium-isotope composition.  

 

4.3. Carbon geochemistry: δ13C and TOC 

 

Carbon stable isotope values of the carbonate 

fraction (δ13Ccarb) vary between +0.51‰ and +3.60‰ 

with an average of +2.35‰ (Fig. 5). A relatively 

uniform trend defines the lowermost 14.3 m of the 

studied interval, with variations between +2.01‰ and 

+2.67‰. From 14.3 m there is a prominent long-term 

negative carbon-isotope excursion of 2.09‰ that 

ends at 40.8 m, forming a distinct negative peak of 

+0.51‰. This long-term negative excursion spans the 

upper part of the upper Aptian until the lower part of 

the lower Albian, and covers 26.5 m through the 

transition from microfacies association VI to VII. It 

also contains four negative spikes at 18.5 m 

(+1.46‰), 27.9 m (0.89‰), 34.7 m (+0.68‰) and 

40.8 m (+0.51‰). The uppermost 14.4 m of the 

section records the return towards pre-excursion 

values and is defined by an overall positive trend in 

δ13Ccarb, reaching a maximum value of +3.6‰ at                 

53.7 m. 

In addition to the TOC values calculated herein, 

Figure 5 shows the TOC values determined by 

Barragán (2000). TOC values range between 0.1% 

and 7.5% (average 3.1%), with the higher values 

(˃4%) recorded within the following levels: at 4.1 m 

(4.5%), 6.5 m (5.5%), 11.4 m (4.6%), 11.8 m (5.7%), 

12.5-14.3 m (up to 5.0%), 25.0-26.1 (up to 6.0%), 

32.2-35.4 m (up to 7.5%), and at 55.9 m (5.0%). 

Highest TOC values are observed within the studied 

interval coincide with the negative carbon-isotope 

excursion. 

 

 

Fig. 4. Photomicrographs of colomiellids from the 

studied interval. 



Table 1.  Sr-isotopes and trace elements values of the analyzed samples from the FZD section and derived numerical 

ages. 

 

 

 

4.4. Mineralogy 

 

The bulk-rock mineralogy of the sediments in 

the studied interval is shown in Figure 5. It consists 

mainly of calcite (64–90%), quartz (5–17%), 

phyllosilicates (0–18%), and fluctuating presence of 

pyrite (0–9%). No feldspar is observed. 

Phyllosilicates and quartz are more abundant in the 

interval between 19 and 44 m. Distinctive abundance 

peaks are observed at 25 m (11%), 30.2 m (18%), 

35.4 m (11%) and 43.8 m (14%) for phyllosilicates; 

and at 30.2 m (14%) and 34.0 m (17%) for quartz. 

Calcite content slightly decreases in this interval 

showing a minimum value of 64% at 30.2 m. The DI 

fluctuates from 0.08 to 0.50 and shows a stratigraphic 

variation comparable to that of phyllosilicates 

content (R2 = 0.71). The highest DI values 

correspond to the negative δ13C excursion interval 

(Fig. 5). 

 

5. Discussion 

 

5.1. Correlations based on carbon-isotope 

stratigraphy 

 

Paleontological studies of ammonites 

(Barragán, 2000) and colomiellids (Figs. 3 and 4), 

together with numerical ages derived from strontium-

isotope stratigraphy (Table 1) assigned an overall late 

Aptian–early Albian age to the studied succession. 

During the Aptian–Albian boundary, the δ13Ccarb 

curve exhibits a long-term negative carbon-isotope 

excursion of 2.09‰ in magnitude (down to +0.51‰) 

(Fig. 6). This negative shift correlates well with that 

observed globally, indicating that late diagenetic 

processes did not entirely perturb the original signal, 

and therefore suggesting a change in the carbon cycle 

during this transition. 

Very similar trend and values have been also 

identified in the δ13C profile from the Vocontian 

Basin in the northern Tethys (Herrle et al., 2004), 

which is used as a Tethyan time-calibrated reference 

curve for the Barremian–Albian interval. In that basin 

the long-term negative trend in δ13C occurs between 

carbon-isotope segments Ap15 and Al5 (Fig. 6). It is 

temporally equivalent to the OAE 1b set of Föllmi et 

al. (2006) that includes the black shales representing 

the Jacob, Kilian, Paquier and Leenhardt events. 

Comparatively, the same δ13C pattern is observed in 

the Pacific Realm (Resolution Guyot, Jenkyns and 

Wilson, 1999; Pulluicana–Huameripashga composite 

section, Navarro-Ramirez et al., 2015), the central 

Tethys (Piobicco composite section, Erbacher et al., 

1996; Poggio le Guaine section in the Umbria–

Marche Basin, Sabatino et al., 2015); the southern 

Tethys (Kuh-e Bangestan section, Vincent et al., 

2010; Bangbu section, Li et al., 2015), and in the 

Santa Rosa Canyon (Bralower et al., 1999) also in 

northeastern Mexico (Fig. 6). A similar, somewhat 

negative trend, probably associated with OAE 1b set, 

is also documented in the Aptian–Albian carbon-

isotope curve of terrestrial organic matter from USA 

(Price River section; Ludvigson et al., 2010) and 

China (Chong'an section; Hu et al., 2014). Other 

relatively poorly defined records link to the OAE 1b 

are reported from northern Mexico (Cerro Pimas and 

Cerro El Caloso-Pitaycachi sections; Madhavaraju et. 

al, 2013a, b) and in the Comanche platform of Texas 

at the upper part of the Pearsall Formation–lower part 

of the Glen Rose Formation (Magnolia-Mercer #1 

Core; Phelps et al., 2015), both cases equivalent to 

the La Peña–Aurora formations transition of 

northeastern  Mexico. These records are related with 

a positive carbon-isotope excursion; however, the 

δ13C profile of the Comanche platform seems 

affected by local diagenesis. 

Bed/ 

Sample 

Distance 

base 

(m) 

 

Mn 

(ppm) 

 

Fe 

(ppm) 

Sr 

(ppm) 

  

86Sr/87Sr 

 

 

±1SD (×10-6) 

 

 

Age 

Age (Ma) 

Lower 

limit 

 

Upper 

limit 

           
FZD-357 102.3 67 41 450  0.707288 39 112.70 111.03 113.17 

FZD-282 100.2 83 26 490  0.707278 36 112.87 112.45 113.29 

FZD-235* 98.8 46 48 334  0.707189 36 – – – 
FZD-191 97.9 51 75 288  0.707300 39 115.90 114.52 117.41 

FZD-170 96.9 63 44 408  0.707295 29 115.66 114.57 116.92 



 

A remarkable feature of the δ13Ccarb curve of the 

studied interval is represented by the presence of a 

series of closely spaced negative spikes with values 

and a vertical distribution similar to those observed 

in the δ13Ccarb from the Vocontian Basin (Herrle et al., 

2004), associated with the Jacob, Kilian, Paquier and 

Leenhardt episodes. This is in line with 

chemostratigraphic data from other North Atlantic 

sediments revealing that a δ13Ccarb negative shift is 

also associated with the Paquier event at Blake Nose 

(Erbacher et al., 2001) (although partially defined by 

a positive excursion in the bulk organic carbon; 

Kuypers et al., 2002; Trabucho Alexandre et al., 

2011) and with the Kilian event at Mazagan Plateau 

(Wagner et al., 2007; Hofmann et al., 2008; Trabucho 

Alexandre et al., 2011). Unfortunately, our age 

resolution is not sufficient to properly identify each 

event. 

 

5.2. Paleoenvironmental change during the late 

Aptian‒early Albian interval 

 

 

5.2.1. Climate conditions 

 

The mineralogical composition of sediments 

and the DI provide important data regarding 

paleoenvironmental conditions such as sea-level 

fluctuation and climate change in source areas (e.g., 

Duchamp-Alphonse et al., 2011; Stein et al., 2012). 

Higher detrital mineral content —and DI values— 

reflect important delivery of terrigenous material 

from continental sources and/or decreased dilution by 

carbonate input. In the studied stratigraphic interval, 

the highest peaks in quartz and phyllosilicates 

abundance between 19 and 44 m (coinciding with a 

prominent increase in DI values), indicates a major 

Fig. 5. δ13C, TOC, bulk-rock mineralogy and detrital index of the Francisco Zarco Dam section. Ages from strontium-

isotopes are also shown. Marked organic-rich levels in the studied section have TOC content˃4%. Short-term negative 

carbon-isotope spikes with values and positions similar to those associated with the Jacob, Kilian, Paquier and 

Leenhardt episodes are marked by black starts.  



contribution of terrigenous material during this 

interval (Fig. 5). Given that the FZD section is 

characterized by a steady and long-term deepening of 

the depositional setting (Núñez-Useche et al., 2012), 

the observed mineralogical variations seem to reflect 

mainly paleoclimatic features rather than sea-level 

changes. Therefore, this higher proportion of detrital 

minerals may be the result of warm conditions that 

have led to intense biogeochemical weathering. A 

comparable higher supply of detrital components is 

also observed at Magazan Plateau during the Paquier 

event (Wagner et al., 2007; Hoffman et al., 2008). In 

the Umbria-Marche Basin, Tiraboschi et al. (2009) 

and Sabatino et al. (2015) documented several 

increases in proxies for detrital components (K/Al, 

Mg/Al, Ti/Al and Cr/Al) mostly related to the OAE 

1b sub-events, thus indicating a major contribution of 

terrigenous material. 

An increased contribution of terrigenous 

material is consistent with the extremely warm and 

humid conditions documented in the Blake Nose and 

the Mazagan Plateau sediments around the Aptian–

Albian transition (Erbacher et al., 2001; Hofmann et 

al., 2008; Wagner et al., 2008; McAnena et al., 2013). 

An abrupt rise in sea surface temperature between ~3 

and 4°C (up to ~31–32 °C) has been documented in 

those places on the basis of TEX86 data. In the 

studied interval of the FZD section, the absence of 

feldspars, a common detrital mineral in the 

lowermost 29.1 m of the La Peña Formation (up to 

6.81%; Núñez-Useche et al., 2015), supports a 

warmer and more humid climate that favored the 

degradation of feldspars and formation of clay 

minerals. Indeed, the interval of the La Peña 

Formation investigated herein contains a higher 

proportion of phyllosilicates (up to 14%) when 

compared to the underlying interval (up to 5.4%; 

Núñez-Useche et al., 2015). The studied site and the 

proximal North American continental mass were 

both located within the northern edge of the tropical–

equatorial hot arid climate belt of Chumakov et al. 

(1995), close to the latitudinal limit of the northern 

mid-latitude warm humid belt. However, the 

abundance of smectite (clay mineral associated with 

variation between dry and humid periods) in 

sediments of the Blake Nose (Pletsch et al., 1996; 

Rodríguez-López et al., 2008), together with our 

results, suggests less marked aridity for this source 

area. Thus, the prevailing climate in the adjacent 

landmass to the studied site caused high 

biogeochemical weathering and runoff. 

 

5.2.2. A long-term carbon-isotope perturbation 

 

Different studies suggest that δ13C negative 

excursions that define OAE 1b sub-events are indeed 

primary global signals and propose heterogeneous 

mechanisms responsible for their occurrence. They 

include: (a) global cooling and consequent sea-level 

fall (Weissert and Lini, 1991; Kuypers et al., 2002; 

Herrle et al, 2004; Mutterlose et al., 2009; Trabucho 

Alexandre et al., 2011); (b) release of isotopically 

light CO2 into the atmosphere link to the 

destabilization of gas hydrates (Wagner et al., 2007) 

and/or to the emplacement of the Kerguelen Plateau 

(Erba et al., 2015); (c) increase of continental runoff 

during warmer and more humid conditions and 

resulting amplified input of isotopically light 

terrestrial carbonate ions (Hofmann et al., 2008; 

McAnena et al., 2013; Sabatino et al., 2015). 

Indistinctly of the relatively instantaneous and 

extreme conditions that gave rise to these short-term 

negative spikes, certainly influenced by 

paleoceanographic local conditions, it is evident from 

Fig. 6 a long-term mechanism responsible for the 

continuous 13C depletion in carbon pool and organic 

matter deposition throughout the Aptian‒Albian 

boundary. This supports the proposal of Sabatino et 

al. (2015) regarding a unique, long-carbon cycle 

perturbation related to the OAE 1b, significant in 

terms of the global carbon cycle. 

In the studied section, according to the ages 

inferred from strontium-isotopes (Fig. 2), the long-

term negative carbon-isotope excursion interval is 

~3-4 Myr long. This duration is comparable to that 

estimated by Sabatino et al. (2015) (~3.8 Myr) in the 

Umbria-Marche Basin. Although additional studies 

are required for a more convenient explanation, our 

results may provide some insight into the nature of 

this perturbation. Considering that in the studied 

interval the highest TOC and DI values occur within 

the OAE 1b set, we suggest that an increased runoff 

may have produced density stratification and 

consequent lower rates of deep water renewal, at this 

particular site of the North Atlantic during the 

Aptian‒Albian transition. This could have resulted in 



 

 

an increase of the oceanic dissolved inorganic carbon 

leading to a consequent δ13C decrease and bottom 

water anoxia favoring organic matter preservation in 

sediments. 

 

6. Conclusions 

 

Colomiellid biostratigraphy (Deflandronella to 

Calpionellopsella colomiellid subzones) together 

with strontium-isotope stratigraphy (~115–112 Ma) 

constrain the age of the studied sediments to the late 

Aptian–early Albian. The δ13C curve reveals a long-

term negative carbon-isotope excursion that concur 

with the carbon-isotope signature reported in other 

parts of the world during the Aptian–Albian 

boundary, assignable to the OAE 1b set. The increase 

in detrital minerals (phyllosilicates plus quartz) 

coupled with the absence of feldspar observed within  

 

 

the negative δ13C excursion suggest that the 

sediments accumulated under warm and humid 

conditions leading to high biogeochemical 

weathering and runoff rates in the source area. This 

fits with n abrupt rise in sea surface temperature 

recorded  in other Atlantic basins and also marked 

aridity in the North American adjacent landmass than 

previously reported. This study supports a long-

carbon cycle perturbation related to the OAE 1b, 

punctuated by instantaneous and extreme events of 

accelerated global change that resulted in minor 

shifts in the δ13C curve. Our results point to an 

increased runoff as the mechanism responsible for 

δ13C decrease. This also explains density 

stratification and consequent organic matter 

preservation in sediments under oxygen-depleted 

bottom water conditions. 

 

 

Fig. 6. δ13C record of the Francisco Zarco Dam section (this study), correlated with other sections. Short-term negative 

carbon-isotope spikes with values and positions similar to those associated with the Jacob, Kilian, Paquier and 

Leenhardt episodes are marked by black starts.  

http://boletinsgm.igeolcu.unam.mx/bsgm/vols/epoca04/6701/(6)Lopez-Martinez.pdf
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Appendix A. δ13Ccarb, TOC, mineral composition and detrital index of the studied 

section. 

 

    
Mineral composition obtained by XRD analysis 

 
Samples 

Distance 

base (m) 

δ13C 

(‰ VPDB) 

TOC 

(%) 

Phyllosilicates 

(%) 

Pyrite 

(%) 

Quartz 

(%) 

Calcite 

(%) 

Detrital 

Index 

FZD-375 57.5 3.55 
      

FZD-374 57.2 3.44 0.8 3 3 9 84 0.14 

FZD-373 56.5 3.26 
      

FZD-372 55.9 3.58 5.0 
     

FZD-371 55.3 3.33 
      

FZD-370 55.1 3.36 
      

FZD-369 54.4 3.24 0.9 0 4 11 85 0.13 

FZD-368 54.0 3.51 
      

FZD-367 53.7 3.60 2.2 
     

FZD-366 53.2 3.36 2.1 8 4 7 81 0.19 

FZD-363 52.5 3.60 
      

FZD-360 51.9 3.36 0.1 
     

FZD-357 51.4 3.37 1.8 0 4 11 85 0.13 

FZD-354 50.9 3.36 0.1 
     

FZD-352 50.1 3.25 
      

FZD-351 49.8 3.25 
      

FZD-349 49.4 3.19 
 

0 0 10 90 0.11 

FZD-347 48.9 3.01 0.1 
     

FZD-344 48.6 3.03 
      

FZD-343 47.9 2.90 2.2 
     

FZD-340 47.5 2.87 2.3 0 3 7 90 0.08 

FZD-337 46.7 3.07 2.7 
     

FZD-335 46.3 2.98 
      

FZD-334 45.7 2.83 
      

FZD-333 45.4 2.72 1.2 6 1 8 85 0.16 

FZD-370 45.2 2.58 
      

FZD-331 44.8 2.75 0.1 
     

FZD-329 44.3 2.25 
      

FZD-327 43.8 2.47 3.1 14 3 5 78 0.24 

FZD-325 43.4 2.16 3.2 
     

FZD-312 40.8 0.51 
      

FZD-309 39.9 1.79 3.3 0 4 9 87 0.10 

FZD-300 38.3 1.60 
      

FZD-292 37.1 1.42 
      

FZD-285 36.3 1.04 
      

FZD-282 35.4 1.16 7.5 11 3 9 78 0.26 

FZD-281 35.1 1.13 
      

FZD-280 34.7 0.68 
      

FZD-277 34.0 1.16 4.7 5 0 17 78 0.28 

FZD-272 33.1 1.05 
      

FZD-268 32.5 1.14 
      

FZD-265 32.2 1.01 4.8 11 3 5 81 0.20 

FZD-262 31.6 1.18 
      

FZD-261 31.4 1.49 
      

FZD-255 30.2 1.08 3.1 18 3 14 64 0.50 

FZD-251 29.3 1.45 1.3 
     

FZD-247 28.6 2.41 2.7 
     

FZD-243 27.9 0.89 2.8 
     

FZD-242 27.5 1.65 
      

FZD-238 26.1 2.12 5.7 6 3 5 86 0.13 

FZD-236 25.0 2.15 6.0 11 2 10 77 0.27 

FZD-235b 24.2 2.50 
      

FZD-235a 23.6 2.55 2.0 
     

FZD-232b 22.4 2.57 
      

FZD-232a 21.2 2.58 3.7 8 1 6 85 0.16 

FZD-230 19.8 2.60 
      

FZD-227 19.1 1.47 0.1 4 1 8 87 0.14 
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Mineral composition obtained by XRD analysis 

 
Samples 

Distance 

base (m) 

δ13C 

(‰ VPDB) 

TOC 

(%) 

Phyllosilicates 

(%) 

Pyrite 

(%) 

Quartz 

(%) 

Calcite 

(%) 

Detrital 

Index 

FZD-224 18.5 1.46 1.4 
     

FZD-218 17.2 2.20 1.8 
     

FZD-202 14.3 2.26 
 

5 1 9 85 0.16 

FZD-200 13.8 2.67 
      

FZD-198 13.5 2.38 
 

3 8 10 79 0.16 

FZD-191 11.8 2.32 
      

FZD-190 11.4 2.50 
      

FZD-189 9.7 2.67 
 

9 9 13 69 0.32 

FZD-184 8.5 2.08 
 

5 6 8 81 0.16 

FZD-181 6.7 2.20 
 

8 3 10 78 0.23 

FZD-174 4.9 2.01 
      

FZD-170 2.5 2.14 
 

8 3 12 77 0.26 

FZD-168 0.4 2.32 
 

7 4 6 83 0.16 
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The Xilitla section of central Mexico (western margin of the proto-North Atlantic) is characterized by pelagic sedi-
ments enriched in marine organic matter. Using biostratigraphic and radiometric data, it was dated at the latest
Cenomanian–earliest Turonian transition. We identified an interval coeval with the faunal turnover associated
with the Oceanic Anoxic Event 2 (OAE 2), recording the Heterohelix shift and the “filament event” for the first
time inMexico. An integral analysis of sedimentary facies, pyrite and geochemical proxies reveals vertically variable
redox conditions, with prevailing anoxic to dysoxic bottomwaters. Alongwith phosphorous andmanganese deple-
tion, the highest content of total organic carbon and of certain redox-sensitive trace elements (RSTEs) is found dur-
ing part of the anoxic event, confirmingmore uniform and constant oxygen-depleted conditions. This interval is also
characterized by a significant enrichment in biogenic barium and elevated TOC/NTOT ratios, suggesting a link be-
tween productivity and anoxia. Sulfur isotope fractionation has a maximum value within the anoxic event, favored
by the increase in the flux of organic matter and intensified through sulfur recycling. Highly bioturbated beds
representing short-lived episodes of oxic conditions are intermittent within the OAE 2 and become more frequent
in the early Turonian. This studyproposes amodel similar to that ofmodernupwelling regions. Highmarine produc-
tivity controlled organic matter burial and oxygenation at the seafloor, varying between anoxic (laminated facies
with small pyrite framboids) and dysoxic conditions (bedding-parallel bioturbated facies with inoceramid bivalves
and large pyrite framboids), interrupted by short-term well-oxygenated episodes (thoroughly bioturbated facies
with common benthic foraminifera). General low-oxygen conditions led to the formation of glauconite and pyrite
(bacterially mediated); the enrichment of redox-sensitive trace elements in sediments (Cd, Zn, V and Cr scavenged
by organic matter and Ni, Mo, Pb, Co and Re by pyrite) and resulted in Mn and P depletion.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Throughout the Mesozoic, several short-lived episodes of marine
anoxia caused profound imprints on life and the environment, termed
Oceanic Anoxic Events (OAEs; Schlanger and Jenkyns, 1976). The
Cenomanian–Turonian anoxic event (OAE 2) is one of themost dramat-
ic episodes of accelerated global change to have occurred throughout
the Cretaceous, during a major global sea-level rise. Water column
oxygen depletion in the course of this event caused a significant faunal
turnover and enhanced the deposition of organic-rich sediments lead-
ing to a prominent positive carbon isotope excursion (Leckie et al.,
2002; Caron et al., 2006; Jiménez Berrocoso et al., 2008; Hetzel et al.,
2009; Gambacorta et al., 2015). In addition to affecting the global carbon
cycle, the increased delivery of organic carbon to the seafloor drove an

expansion of the oxygen minimum zone, elevated trace metal abun-
dance in sediments, and favored high bacterial sulfate reduction (BSR)
rates that, in turn, increased sedimentary pyrite burial and led to impor-
tantmodifications in seawater sulfur isotope composition (Coccioni and
Luciani, 2004; Denne et al., 2014; Lowery et al., 2014; Poulton et al.,
2015; Reolid et al., 2015).

The precise driving mechanisms behind the OAE 2 are still under
debate; however, proposed hypotheses for the widespread ocean
anoxia/dysoxia related to this event include the release of large quantities
of CO2 into the atmosphere through massive submarine volcanic activity
during the formation of the Caribbean Plateau. Seawater chemistry
changed radically due to the introduction of large quantities of sulfate
and biolimiting metals that enhanced primary marine productivity
(Snow et al., 2005; Trabucho Alexandre et al., 2010). Additionally, the as-
sociated CO2 outgassing favored global warming, thus accelerating the
hydrological cycle and increasing continental runoff and nutrient delivery
into surface waters, which also contributed to increase productivity.
Moreover, enhanced recycling of phosphorous from sediments overlain
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by anoxic waters has likely been an active mechanism further sustaining
marine productivity (Mort et al., 2007; Poulton et al., 2015). While this
event is well recorded in the Tethys, Central Atlantic and theWestern In-
terior Seaway (WIS) in North America (e.g., Hetzel et al., 2009; Bomou
et al., 2013; Eldrett et al., 2014), it is poorly understood in the Mexican
Sea, a key area representing the transition between the WIS and the
open ocean.

The Xilitla section of the Tampico-Misantla Basin, central Mexico,
contains organic-rich sediments of the Agua Nueva Formation. It
offers a good opportunity to study paleoenvironmental response to
OAE 2 global perturbation in this particular site of the western margin
of the proto-North Atlantic. In the present study, we present a multi-
proxy approach to the stratigraphic section, correlating information
from biostratigraphy, sedimentary facies, pyrite framboids content and
size, carbon and sulfur isotopes, and total organic carbon and redox-
sensitive trace elements (RSTEs) contents. The goals of this contribution
are to: (i) identify the bioevents linked to the global turnover across the
Cenomanian–Turonian (C–T) transition, (ii) provide information
illustrating the redox conditions of the depositional environment;
(iii) decipher the causes of such conditions and explore their genetic
link with OAE 2; and (iv) construct a general depositional model

considering the analytical results of the different proxies. This investiga-
tion is critical to developing a better understanding of the impact of OAE
2 on the deposition and preservation of organicmatter in the study area.

2. Geologic and physiographic setting

The Tampico–Misantla Basin (TMB) is the easternmost paleogeo-
graphic feature of a set of basins that once constituted the Cretaceous
Mexican Sea along the western margin of the proto-North Atlantic
(Fig. 1). The basin has a continental basement, and its Jurassic (conti-
nental clastic sediments) to Early Cretaceous (basinal carbonates)filling
pattern was mainly controlled by sea level changes related to the
passive-margin development that resulted from the opening of the
proto-Gulf of Mexico (Goldhammer and Johnson, 2001). During the
late Cenomanian–early Turonian interval, as a result of the maximum
global sea level rise (Hardenbol et al., 1998), theMexican Sea expanded
greatly and connectedwith theWestern Interior Seaway (WIS) and the
deep-water pelagic limestone of the Agua Nueva Formation accumulat-
ed in the TMB. This eventwas contemporarywith volcanic activity in the
western Pacific Mexico province (Goldhammer and Johnson, 2001;
Centeno-García et al., 2008). As a consequence of the Sevier and

Fig. 1. (A) Paleoceanographic reconstruction of the Cenomanian–Turonian (http://jan.ucc.nau.edu/~rcb7/) showing the location of Mexico and the Xilitla section. (B). Central–northeast-
ern portion of the Sierra Madre Oriental Fold-Thrust Belt with the major paleogeographic elements. (C) Schematic map of Xilitla.
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Laramide orogenies and the resulting closure of the Mexican Sea in the
Late Cretaceous, the TMB evolved into a flysch-filled foreland basin
(Suter, 1984; Morán-Zenteno, 1994). The Xilitla section is situated on
the west limb of a syncline fold in the footwall of the Xilitla Thrust
(21° 23′ 47″ N, 98° 59′ 88″W, base of the section) (Fig. 1). It is exposed
on the northern edge of the village of the same name, along the road to
Las Pozas connecting with federal highway 120 (Fig. 1). The continuous
sedimentary succession is distributed along four small adjacent artisanal
quarries, and comprises 29m of pelagic sediments from the Agua Nueva
Formation. They correspond to limestone with chert intercalated with
thin calcareous shale and greenish bentonite horizons. Dark, laminated
beds rich in organic matter and with well-preserved fossil-fish assem-
blages, tiny shells of bivalves and pyrite, alternating with bioturbated
beds are reported in different studies (Blanco et al., 2010, 2011;
Blanco-Piñón et al., 2008, 2009, 2012, 2014). Without the adequate bio-
stratigraphic control necessary in this typeof research, the aforementioned
studies considered aC–T age for this unit andhighlighted thepotential link
between the anoxic depositional environment and global OAE 2.

3. Materials and methods

3.1. Field and petrographic observations

The studied section was described and sampled bed-by-bed. Field
descriptions focused on the color of the fresh and weathered rock, sed-
imentary structures, ichnofabric and fossil content. Colors were defined
according to the Geological Society of America (GSA) Rock-Color Chart
(Goddard et al., 1963). Furthermore, 120 thin sections of calcareous
beds were petrographically analyzed under transmitted light microsco-
py (Olympus BX60) using the nomenclature of Dunham (1962). The
microscopic study paid special attention to further descriptions of com-
ponents and fabric type, aswell as the presence/absence of bioturbation
and early diageneticminerals. The degree of bioturbationwas described
using the index proposed by Taylor and Goldring (1993). Facies
are assigned a letter in the oxygen-restricted biofacies (ORB) scheme
proposed by Reolid et al. (2010), which is slightly different from that
originally presented by Wignall and Hallam (1991) and Wignall
(1994). The petrographic analysis of thin sections was also applied in
order to semi-quantitatively estimate the abundance of heterohelicids
and bivalve filaments. Identification of index species of planktic forami-
nifera was based on the zonation scheme of Premoli Silva and Sliter
(2002). The results of these studies provide information about age and
sedimentary features, fossils andmineral composition, data that consti-
tute the basis for facies characterization.

3.2. U–Pb geochronology

Selected individual homogenous grains were analyzed for U–Pb iso-
tope analysis using Laser Ablation Inductively Coupled Plasma Mass
Spectrometry (LA–ICP–MS) composed of a ResoneticsM50workstation
coupled with a Thermo X Series II quadrupole ICPMS at the Centro de
Geociencias, Universidad Nacional Autónoma de México (UNAM). Sample
preparation and correction of results were performed according to the
methodology described by Solari et al. (2009),whichproduced accuracy
better than 0.5% and precision within the range of 2–3% 2σ error.
Age was estimated considering the criteria of Jeffries et al. (2003)
concerning the age of a single zircon, and of Gehrels et al. (2006) regard-
ing a robust age based on a cluster of three or more zircons with similar
ages. All calculations and graphs were made using Isoplot 3.00 by
Ludwig (1991).

3.3. Analysis of pyrite grains

A statistical study of grain size was applied to pyrite framboids
from twenty-two samples in order to assess their size distribution and
content. This task entailed observation of polished sections under a

reflected light with an Olympus BX60 microscope. All framboids
contained in two ribbons parallel to the stratigraphic plane and separat-
ed between 0.5 and 0.8 mm were photographed and measured under
maximummagnification (100×). For comparison, at least 55 framboids
per sample were also measured under a scanning electron microscope
(SEM) at the Instituto de Geología and the Instituto de Ciencias del Mar
y Limnología (UNAM) using gold-coated rock chips. Framboid content
is reported as the number of framboids per mm2.

Wavelength dispersive spectrometry (WDS) and energy dispersive
X-ray spectroscopy (EDS) analyses were carried out on both diagenetic
pyrite framboids ˃8 μm in diameter with no evidence of overgrowth
(disseminated in the matrix and filling burrows) and crystals separated
from laminated pyrite. This analysis was performed on thin, critically
point-dried sections coated with a thin layer of gold, using a JEOL JXA-
8900XR electron probe microanalyzer (EPMA) (Instituto de Geofísica,
UNAM) and a model JSM 6300 SEM (Instituto de Geología, UNAM).
This analysis provides data concerning the chemical composition of py-
rite grains. EDS analysis focused on the content and distribution of car-
bon, whereas WDS analysis on the content of major and trace elements
(Fe, S, V, Ni, Cr, Mo, U and Th).

Pyrite sulfur isotope composition was determined for fourteen
grains, which were separated from laminae using a dental drill with a
Tungsten Carbide end. These grains are composed of relatively intact
pyrite microcrystals and were carefully hand-picked under a binocular
microscope; those selected were free from visible sulfur minerals
(including barite crystals). The analyses were performed with a Delta
C Finnigan MAT continuous flow mass spectrometer, coupled with a
TC-EA Carlo Erba 1108 elemental analyzer. Analyses weremade follow-
ing themethodology of Giesemann et al. (1994), at the Centres Científics
i Tecnològics of the Universitat de Barcelona using 0.15–0.20 mg of
sample material. Results are expressed using the δ34Spy notation, in
permil relative to the VCDT (Vienna Canyon del Diablo Troilite) stan-
dard, and have a standard deviation of ±0.2‰.

3.4. Carbonate carbon- and oxygen-isotope data

Carbon and oxygen isotope values on the carbonate fraction of
the matrix (δ13Ccarb and δ18Ocarb, respectively) were obtained from
sixty samples extracted from micritic matrix of laminated and biotur-
bated limestone and shaly limestone fragments, with a dental drill
(employing a Tungsten Carbide end), and avoiding veins and hydrocar-
bon impregnations. Orthophosphoric acid was added to about 0.9mg of
each sample at 25 °C and allowed to react for 54 h under vacuum, fol-
lowing the guidelines of McCrea (1950). The CO2 released was analyzed
with a Thermo Finnigan MAT 253 mass spectrometer coupled with Gas
Bench II at the Laboratorio Universitario de Geoquímica Isotópica of the
Instituto de Geología (UNAM). Carbon and oxygen isotope values are
reported in permil relative to the VPDB (Vienna Pee Dee Belemnite)
standard. Reproducibility of replicate analyses of samples was generally
better than 0.2‰ for both carbon and oxygen isotope ratios.

3.5. Whole–rock geochemistry

Fresh limestone and shaly limestone chips of about 1–2 cm in length
(free of veinlets, stylolites and hydrocarbons) were collected at a depth
of at least 4–6 cm from the exposed surface, in order to avoid the effects
of weathering. These were washed with distilled water and dried prior
to being powdered with an agate pestle and mortar to b75 μm. Each
sample was separated into aliquots for different whole-rock geochemi-
cal analyses.

In order to obtain information relevant to organic carbon content
and the origin of organic matter, samples from the three major types
of sedimentary facies (laminated and moderately/highly bioturbated
calcareous beds)were analyzed through the application of various tech-
niques. Determination of total organic carbon (TOC) was performed by
measuring total carbon and total inorganic carbon at the Laboratorio de
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Paleoambientes of the Instituto de Geología (UNAM). The measurements
were taken using a HiperTOC solid analyzer (Thermo Scientific), which
employs an infrared cell to measure the CO2 produced by combustion.
Total carbon concentrationwasmeasured by heating 10–20mg of sam-
ple material to 980 °C, and total inorganic carbon was determined by
acidifying the sediment with 10% H3PO4. TOC content was calculated
by subtracting total inorganic carbon from total carbon. Accuracy and
precision of both analyses are better than 5%. Total nitrogen (NTOT)
was also determined using 2.0 mg of sample material with a CHNS/O
Perkin Elmer 2400 series II, mode CHN at the Laboratorio de Edafología
Ambiental of the Instituto de Geología (UNAM). The carrier gas was
He and the combustion and reduction temperatures were 980° and
640 °C, respectively.

Additionally, pyrolysis on samples with TOC values above 1% was
performed using a model 6 turbo ROCK-EVAL analyzer, marketed by
Vinci Technologies, at the Laboratorio de Geoquímica y Petrografía
Orgánicas of the Instituto Mexicano del Petróleo (IMP). For this analysis,
100mg of sample material was heated to 300 °C in order to release vol-
atile hydrocarbons (S1). Later, sample pyrolysis was performed at a rate
of 25 °C per minute until reaching 600 °C to release pyrolytic hydrocar-
bons (S2). The CO2 released was trapped inside a thermal conductivity
detector to quantify thermally produced (S3) organic CO2 (TOC). The
hydrogen index (HI) was obtained by dividing S2 × 100 by TOC, and
the oxygen index (OI) by dividing S3 × 100 by TOC (Espitalié et al.,
1985). These parameters represent the amount of hydrogen and
oxygen relative to the amount of organic carbon present in a sample,
respectively.

Concentrations of major and trace elements were determined for
twenty-nine samples from laminated and moderately bioturbated
beds distributed along the entire stratigraphic column. These analyses
were carried out at Activation Laboratories Ltd. (Actlabs) in Canada,
through Inductively Coupled Plasma/Optical Emission Spectrometry
(ICP-OES; Varian 735) and Inductively Coupled PlasmaMass Spectrom-
etry (ICP-MS; Perkin Elmer Sciex ELAN 9000), after the digestion of 1.0 g
of samplematerial using four different acids (HF, HClO4, HNO3 andHCl)
(Package code Ultratrace 6). For evaluation of the analytical perfor-
mance of the method, standards GXR-1, GXR-2, GXR-6, SAR-M, DNC-1
and SBC-1 of the United States Geological Survey, and DH-1a from the
Canada Centre for Mineral and Energy Technology were analyzed at
the beginning and end of each batch of samples. Percentages of the rel-
ative standard deviation were consistently below 10%, as corroborated
by standards and analysis of replicate samples.

All elemental concentrationswere normalized to aluminum content
in order to remove the effect of variable terrigenous input, as well as to
differentiate the authigenic contribution of redox-sensitive trace ele-
ments (RSTEs) (Calvert and Pedersen, 1993; Brumsack, 2006;
Tribovillard et al., 2006; Reolid et al., 2015). Aluminum is commonly
of detrital origin and is usually immobile during biological and diagenet-
ic processes (e.g., Calvert and Pedersen, 1993). In addition, to compare
the relative enrichment of RSTEs, we calculated the enrichment factor
(EF) for a given element (X) relative to average shale value
(Wedepohl, 1971): EFelement = (X/Al)sample/(X/Al)average shale. An
EF N 3 represents detectable authigenic enrichment of the element
over average shale concentration, and an EF N 10 represents amoderate
to strong degree of authigenic enrichment (e.g. Tribovillard et al., 2006).

Biogenic barium (Babio; a proxy for bio-productivity) was calculated
using the normalized approach proposed by Dymond et al. (1992):
Babio = Batotal − (Al × (Ba/Al)detrit. In this equation, the Ba/Aldetrit
represents the Ba/Al ratio of the detrital fraction. As the composition
of the detrital source was not available, we used the global average
ratio (0.0037) proposed by Reitz et al. (2004).

Nine samples for X-ray powder diffraction analysis were ground
with an agate pestle and mortar to b75 μm and mounted in aluminum
holders for determining mineral composition. A Shimadzu XRD-6000
X-ray diffractometer equipped with a Cu tube and graphite monochro-
mator was used at the XRD laboratory of the Instituto de Geología,

Universidad Nacional Autónoma de México (UNAM). The analyses were
applied to randomly oriented samples using the measurement range
(2θ) of 4 to 70° at a speed of 1°/min.

All analytical and calculated data presented are available electroni-
cally in Supplementary Appendix A.

4. Results

4.1. Age of the Xilitla section

Previous studies close to the town of Xilitla (Blanco et al., 2011;
Blanco-Piñón et al., 2008, 2014) have reported an age spanning the
C–T transition for theAguaNueva Formation, on account of the joint pres-
ence of the distinctive planktic foraminifera Rotalipora cuhsmani and the
bivalve Inoceramus labiatus. Nonetheless, these studies do not provide a
biostratigraphic framework that would allow a more precise constraint
on the time of deposition. In this study, we use U–Pb zircon geochronol-
ogy and bioevents to give more accurate information in this regard.

Zircons from sample Az (bed 11; at 1.7m) (Figs. 2 and 3) give an age
that varies between 89 and100Ma. The youngest concordant zircon age
is 89 ± 0.7 Ma; however, an even more concordant zircon provides
an age of 93 ± 1.0 Ma. The calculated age (TuffZirc algorithm) for a
group of fourteen zircons is 95 ± 0.3 Ma. Based on the mean age of
the seventeenmost concordant zircons, an age of 94.1±1.6Mawas ob-
tained. Considering these data, the latter age is regarded as being more
robust.

Four important bioevents that are commonly recognized within the
latest Cenomanian–earliest Turonian transition (Keller et al., 2004;
Coccioni and Luciani, 2004; Caron et al., 2006; Robaszynski et al.,
2010; Negra et al., 2011; Kędzierski et al., 2012; Bomou et al., 2013;
Denne et al., 2014; Lowery et al., 2014; Reolid et al., 2015) were identi-
fied within the section studied (Fig. 2). From base to top they corre-
spond to:

(i) The last occurrence of Rotalipora cushmani (Morrow) (top of the
R. cushmani Total Range Zone), identified in bed 17 (at 2.8 m).

(ii) The Heterohelix shift, characterized by a peak in heterohelicid
abundance (40–50% of allochems), identified in bed 29 (at 5.1 m).

(iii) The so-called “filament event”, characterized by a peak in filament
accumulation (30–40% of the allochems), identified in beds 93–95
(from 15.8 to 16.2 m). Filaments are translucent grains about
10–900 μm in length and 0.3–2 μm wide, and match known
thin-shelled juvenile pelagic bivalves. Blanco-Piñón et al. (2014)
had already reported the presence of these filaments in the Agua
Nueva Formation of the Xilitla area.

(iv) The first occurrence of Helvetoglobotruncana helvetica (Bolli)
(base of the H. helvetica Total Range Zone), identified in bed 106
(at 17.2 m).

It is noteworthy that the identification of the Heterohelix shift and the
filament event is thefirst documentation of their presence inMexico. Tak-
ing these four bioevents into account, the lower 2.8 m of the studied sec-
tion belong to the top of the R. cushmani Total Range Zone, whereas the
Whiteinella archaeocretacea Partial Range Zone spans from 2.8 to 17.2 m
and the H. helvetica Total Range Zone starts at 17.2 m and extends
above the top of the section (Fig. 2). The filament event occurs in other
sections just above the C–T boundary, before or coeval with the first
Turonian index ammonite Watinoceras (Caron et al., 2006; Negra et al.,
2011). Building upon this consideration, we place the C–T boundary
below bed 93 (at 15.8 m) in the studied section (Fig. 2).

4.2. Facies description and occurrence

At the field scale, the Xilitla section consists of an interbedded se-
quence of calcareous rocks and bentonites. The former corresponds to
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fissile and shaly limestone displaying various shades of black and gray
(N1 to N8) on fresh cuts, and dark yellowish orange (10YR 6/6) to
pale yellowish orange (10YR 8/6) on weathered surfaces (Fig. 4A–B).
These beds are essentially tabular and vary in thickness from 2 to

42 cm. They frequently contain layers (with a pinch-and-swell struc-
ture, Fig. 4C) and nodules of flint parallel to bedding, with various
dimensions (centimeter-scale) and lenticular to irregular shape. Sets
of fractures and stylolyteswith oil stain are common at some calcareous
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levels. On the other hand, bentonite beds are light olive gray (5Y 6/1) on
fresh cuts (Fig. 4D) andmoderate reddish orange onweathered surfaces
(10R 6/6), vary in thickness from 2 to 20 cm, and are common from
10 m to the top of the section. Thick successions of bentonite beds can
be observed between 12 and 16 m (Fig. 2). The most remarkable litho-
logic feature of the Xilitla section is the common presence of laminated
beds containing pyrite (Fig. 4E–F), fish remains and inoceramid
bilvalves, interspersed with bioturbated layers (Fig. 4F). Both field and
petrographic observations allow for the discrimination of various
redox facies deposited in a pelagic marine environment and which are
described below.

4.2.1. Facies F1. Dark laminated/non-bioturbated mudstone/wackestone
rich in pyrite and glauconite

This facies consists of dark gray (N3) to black (N1), thinly laminated
bedswith a low bioturbation index (0–1) (weak to absent bioturbation)
(Figs. 4E–F and 5A–B). Pyrite laminae from 1 mm to 8 mm thick alter-
natewith thinner layers of calcareousmaterial (Fig. 5A–B). Pyrite occurs
less commonly as nodules, including the variety called “Pyrite Sun”
(Fig. 5C), which consists of a flat disk shape constituted of radiating,
acicular crystals. This facies also contains common well-preserved fish
remains (Fig. 5D–E) and scarce ammonites (Fig. 5F). Microscopically,
this facies may be divided in two subfacies:

- Subfacies F1A:Mudstone and bioclastic wackestonewith planar lam-
inated (Fig. 6A) to anisotropic fabric (Fig. 6B); abundant planktic fo-
raminifera (Fig. 6A–D); common fish remains (Fig. 6B) and bivalve
fragments (Fig. 6C); rare ostracods, and echinoderm fragments.
Micro-lamination is more accentuated in limestone and is defined
by laminae with parallel boundaries, sometimes wavy, that differ
in color and internal composition (Fig. 6A). Darker laminae are me-
diumdark gray (N4) to dark gray (N3)micritic layers high in organic
matter and clay concentration and contain few scattered fossils,
whereas lighter laminae are fossiliferous. Millimetric laminae of
bentonite alternating with calcareous/argillaceous laminae are

rarely observed within the upper 10 m of the section. Subfacies
F1A contains abundant disseminated pyrite framboids (Fig. 7A and
E), in addition to frequent glauconite as infilling of foraminiferal
tests or as cement within intergranular porosity (Fig. 6D). Subfacies
F1A is the most dominant type of facies in the whole section, al-
though it is more continuously present within the lowest 9 m (top
R. cushmani–middle W. archaeocretacea zones) (Fig. 2).

- Subfacies F1B: This subfacies consists of wackestone with a grayish
yellow (5Y 8/4) argillaceous matrix yielding abundant radiolarians,
common fish remains, and is almost barren of planktic foraminifera
(Fig. 6E). It shows some degree of anisotropic fabric and several
stages of silicification and dolomitization that dim the presence of
framboidal pyrite and glauconite. Subfacies F1B occurs in relatively
short and intermittent episodes (discrete beds of 10–20 cm) solely
between 10 and 16 m (middle W. archaeocretacea–base
H. helvetica zones) (Fig. 2).

4.2.2. Facies F2. Poor to moderately bioturbated wackestone/packstone
It consists of medium gray (N5) tomedium light gray (N6) laminated

beds with a bioturbation index of 2–3 (poorly to moderately bioturbat-
ed). Burrows aremainly bedding-parallel (Fig. 5G–H) andmostly include
Planolites (Fig. 5I) and Chondrites (Fig. 5J). Pyrite is disseminated, as lam-
inae, or as burrow infill (Fig. 5G). Inoceramid bivalve shells (Fig. 5K–L)
and fish remains (Fig. 5K) are frequent. Ripple marks are regularly
present on the top surface of beds (Fig. 5M). Facies F2 is the second
most dominant type of facies, occurring regularly throughout the strati-
graphic section (Fig. 2).

Microscopically, this facies is related to silty bioclasticwackestone and
packstone with a yellowish gray (5Y 8/1) micritic matrix (Fig. 6F–G).
Planktic foraminifera are the dominant skeletal allochems and are com-
monly recrystallized and densely packed. Bivalve filaments are common
and benthic foraminifera and ostracods are rarely present. Lamination
is moderately preserved and usually interrupted by burrowswith irregu-
lar outlines (Fig. 6F–G). Disseminated pyrite corresponds mainly to
framboids (Fig. 7B–D and F). Glauconite is less common than in facies
F1 and occurs mainly as cement infilling intergranular porosity.

Some scattered, straight to gently curved filaments (thin-shelled pe-
lagic bivalves) are regularly present in both facies F1 and F2 between 0
and 18m. An interval with a significant accumulation of these filaments
(increase in 30–40%) can be observed in beds 93–95 (15.8–16.2 m)
(filament event; Fig. 2).

4.2.3. Facies F3. Highly bioturbated, light-colored wackestone/packstone
This facies consists of thoroughly bioturbated limestone (bioturba-

tion index mostly between 4 and 5), with no evidence of lamination
or pyrite. Its distinguishing feature is the presence of vertical and
oblique burrows with different cross-cutting relationships (Figs. 4F
and 5N–Q).

Based on the contrast between burrows fills and the host sediment,
this facies can be subdivided into two types: (i) light-on-dark
(LOD) bioturbated facies, characterized by abundant trace fossils in a
burrow-mottled and dark matrix (Fig. 5N); and (ii) dark-on-light
(DOL) bioturbated facies with common overlapping burrows (Fig. 5O–
P). Small Chondrites burrows and large Zoophycos-like trace fossils
(Fig. 5N) occur in both patterns, as well as vertical and oblique burrows
(Fig. 5O–Q). Facies F3 occur as short, isolated events within the lowest
16 m of the studied section, but become more common within the
upper 12 m (especially in the uppermost 6 m) (H. Helvetica Zone)
(Fig. 2).

Microscopic observations show that this facies consists of
wackestone and packstone with a moderate yellow (5Y 7/6) micritic
matrix containing abundant planktic foraminifera and common benthic
foraminifera (Fig. 6H–I). These grains are highly recrystallized and
packed. Lamination is not evident and samples exhibit a mottled
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appearance characterized by vertical burrows (Fig. 6I). Disseminated
pyrite and glauconite are absent in this facies.

4.3. Pyrite framboid size distribution and content

Disseminated pyritemorphology in this study includes: (i) spherical
framboids that consist of microcrystal pyrite aggregates, commonly
with intercrystal porosity; (ii) irregular anhedral to subhedral masses;
and (iii) euhedral pyrite grains. Of these, the framboids are the most
common (Fig. 7). Preliminary observations of unpolished rock chips,
under SEM, revealed the presence of different microcrystal size, form
and organization inside the framboids (Fig. 7C–F). Although the mor-
phology and size of the majority of framboids is clearly preserved,
thus conducive to measurement, some of them have been partially or
totally recrystallized (with minor internal porosity or as a pyrite spher-
oid) or show evidence of secondary growth.

Pyrite framboids only occur in facies F1 and F2, mainly within the
lowest 11 m of the section. Their stratigraphic distribution and main
statistical parameters of size and content are listed in Table 1 and
depicted in Fig. 8. Although the size of framboids varies slightly
from sample to sample, they are generally rather small, with mean
diameters of between 5.0 μm in bed 30 (facies F1) and 7.6 μm in
bed 152 (facies F2). The small-sized framboid population is recorded
in beds 30, 35, 131 and 194 (facies F1), whereas framboids with di-
ameters N10 μm are more common in the upper part of the strati-
graphic section, mainly in beds 152 and 187 (facies F2), and bed
161 (facies F1). The highest framboid content occurs mainly in
beds of facies F1 with values of 1213 per mm2 (bed 210), 620 per
mm2 (bed 1) and 541 per mm2 (bed 62). Of the analyzed beds in-
cluded in facies F2, only bed 10 has a significant content of 558 per
mm2. The minimum number of framboids occurs in facies F2 with a
value of 70 per mm2 (beds 65 and 187).
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Fig. 4. Photographs illustrating the general characteristics of the outcrop: (A) Lower part of the Xilitla section (Quarry I). Several loose slabs of limestone can be observed in the front of the
picture. (B) Notice the yellowish–reddish stains of some beds as a result of pyrite (p) weathering (Quarry III). (C) Layers of flint (f) with a pinch-and-swell structure (Pen size = 12 cm).
(D) Interbedded limestones and bentonites (b) (Quarry III). (E) Laminated limestone bed with laminae of greenish bentonite (b). (F) Alternation of dark gray laminated limestone with
pyrite (p), and light-colored bioturbated limestone (bed 197). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. General characteristics of the sedimentary facies. Facies F1: (A) Limestone with undisrupted laminated fabric and pyrite as laminae (l) and nodules (n) (bed 115). (B) Laminae of
pyrite (bed 22). (C) Sun pyrite (bed 35). (D) Disarticulated remains of fish (bed 95). (E) Fish scale (bed 6). (F) Ammonite (bed 60). Facies F2: (G) Moderately bioturbated and laminated
limestone. Pyrite is disseminated in bed-parallel burrows (b) and laminated (l) (bed 65). (H) Bedding-parallel burrows (bed 19) (Pen size = 12 cm). (I) Planolites (bed 7) (Pen size =
12 cm). (J) Chondrites (bed 52). (K) Inoceramus cicloides Wegner. Note the fish scale (f) (bed 12). (L) Inoceramus (Mytiloides) labiatus Schlotheim (bed 126). (M) Ripple marks caused
by currents on the upper bed surface (top view, bed 18). Facies F3: (N) Bioturbated limestone with a LOD pattern. Small Chondrites (Ch) and large Zoophycos-like (Zo) (bed 207).
(O). DOL bioturbated pattern. Note different cutting relationships between bioturbation and vertical burrows (v) (bed 212). (P) DOL bioturbated pattern. From bottom to top, there is
an increase in bioturbation intensity (bed 205). (Q) Vertical mid-strata burrows (bed 108). See the position of beds in Fig. 2.
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4.4. Stable isotopes and organic matter characterization

Carbon isotope values vary between −1.9 and +1.6‰ (Fig. 9 and
Appendix B). The most striking feature of the δ13Ccarb curve is a distinct
negative shift of 2.7‰ from 9.3 to 11.2, followed by a return to baseline
values. Oxygen isotope data (δ18Ocarb; Appendix B) show considerable
variation across the whole section, fluctuating between −3.4‰ and
−6.5‰ (−4.4‰ on average).

The TOC content fluctuates between 0.32 and 3.32%, with most
of the samples rich in organic carbon recorded within the lowest 9 m
of the section (top R. cushmani–middle W. archaeocretacea zones)
(Fig. 10). In general, facies F3 shows low TOC values (consistently
below 1%), while facies F1 and F2 have a higher content (ranging from
1 to 3.32%). The analyzed samples have a relatively high hydrogen

index (HI; 276–468 mgH/g TOC) and low oxygen index (OI; 8–39 mg
O/g TOC) values (Fig. 11). Total nitrogen concentration (NTOT) ranges
between 0.04 and 0.06%, leading to TOC/NTOT ratios between 22.5 and
55.3 (Fig. 10). Low and high values of HI, OI and NTOT are randomly
distributed among sedimentary facies.

4.5. Major and trace elements

Al-normalized RSTEs contents are compared to TOC and total S
(STOT) contents (Fig. 10 and Appendix B). In general, Cd, V, Zn and Cr
display a decreasing trend with higher ratios in the lowest 9 m (top
R. cushmani–middle W. archaeocretacea zones) of the section, where
TOC reaches elevated values. Conversely, Ni, Co, Pb and Mo present a
flat pattern with minor peaks at different levels. In detail, the interval
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Fig. 6. Microscopic characteristics of the sedimentary facies. Facies F1: (A) Wackestone with planar laminated matrix and planktic foraminifera (bed 12). (B) Remains of fish (f) and
planktic foraminifera in a wackestone with anisotropic fabric (bed 199). (C) Bivalve shell fragment (bed 30). (D) Authigenic glauconite (g) as cement and within planktic foraminifera
(bed 161). (E) Subfacies F1B. Occasional radiolarian wackestone/packstone facies with no evidence of bioturbation (bed 87). Facies F2: (F) Disrupted lamination by horizontal–sub
horizontal burrows (bed 204). (G) Bedding–parallel burrows (186). Facies F3: (H) Benthic foraminifera (b) in bioturbated facies (bed 50). (I) Vertical burrow filled with mudstone-
type sediment (bed 80). See the position of beds in Fig. 2.
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between1 and 9m recordsmaximumpeaks of Cu/Al (164.84×10−4) at
1.4 m; V/Al (404.08 × 10−4) at 2.5 m; Fe/Al (0.96) and Zn/Al
(426.61 × 10−4) at 2.8m; and U/Al (9.81 × 10−4) at 4.8 m. This interval
also shows a significant increase of Cr/Al (118.16 × 10−4), as well as a
moderate increase of Ni/Al (66.94× 10−4) at 2.5m. Several pronounced
peaks of Ba/Al with values of up to 438.46 × 10−4 can also be observed
within the lower 9 m, where Mn/Al is consistently low (down to
104.86 × 10−4). The interval between 9 and 29 m (middle
W. archaeocretacea–H. helvetica zones) records moderate increases of
Cd/Al (2.78 × 10−4) and Zn/Al (341.06 × 10−4) at 15.4 m; Cr/Al
(90.68 × 10−4), Ag/Al (1.73 × 10−4) and Cu/Al (123.78 × 10−4) at
17.1 m; and Cr/Al (153.69 × 10−4), Co/Al (15.85 × 10−4), Ag/Al
(0.57 × 10−4) and Cu/Al (64.62 × 10−4) at 22.6 m.

Otherwise, S, Fe/Al, Co/Al, Pb/Al and Mo/Al exhibit a relatively flat
pattern. Raw concentration of S presents dramatic increases at 10.1 m
(7.43%) and 28.7m (8.73%). In the latter stratigraphic position, themax-
imum peaks also occur for Fe/Al (18.24), Ni/Al (240.73 × 10−4), Co/Al
(28.54 × 10−4), Pb/Al (57.07 × 10−4), Ag/Al (2.12 × 10−4), Mo/Al
(40.24 × 10−4) and Re/Al (0.154 × 10−4), in addition to a moderate
to slight peak of V/Al (270.73 × 10−4) and Cr/Al (43.41 × 10−4). The
P/Al ratio exhibits lowvalues in the lower 9mof the section,with values
between 0.03 and 0.09, and afterward increases slowly showing pro-
nounced peaks at 22.6 m (0.12), 27.5 m (0.12), and 28.7 m (0.11).

The calculated EFs for trace elements are shown in Fig. 12. Analyzed
samples are consistently enriched in RSTEs compared to the average
shale. The largest mean EFs are recorded for Cd (167.06), Ag (69.89),
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Fig. 7. Microscoptheic features of framboidal pyrite from the Xilitla section. Photomicrographs under reflected light microscope: (A) Massive (m) and framboidal (f) pyrite (bed 30).
(B) Pyrite framboids in the calcareous matrix (bed 152). Photomicrographs under scanning electron microscope: (C) Framboids with disordered structure composed of randomly
aggregated irregular microcrystals. In the center there is a framboid with hexagonal arrangement made up of octahedral microcrystals, all of which share a common morphological
orientation (arrow) (bed 17). (D) Close–up of microcrystals of the framboid on the right in C. Note spherical clusters of poorly-formed octahedral particles. (E) Framboid with
hexagonal arrangement composed of octahedral microcrystals with slight truncation and totally disoriented (bed 22). (F) To the left, there is a framboid with cubo–octahedral
microcrystals in hexagonal arrangement and almost perfect orientation (bed 126).
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Re (37.22), Mo (16.80), Zn (10.31), V (8.72), U (8.07) and P (7.29). Fe,
Cr, Ni, Co, Pb, Cu, and Mn record moderate to low EFs (mean EFs be-
tween 2.22 and 7.93). Note that mean EFs of Cd, Zn, V, Cr, Cu, U and
Ba from the lowest 9 m are higher than those of the whole section.

Observations of thin rock sections and XRD analyses reveal that the
detrital fraction of analyzed samples does not exceed 40%; indeed,
they consist mainly of marine carbonate (65–92%, average 84.7%). This
indicates that the Ba/Al ratio of Reitz et al. (2004) is valid for calculating
reliable biogenic barium concentration. Accordingly, the Babio content
fluctuates between 472.53 (at 6.9 m, bed 39) and 1.9 ppm (at 5.4 m,
bed 30) (with an average of 110.34 ppm) (Fig. 10).

4.6. Elemental and sulfur isotope composition of pyrite grains

The results of EDS andWDS analysis confirm that sulfides present in
the studied sediments are pyrite. Under the SEM, a low density matrix
occurs between pyrite microcrystals and/or enveloping the surface of
the entire framboids (in both those disseminated in the matrix and
those infilling burrows) (Fig. 13). EDS analysis on framboids reveals
that such interstitial material is enriched in carbon, compared to pyrite
crystals. Otherwise, the elemental data acquired through WDS analysis
(Table 2) show that laminated and framboidal pyrite both contain sig-
nificant quantities of Mo (~4500–6000 ppm) and lesser amounts of Ni
(~200–400ppm) andU (~220–2280ppm). Regarding the sulfur isotope
composition, δ34Spy values of the analyzed grains (composed of pyrite
microcrystals) are consistently negative, ranging from −5.2‰ (bed
106) to −51.2‰ (bed 13) (Fig. 14). The δ34Spy profile displays an in-
creasing trend from −51.2‰ at 1.9 m to −5.1‰ at 14.3 m.

5. Discussion

5.1. Correlations based on bioevents and definition of the OAE 2 time-
equivalent interval

The OAE 2 time-equivalent interval is commonly delimited by a
large positive carbon isotope excursion (with three distinctive peaks),
both in marine inorganic carbonate (2–4‰) and organic matter (up to

6‰), interpreted to be the result of enhanced burial of 12C-enriched or-
ganic matter (Keller et al., 2004; Caron et al., 2006; Bomou et al., 2013)
(Fig. 9). However, in the δ13Ccarb profile (Fig. 9 andAppendix B) from the
Xilitla section there is not a truly defined positive shift. Overall, the car-
bon isotope values are unusually lower in comparison to the Cretaceous
δ13Ccarb database (Leckie et al., 2002; Föllmi, 2012). They are depleted
by more than 1.5–3‰ compared to contemporaneous marine calcite.
Likewise, the δ18Ocarb values (Appendix B) are also low compared to
those found in Cretaceous pelagic sediments (Clarke and Jenkyns,
1999). This difference can be the result of both diagenetic effects and
local conditions. For instance, alteration of the δ13C is possibly linked
to early diagenetic modification, as a result of the transfer of isotopically
light carbon from bacterial degradation of organic matter to carbonate
cement. Diagenetic effects during burial (pore water interaction
and/or dissolution and recrystallization) can be also considered given
the recrystallization of skeletal allochems.

Major biological changes across the C–T transition are also a useful
tool to trace the OAE 2 time-equivalent facies (Coccioni and Luciani,
2004; Caron et al., 2006; Bomou et al., 2013; Reolid et al., 2015)
(Fig. 9). Among planktic foraminifera, the onset of the global turnover
associated with the anoxic event occurs mostly below the last occur-
rence of R. cushmani, marking the disappearance of planktic foraminif-
era of complex morphology and with a longer and deeper life-cycle
(K-species like the rotaliporids), which have adapted to oligotrophic
stable nutrient levels in deep and intermediate waters. They disap-
peared due to the oceanic perturbation of oxygen levels within the
W. archaeocretacea Zone, conversely favoring the proliferation of species
with a short and shallow life-cycle (r-selected species such as the
heterohelicids and whiteinellids). The first occurrence of H. helvetica
marks the reappearance of complex keeled morphotypes (K-selected
species), thus reflecting the return to stable nutrient conditions and
the end of the anoxic event.

In the studied section, within theW. archaeocretacea Zone, both the
Heterohelix shift (bed 29, at 5.1 m) (Fig. 2) and the “filament event”
(bed 93–9, 15.8–16.2 m) (Fig. 2) highlight environmental conditions of
great stress during the turnover related to OAE 2. The rapid rise in the
abundance of heterohelicids (surface-dweller opportunists) is associated
to the better adaptation of these organisms to sudden environmental
change (temperature, salinity, nutrient level), and commonly indicates
a drop in water column oxygenation (e.g., Caron et al., 2006; Reolid
et al., 2015). Otherwise, the abundance of filaments is interpreted as the
result of the mass mortality of planktonic bivalve larvae (e.g., Caron
et al., 2006; Kędzierski et al., 2012; Bomouet al., 2013) and/or the product
of disintegration of pelagic bivalves during high-energy events (Negra
et al., 2011). They are related to heightened marine productivity and
oxygen-deficient water masses. Both bioevents have also been observed
worldwide in a similar biostratigraphic position in the Western Interior
Seaway (Pueblo section-GSSP, Caron et al., 2006; Atascosa and Karnes
cores, Denne et al., 2014), and in the Tethys (Gongzha section-Tibet,
Bomou et al., 2013; Rybie section-Poland; Kędzierski et al., 2012; wadi
Bahloul-Tunisia, Caron et al., 2006 and Reolid et al., 2015) (Fig. 9). For
the first time in Mexico, the record of the Heterohelix shift and the fila-
ment event is the expressionof an effective connectionbetween theMex-
ican Sea and the aforementionedoceanic basins during the C–T transition.
Furthermore, the occurrence of the “filament event”below the base of the
H. helvetica Zone supports the use of this bioevent as a global stratigraphic
marker preceding the restoration of keeled planktonic foraminifera, in
opposition to what is suggested by Desmares et al. (2007).

Considering the connection between the aforementioned bioevents
and the main peaks in the δ13C curve defining the anoxic event, the
OAE 2 time-equivalent interval in the Xilitla section can be constrained
to the lowermost 15.8 m (Fig. 9). This position for the OAE 2 interval is
also supported by the robust radiometric age estimated from bentonite
Az (94.1±1.6Ma) (Fig. 3). This result is compatiblewith the astronom-
ically recalibrated radiometric age of 93.90 ± 0.15 Ma for the C–T
boundary proposed by Meyers et al. (2012) (Fig. 9).

Table 1
Pyrite framboid size statistical parameters. N = Number of framboids in measured area,
Min. F.D. = Minimum framboid diameter measured under optical microscope, Min. F.D.
SEM = Minimum framboid diameter measured under SEM, Max. F.D. = Maximum
framboid diameter measured under optical microscope. Underestimation of smallest
framboids under reflected light affecting the calculated relative content can be ruled out
because minimum framboid size estimated by SEM is similar to the minimum size deter-
mined with the optical microscope.

Bed Facies Mean
(μm)

S.D. Min F.D.
(μm)

Min F.D.
SEM (μm)

Max F.D.
(μm)

Framboid content
(number per mm2)

210 1 6.1 2.8 1.6 1.8 29.1 1213
204 2 6.9 2.6 2.0 – 22.8 115
194 1 5.1 2.6 1.4 1.4 19.6 99
187 2 7.3 3.2 2.3 2.5 25.4 70
178 2 6.5 3.3 2.6 – 22.5 150
161 1 7.4 3.0 2.5 2.5 28.5 355
152 2 7.6 3.1 0.8 1.0 21.5 214
131 1 5.3 2.4 2.0 2.1 22.5 318
126 2 6.8 3.1 1.7 1.7 26.2 192
115 1 6.4 3.0 2.4 2.5 22.7 102
93 1 5.7 2.5 1.7 – 19.9 432
80 2 7.2 3.1 2.0 – 17.5 110
78 1 5.6 2.1 2.2 2.4 12.2 320
65 2 5.6 2.2 1.2 1.5 14.3 70
62 1 6.0 2.6 1.6 1.9 19.7 541
41 2 7.1 2.7 2.0 2.4 17.0 397
35 1 5.3 2.7 1.4 1.8 26.4 211
30 1 5.0 2.1 1.4 2.1 13.5 150
22 1 5.8 2.4 2.0 2.6 18.6 300
17 2 6.7 2.7 2.3 2.3 19.3 130
10 2 6.9 2.9 0.9 1.1 24.8 558
1 1 6.1 2.2 3.2 3.2 20.1 620
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5.2. Assessing redox conditions

5.2.1. Interpretation of sedimentary facies

- Interpretation of facies F1: The lack of bioturbation (Figs. 5A–B and 6A–
B) and absence of benthic foraminifera are consistent with anoxic
bottom-water conditions (ORB-A; Reolid et al., 2010). Such environ-
ment precluded burrowers and allowed the preservation of abundant
disarticulated fish parts (Figs. 5D–E and 6B) that settled to the sedi-
ment from oxygenated upper water layers. The millimeter-scale fine
lamination observed in this facies (Figs. 5A–B and 6A) implies deposi-
tion in a low-energy environment. The differences in laminae color
and content reflect minor fluctuations in sedimentary conditions in
the TMB. For instance, the planktonic-rich laminae may reflect short
periods of high productivity conditions that sustained the prolifera-
tion of calcareous zooplankton. Currently, these blooms in foraminif-
eral productivity have been observed in certain areas of the
Mediterranean (Rigual-Hernández et al., 2012) and North Atlantic
Basin (Salmon et al., 2014), where they are associated with seasonal
rise in sea surface temperature and nutrient conditions.

The radiolarian-rich beds in the middle part of the section (subfacies
F1B) (Figs. 2 and 6E) fit in with the predominance of these organisms in
other black shales representing the OAE 2, commonly interpreted as the
regional renewal of nutrient-rich waters (Coccioni and Luciani, 2004;
Caron et al., 2006; Kędzierski et al., 2012; Gambacorta et al., 2015). Such

blooms of organismswith silica skeletons also supported ocean acidifica-
tion during OAE 2, due to an increased uptake of CO2 derived from mas-
sive volcanic eruptions of the Caribbean Plateau (Gebhardt et al., 2010;
DuVivier et al., 2015a). Under these conditions, planktic foraminifera bio-
mass diminished due to low calcium carbonate availability; radiolarian,
less affected by acidification, competed more efficiently and flourished.
Considering that subfacies F1B is spatially and temporally associated
with the thick successions of bentonite (Fig. 2), a local factor that may
have accounted for the silica supply and probably enhanced seawater
acidification and selective radiolarian proliferation was volcanic ash-fall
in the TMB. It has been demonstrated that fall-out of volcanic ash in the
ocean may induce a reduction of the surface water pH, which affects
planktonic calcifying organisms (e.g., Cobianchi et al., 2015).

- Interpretation of facies F2: The poor-to-moderate degree of bioturba-
tion of facies F2, coupled with the presence of very few benthic
foraminifera suggests that this facies accumulated under dysoxic ox-
ygen levels (ORB-B of Reolid et al., 2010). Dominance of horizontal
burrows disrupting the original lamination (Figs. 5G–I and 6F–G),
aswell as the absence of vertical ones suggests that favorable oxygen
conditions at the sediment–water interface allowed organism
colonization and that anoxic conditions prevailed within the lower
sediment layers. A striking feature of this facies which further re-
flects a slight concentration of oxygen at the seafloor is the common
presence of inoceramid shells (Fig. 5K–L). These bivalves flourished
under dysoxic bottom-water conditions in several mid-Cretaceous

Fig. 8. Framboidal pyrite plots: (A) Stratigraphic distribution, diameter and content of framboidal pyrite. (B) Mean versus standard deviation plot of framboidal pyrite. The boundary
between fields for euxinic, anoxic and dysoxic environments is that seen in modern depositional settings (from Wilkin et al., 1996). Size of circles is proportional to the estimated
content of framboids. The color of the dots represents the sedimentary facies. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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basins (Caron et al., 2006; Jiménez Berrocoso et al., 2008; Ifrim et al.,
2011; Lowery et al., 2014). Ripple marks (Fig. 5M) associated with
some beds provide evidence of periodic seafloor ventilation by bot-
tom currents.

A high concentration of bivalve filaments in sediments, as ob-
served in facies F1 and F2 (Fig. 2), is thought to be linked to episodes
of high marine productivity (Caron et al., 2006; Kędzierski et al.,
2012; Bomou et al., 2013). The presence of disseminated framboidal
pyrite (Fig. 7) and glauconite (filling primary porosity) (Fig. 6D) in
both facies also points towards reducing environments, in which
these minerals formed as a syngenetic-early diagenetic phase in

the iron reduction zone of the oxic–anoxic interface (e.g., Wilkin
et al., 1996; Lowery et al., 2014).

- Interpretation of facies F3: The composite ichnofabric of this facies
(Figs 5N–Q and 6I) indicates intense activity of organisms both at
the seafloor surface and within the sediment, under relatively
well-oxygenated conditions. Bottom waters with high oxygen con-
centrations are also suggested by the common presence of benthic
foraminifera (Fig. 6H–I). Facies F3 is similar to ORB-D of the model
of Reolid et al. (2010). An oxic environment may have heightened
aerobic remineralization of organicmatter, a process that commonly
inhibits pyrite formation (e.g. Bond andWignall, 2010) and accounts
for the lack of pyrite in this facies.
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Fig. 9. Correlation of bioevents and carbon isotope events across the Cenomanian–Turonian transition between the Xilitla section (Mexico), and sections in Colorado—USA, Central Tunisia
and Tibet—China. Notice that the δ13C data from the Xilitla section do not record the typical features of the globally documented Cenomanian–Turonian positive excursion.
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From facies F1 to F3 there is a clear progressive increase in the avail-
ability of oxygen at the bottom of the water column. Indeed, a higher
TOC content in facies F1 and F2 (N0.51%) than in facies F3 (b1%) sup-
ports this interpretation. From observing the vertical distribution of
said facies (Fig. 2), it is evident that oxygen deficiency was more uni-
form within the lowest 9 m of the section, during the lower part of the
OAE 2 interval. Afterwards, the bottom-water redox conditions became
more variable and oxygen increased progressively during relatively
short and intermittent episodes, mainly in the post-OAE 2 interval.

5.2.2. Pyrite framboid size and content distribution
Many studies have shown that the size distribution and content of

pyrite framboids are regulated by bottom-water redox conditions,
which in turn are controlled by the position of the oxic–anoxic interface
relative to the sediment–water interface (Wilkin et al., 1996; Bond and
Wignall, 2010; Núñez-Useche et al., 2015). Oxygen-depleted (dysoxic)
bottom waters, where the oxic–anoxic interface is close to the sedi-
ment–water interface, favor the formation of diagenetic framboids
(N6 μm in diameter) at the sediment–water interface and within the

sediment. Under more oxygen-restricted conditions, the oxic–anoxic
interface moves upward and abundant syngenetic framboids are
formed in the anoxic water column. Since they rapidly sink to the sea-
floor, syngenetic framboids are smaller (4–6 μm in diameter) and less
variable in size than diagenetic framboids. Euxinic conditions (free
H2S) also produce populations of tiny syngenetic framboids (3–5 μm
in diameter) within a narrow size range.

Mean vs. standard deviation plot of pyrite framboid data from Xilitla
(Fig. 8 and Table 1) shows a distinction between anoxic and dysoxic
conditions, quite consistent with the facies interpretation: framboids
of anoxic facies F1 are smaller and less variable in size (mostly
syngenetic; suggesting more oxygen-depleted conditions) than those
of dysoxic facies F2 (mostly diagenetic).

Although most pyrite framboids in both facies indicate poorly-
oxygenated bottom waters, all samples from facies F1 have a content of
tiny framboids (b5 μm in diameter) higher than 18%—that may have re-
sulted from intermittent euxinicity. This is more evident for samples 30,
131 and 194, which fall close to the euxinic field and exhibit a content
of tiny framboids exceeding 40%. However, considering the low content
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of framboids in these samples, their framboid populations might reflect
short-lived pulses of euxinia superimposed on longer term anoxic condi-
tions, whichmay resulted in a time-averaged framboid population typical
of anoxic environments (e.g., Bond and Wignall, 2010). The content of
framboidal pyrite (Fig. 8 and Table 1) is less indicative of oxygen condi-
tions. Many samples from dysoxic facies F2 have a greater framboid con-
tent than those from anoxic facies F1. This is probably because the
bioturbated fabric of facies F2 favored upward diffusion of H2S from un-
derlying sediments, in which bacterial sulfate reduction (BSR) continued
but iron limited pyrite formation, thus prompting framboid formation

somewhat independently from redox conditions. This phenomenon has
been invoked previously for sulfur excess in dysoxic facies with low TOC
(e.g., Algeo and Maynard, 2004).

5.2.3. Redox control of trace element enrichment
Under oxygen-depleted bottomwaters, certain RSTEs are less soluble

and preferentially transferred from the water column into the sediment.
Conversely, Mn is reduced to soluble forms (Mn2+or MnCl+) that are
not readily takenup by organicmatter; it diffuses upward out of sediment
or from the sediment–water interface (Calvert and Pedersen, 1993; Canet
et al., 2004; Algeo and Maynard, 2004; Tribovillard et al., 2006).

RSTEs/Al ratios of sediments from Xilitla are consistently above those
of average shale (Fig. 10 and Appendix B). Their EFs values include the
mean of the C–T black shales (Brumsack, 2006) and those from modern
sediments underlying anoxic environments (Calvert and Pedersen,
1993) (Fig. 12). Several Al-normalized RSTEs ratios covary with TOC
(RCd = 0.72, RZn = 0.68, RV = 0.67, and RCr = 0.61) and STOT (RNi =
0.73, RMo = 0.72, RPb = 0.68, RCo = 0.67, and RRe = 0.67) (Table 3), sug-
gesting that trace elements were mainly fixed in organic and authigenic
Fe-sulfide phases, respectively. These correlations indicate that, despite
the diagenetic overprint of the carbonate fraction affecting the δ13C re-
cord, great alteration of the trace element data can be ruled out. This is be-
cause in organic-rich sediments the carbonate fraction exerts lesser
control on the whole rock trace elements content than the organic and
sulfide fractions do (Abanda and Hannigan, 2006; Xu et al., 2012).

Both correlation patterns agree with the known geochemical behav-
ior of RSTEs under low oxygen conditions (Calvert and Pedersen, 1993;
Algeo andMaynard, 2004; Brumsack, 2006; Tribovillard et al., 2006). In
the sediments studied, the peaks of Cd/Al and Zn/Al (elements generally
incorporated into marine plankton biomass)may record episodes of in-
tensive primary production. Correlation of Al-normalized concentra-
tions of V and Cr with TOC and not with STOT reflect the preferential
incorporation of these elements into organic matter. Conversely, corre-
lation of Mo/Al, Co/Al, Ni/Al and Re/Al with STOT reflect the higher
degree of pyritization of these trace elements. The presence of Mo and
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Ni in both laminated and framboidal pyrite (Table 2) corroborates their
incorporation into pyrite (probably taken up in solid solution), and sup-
ports reduced conditions in pore waters under which these elements
are absorbed by pyrite. Although Pb is commonly removed as an inde-
pendent sulfide phase rather than in solid solution in pyrite, high levels
of Pb pyritization are also reported in anoxic-sulfidic sediments.

Worthy of note is that the RSTE data do not allow differentiation be-
tween anoxic facies F1 and dysoxic facies F2. This is because under regular
re-oxygenation of the bottom waters RSTEs behavior is less predictable
and they are less consistent as indicators of oxygen levels (e.g, Algeo
and Maynard, 2004). Despite this, higher mean EFs for Cd, Zn, V, Cr, Cu
and U (Fig. 12), along with the lowest Mn/Al concentration (Fig. 10)
and a negative TOC–Mn correlation (R= −0.1) within the lowest 9 m
of the section, indicate that more severe and constant oxygen deficiency
prevailed during deposition of this stratigraphic interval. From 9 to 10
m upward, concurrent slight to moderate increases in different RSTEs
point to short-lived episodes of low oxygen conditions. Nevertheless,
the overall decrease in TOC and certain Al-normalized RSTEs content
(Fig. 10) suggests that oxygen deficiency was less severe and more vari-
able within this interval. This interpretation is supported by the gradual
increase of the Mn/Al ratio between 10 and 19.8 m (Fig. 10).

Besides local redox conditions, we suggest an important event con-
trolling the RSTEs distribution patterns in the organic-rich sediments
from Xilitla. The higher RSTEs concentrations within the lowest 9 m of
the section seem to indicate the introduction of large amounts of trace
metals (e.g., Co, Cu, Zn, Fe, V, Mo) into the ocean, a phenomenon associ-
ated with the submarine volcanism of the Caribbean Plateau, which
commenced between 95 and 92 Ma (Snow and Duncan, 2001; Leckie
et al., 2002; Snow et al., 2005; Trabucho Alexandre et al., 2010). This is
in agreement with the synchronous increase in unradiogenic

seawater-osmium at 94.44 ± 0.14 and 94.28 ± 0.25 Ma (close to the
OAE 2 onset) found by Du vivier et al. (2015b) in proto-Pacific sections,
linked to the basaltic eruptions of said plateau. The radiometric age de-
termined in this study close to the base of the section (94.1 ± 1.6 Ma)
(Fig. 3) is in the range of those ages. Accordingly, the decrease trend
in certain RSTEs (Cd, V, Zn, Cr and, and to a lesser extent, Cu, U and
Re) (Fig. 10 and Appendix B), similar to the one found in other oxic
and anoxic sediments (Elrick et al., 2009, Bomou et al., 2013; Eldrett
et al., 2014), may reflect the gradual global drawdown of the trace
metal reservoir due to widespread deposition of organic-rich sediments
in the Tethys and proto-North Atlantic during OAE 2.

To summarize, our sedimentary, pyrite framboid and geochemical
data indicate more permanent reducing environments within the low-
est 9m of the section, likely reflecting oxygen deficient conditions asso-
ciated with OAE 2, superimposed to the anoxic/dysoxic bottom-water
regime inherent to the TMB. Such conditions are comparable to those
reported for northernMexico (Duque-Botero et al., 2009) andDemerara
Rise (southern North Atlantic; Hetzel et al., 2009; Trabucho Alexandre
et al., 2010), where anoxiawas intense. This suggests that theXilitla sec-
tion placed close to the core of an oxygen-minimum zone. However,
these conditions contrast with the oxygenated regime within OAE 2
found in the northern Tethyan pelagic zone (Chrummflueschlucht sec-
tion; Westermann et al., 2010), the Gamba-Tingri Basin (Gongzha sec-
tion; Bomou et al., 2013), and in some areas of the Western Interior
Seaway (Shell Iona-1 core; Eldrett et al., 2014). Within this poorly-
oxygenated regime associatedwith OAE 2, therewere episodes of inter-
mittent oxic conditions reflected by the regular presence of thoroughly
bioturbated bedswith commonbenthic foraminifera (facies F3). This in-
dicates a more dynamic benthic environment related to fluctuations of
the oxygen-minimum zone. Similar intermittent suboxic conditions
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Table 2
Chemical composition of pyrite in the analyzed samples (WDS analysis data).

Bed Pyrite
Texture

S Fe V Ni Th Mo U Total S Fe V Ni Th Mo U

wt. (%) (ppm)

210 Framboid 53.159 45.732 – 0.017 – 0.451 – 99.359 531,590 457,320 – 170 – 4510 –
210 Laminated 53.303 46.636 – – – 0.524 0.015 100.478 533,030 466,360 – – – 5240 300
161 Framboid 53.147 46.311 0.29 0.034 0.017 0.498 0.013 100.31 531,470 463,110 5800 340 170 4980 260
126 Framboid 52.905 47.084 – 0.015 0.043 0.591 0.011 100.649 529,050 470,840 – 150 430 5910 220
126 Laminated 52.681 46.176 – 0.038 0.006 0.541 0.114 99.556 526,810 461,760 – 380 60 5410 2280
30 Framboid 52.668 46.293 – 0.034 – 0.471 – 99.466 526,680 462,930 – 340 – 4710 –
22 Framboid 54.028 47.385 – – 0.114 0.524 – 102.051 540,280 473,850 – – 1140 5240 –
22 Laminated 54.019 46.986 – 0.016 – 0.568 0.042 101.631 540,190 469,860 – 160 – 5680 840
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have also been documented in the Tarfaya Basin (Kuhnt et al., 2009), the
Silesian Basin (Rybie section; Uchman et al., 2013) and in the Central
Tunisian Platform (the Oued Bahloul section; Reolid et al., 2015).
These variable OAE 2 redox regimes, observed worldwide, point to-
wards strong local influence on both oxygen conditions and the accu-
mulation of organic-rich sediments in marine basins.

From 9m upward in the sequence, oxygen deficiency was less severe
and more variable, and was controlled mainly by local redox conditions.
Oxygen-depleted conditions during the early Turonian have been also re-
ported for southern and northern Mexico during the deposition of the
Mexcala Formation (Guerrero-Morelos Platform; Hernández-Romano
et al., 1997; Elrick et al., 2009) and the Indidura Formation (Parras
Basin; Duque-Botero et al., 2009), respectively. Therefore, a regional con-
trol of redox conditions during the early Turonian is suggested for this
part of the proto-North Atlantic Basin, possibly associated with the inter-
mittent permanence of a weaker oxygen-minimum zone.

5.3. Sea-level variation

Amajor global sea-level rise is known tohave occurred during the C–T
transition (Hardenbol et al., 1998). In the context of this eustatic fluctua-
tion, the filament event is related to an interval close to the end of the
transgressive interval, heralding the transition to normal marine condi-
tions (Negra et al., 2011; Kędzierski et al., 2012). In the Xilitla section,
no significant stratigraphic features constrain the extent of said transgres-
sive phase; however, considering the position of the filament event, the
transgressive phase could be attributed to the lower part of the section.
High sea-level conditions for this interval matches more uniform
oxygen-depleted conditions that favored organic-rich sediment forma-
tion, mainly in the lowermost 9 m. Above this bioevent, the abundance
of limestone beds, relative to shaly limestone beds, progressively in-
creases upward within the section. This limestone-dominated interval
may reflect a long-term decrease in detrital influx linked to the global
sea-level change, such as is observed at Pueblo (USA), Eastbourne (UK)
and Ghonza (China) (Bomou et al., 2013) sections.

5.4. Link between marine productivity and anoxia: geochemical evidence

5.4.1. Biogenic barium
Barium is an important tracer ofmarine productivity (Dymond et al.,

1992; Tribovillard et al., 2006; Hetzel et al., 2009). In organic-rich sedi-
ments underlying areas of high productivity, bio-induced formation of
barite (BaSO4) occurred within organic particles in reducing environ-
ments. Intense bacterial sulfate reduction (BSR) may cause sulfate de-
pletion and mobilization of Ba (Dymond et al., 1992); however, the
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Table 3
Correlation coefficients (R) between Al-normalized trace elements and TOC-STOT.

Trace
element/Al

TOC R
(n = 19)

STOT R
(n = 29)

Trace
element

TOC R
(n = 19)

STOT R
(n = 29)

Fe/Al 0.05 0.8 Ag/Al 0.17 0.50
Cd/Al 0.72 0.08 C/Al 0.23 0.04
Zn/Al 0.68 0.09 U/Al 0.38 0.14
V/Al 0.67 0.24 Re/Al 0.45 0.67
Cr/Al 0.61 0.04 Mo/Al 0.06 0.72
Ni/Al 0.16 0.73 Mn/Al −0.43 0.03
Co/Al 0.06 0.67 Ba/Al 0.15 0.21
Pb/Al 0.02 0.68 P/Al 0.28 0.33
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highly negative pyrite δ34S values from Xilitla suggest that such did not
occur in the sediments studied. Therefore, Ba can be reasonably used as
a proxy for productivity. Fig. 12 shows that the studied section have a
moderate enrichment of Ba in relation to the average shale and compa-
rable to the C–Tmean values (Brumsack, 2006). This is indicative of fer-
tile water masses. Since Ba content can be influenced by other sources
(e.g., detrital aluminosilicates, hydrothermal precipitates, secretion by
benthic organisms) (Dymond et al., 1992), a more reliable evaluation
of productivity is achieved using biogenic barium (Babio) (Fig. 10). The
Babio content represents between 3.8 and 91% (63.1% in average) of
the Ba total. Therefore, a considerable part of the Ba total is composed
of biogenic barium, confirming high productivity. As shown in Fig. 10,
both Ba/Al and Babio are relatively enriched in the lowest 9m, thus indi-
cating recurrent intensification of productivity during the deposition of
this interval.

5.4.2. Phosphorus content
Phosphorous is an important biolimiting nutrient modulating

marine productivity (Tribovillard et al., 2006; Bomou et al., 2013). Dis-
solved P delivery to the ocean, mostly by continental runoff, is carried
to the seafloor by organic matter, clay particles and manganese
oxyhydroxides. Under reducing conditions, P diffuses upward from
the sediment and returns to the water column, increasing primary pro-
ductivity (e.g., Mort et al., 2007). Fig. 10 shows a clear enrichment of P
compared to average shale in the Agua Nueva Formation that points to-
wards high productivity, analog to modern coastal upwelling areas in
Peru (Böning et al., 2004) and Namibia (Brumsack, 2006). The minor
enrichment in P within the lowermost 9 m suggests partial loss of P
linked to more uniform oxygen-depleted conditions. This scenario fits
that observed for basins of the Tethys and Atlantic during OAE 2,
where anoxia increased P remobilization from sediments to sustain pro-
ductivity (Mort et al., 2007; Hetzel et al., 2009; Poulton et al., 2015). P
availability in this part of the proto-North Atlantic Basin may also have
been controlled by both a climate change towardsmore arid conditions
and a long-term sea-level rise, decreasing continental biogeochemical
weathering rates, as is observed in Tethyan and Atlantic sections
(Bomou et al., 2013).

5.4.3. Elevated TOC/NTOT ratios
In the pseudo-van Krevelen-type diagram (Fig. 11), analyzed sam-

ples fall into fields of type I (algal) and type II (algal/microbial) organic
matter. This marine origin is not consistent with the obtained TOC/NTOT

values (22–55), suggesting a terrestrial source (TOC/NTOT N20; Meyers
et al., 2006). Nonetheless, similar unusual TOC/NTOT ratios have also
been reported for marine organic matter deposited under areas of
high productivity. For instance, values between 10 and 22 were mea-
sured by Bouloubassi et al. (1999) in the Mediterranean sapropels.
Most of the black shales deposited duringmid-Cretaceous OAEs display
values of between 25 and 50 (e.g., Meyers et al., 2006). Thus, TOC/NTOT

ratios obtained in this study fit highly eutrophic conditions. These
anomalous values are a result of the loss of nitrogen during oxygen
stress periods linked to high productivity (e.g., Twichell et al., 2002;
Van Mooy et al., 2002).

Remarkably, marine productivity was higher within the lowest 9 m,
where there were more stable and severe anoxic/dysoxic conditions.
This supports a positive feedback loop among high productivity, deposi-
tion of organic matter and oxygen depleted conditions—at least during
part of the OAE 2 (Mort et al., 2007; Hetzel et al., 2009; Lowery et al.,
2014; Reolid et al., 2015). Based on the regular presence of volcanic
ash, we suggest that there was a link between local volcanic input and
high productivity. Ash particles can induce natural fertilization by sup-
plying large amounts of bio-available Fe to the ocean (Duggen et al.,
2010; Langmann et al., 2010). However, since bentonite beds are rare
in the lowest 9 m (Fig. 2), we suggest that the increase in nutrient con-
ditions was mainly driven by the release of biolimiting elements (e.g.,
Fe, P) into the global ocean, triggered by the coeval volcanic eruptions

of the Caribbean Plateau (Snow et al., 2005; Trabucho Alexandre et al.,
2010).

5.5. Control of bacterial sulfate reduction and sulfate availability on the
sulfur isotope record

The δ34Spy curve from the Xilitla section displays an increasing trend
from −51.2‰ (bed 13) to −5.2‰ (bed 106) during and immediately
after OAE 2 (Fig. 14). This trend is similar to that found in Demerara
Rise (Site 1258; Hetzel et al., 2009), the Western Interior Seaway
(Portland Core; Adams et al., 2010), and in shelf sediments from Tarfaya
(Core S57; Poulton et al., 2015). In all cases, the δ34Spy reaches a mini-
mum value within the anoxic event and gradually returns to higher
values afterwards (Fig. 14). This similarity supports a common mecha-
nism driving the global sedimentary sulfur isotope signal during OAE
2. According to Adams et al. (2010), the sulfur isotope record during
the anoxic eventwas greatly influenced bymore availability of seawater
sulfate concentration, prompted by the release of sulfur by massive
volcanism that progressively declined. Under anoxic conditions,
sulfate-reducing bacteria obtain energy by oxidizing organic com-
pounds while reducingmarine sulfate to hydrogen sulfide, preferential-
ly incorporating 32S. Therefore, higher sulfate levels during this event
must favored a greater fractionation of sulfur through bacterial sulfate
reduction (BSR), resulting in lighter δ34S pyrite.

Interestingly, the Xilitla section shows a minimum δ34Spy value
within OAE 2—quite isotopically lighter compared to that of the afore-
mentioned sites (Fig. 14). Taking the sulfur isotope composition of
C–T marine sulfate to be between +17 and +21‰ (average around
+19‰; Paytan et al., 2004), and assuming that bottom waters and/or
pore waters in sediments were derived from coeval open marine wa-
ters, then an overall sulfur isotope fractionation of 26.2 to 72.2‰ during
OAE 2 is estimated for the Xilitla section (Fig. 14). In some cases, these
values match those found in laboratories by BSR of 4 to 46‰ (Ohmoto
et al., 1990; Canfield, 2001). However, higher values can be explained
only through an additional fractionation of the sulfide pool during the
oxidative phase of the sulfur cycle, in which oxidation of bacterial HS−

to elemental S or other intermediate oxidized S species is followed by
the bacterial disproportionation into isotopically lighter sulfide and
heavier sulfate (Habicht and Canfield, 1997; Passier et al., 1997). This
process has been invoked by Passier et al. (1997) to explain fraction-
ation values of 57.9 to 70.2‰ in the eastern Mediterranean sapropels.

In either case, the large sulfur fractionation in the studied section
hints to a dramatic increase in relative seawater sulfate concentration
in the TMB during the anoxic event. This increase could be the result
of both (i) the compelling variable redox conditions causing increased
diffusion of sulfate to lower sediment layers through bioturbation dur-
ing dysoxic periods, and (ii) bottom currents (as evidenced by ripple
marks; Fig. 5M) that contributed to the replenishment of the sulfate res-
ervoir through themixing of sediment and ambientwaters. Both biotur-
bation and bottom currents might provide the O2 required for the
oxidation of primary pyrite and sulfur recycling. The decrease in sulfur
fractionation through the anoxic event in the Xilitla section (Fig. 14) is
apparently linked to a decline in burial efficiency of organic matter.
This is evident from the inverse relationship between δ34Spy and TOC
values observed in the lowermost 18 m. Above this interval, δ34Spy
values become lighter in the H. helvetica Zone in spite of moderate
TOC concentration. This return to lighter values is an isotope signature
not observed in other sites (Fig. 14), and implies a different mechanism
that, once again, contributed to the increase in sulfate concentration and
the extent of sulfur fractionation by BSR.

Evidence of bacterial activity in the TMB is confirmed byEDS analysis
revealing the presence of a carbon-richmatrix coating the outer surface
of both individual microcrystals and pyrite framboids (Fig. 13). This en-
velope can be interpreted as a remnant of the organicmaterial that con-
stituted an original bacterial biofilm and provided the structural
framework for the clustering of pyrite microcrystals. According to
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several research projects, this carbon-rich component is mainly pro-
duced by extracellular bacterial polysaccharides and is stretched during
framboid maturation (e.g., Rickard, 2012).

5.6. Depositional model

The multiproxy approach applied here shows that the organic-rich
sediments of the Agua Nueva Formation display vertically variable
sedimentary facies, and predominantly provides evidence of oxygen-
depleted conditions in bottom waters interrupted by punctuated,
short-lived oxic episodes. Based on the correlation of several proxies,
we proposed amodel to explain these episodically dysaerobic conditions.

As shown in Fig. 15, a layer of oxygen-depleted seawater developed
just at the seafloor, as a consequence of oxygen consumption by
decaying marine organic matter from high biologically productive
surface waters; this is similar to the scenario encountered in modern
coastal upwelling areas. Above this layer, there was greater oxygen
availability, coinciding with the presence of abundant fish and ammo-
nite remains. Variations in total primary production controlled the sup-
ply of organic matter to the seafloor, thus producing redox variations in
bottomwatersmostly fromanoxic (facies F1) to dysoxic (facies F2) con-
ditions. Under anoxic conditions (Fig. 15A), the oxic–anoxic interface
was located above the sediment–water interface. Such conditions pre-
cluded colonization by benthic fauna and preserved finely-laminated
fabric. Diagenetic and syngenetic pyrite framboid formation through
BSR took place at both the anoxic water column and the sediment–
water interface. The increase in oxygen content of bottom waters
caused the deepening of the oxic–anoxic interface, which placed at
the sediment–water interface or just beneath it (Fig. 15B). Therefore,
dysoxic conditions developed close to the sediment–water interface
and within the uppermost sediments, whereas anoxic conditions
persisted in pore waters within the lower sediments. Sporadic bottom
currents favored mixing with oxygenated water and contributed to

sustaining dysoxic conditions. This scenario allowed the colonization
of the seafloor by inoceramid bivalves and other low-oxygen tolerant
benthic taxa (including benthic foraminifera) that burrowed into the
sediment and disrupted lamination. Pyrite framboids were diageneti-
cally formed—mainly in the uppermost sediment. Influx of H2S from
the underlying sediments, provided by BSR and favored by the biotur-
bated fabric, may have stimulated additional diagenetic framboid for-
mation. In the model, overall low oxygen levels (anoxic and dysoxic)
promoted glauconite formation and the scavenging of trace elements
and their incorporation to sediments. Whereas Cd, Zn, V and Cr
were mainly fixed in organic matter and Ni, Mo, Pb, Co and Re were
scavenged by pyrite, Mn and P diffused out of the sediments. Biogenic
barium became enriched in sediments linked to organic matter decay.
Bioturbation and bottom currents played an important role in enhanc-
ing the diffusion of sulfate to lower sediment for BSR and providing
the O2 for sulfur recycling.

During periods of low productivity and low export of organic matter
frommarine surface, the oxic–anoxic interface deepened below the sed-
iment–water interface (Fig. 15C). This caused oxic conditions at both
the seafloor and the upper sediments (facies F3), which allowed intense
bioturbation and the establishment of benthic foraminifera, as well as
anoxic/dysoxic conditions in the lower sediments.

6. Conclusions

Biostratigraphic and radiometric data reveal that the Xilitla section
spans the latest Cenomanian–earliest Turonian interval. Four important
global bioevents, which from base to top are (i) the last occurrence of
R. cushmani, (ii) the Heterohelix shift, (iii) the filament event, and (iv)
the first occurrence of H. helvetica mark the biotic turnover associated
with oxygen-depleted conditions during OAE 2 in the Tampico–
Misantla Basin. The occurrence of these bioevents suggests inter-
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ocean connections of this part of thewesternmargin of the Proto-North
Atlantic with the Tethys Sea and the Western Interior Seaway.

According to the constructed model, high marine productivity was
associated with organic matter burial and oxygen depletion in the
Tampico–Misantla Basin, analogous to that occurring in modern coastal
upwelling areas. Fluctuations in primary production controlled bottom-
water oxygen conditions at the seafloor, which remained mostly
oxygen-deficient (anoxic–dysoxic) andwere interrupted by punctuated,
short-lived oxic events.

The regular presence of the facies of anoxic settings, the higher en-
richment in TOC and selected RSTEs, and the depletion inMn and P sug-
gest that more constant and severe oxygen deficiency occurred within
the lowest 9 m of the studied section, during part of the OAE 2. Similar
conditions have been found in central and southern Tethys; however,
they contrast with oxygenated bottom waters observed in part of the
Western Interior Seaway and northern Tethyan margin. This points to
localmechanisms operating in different parts of the global ocean, produc-
ing dissimilar redox conditions during OAE 2. As indicated by the more
constant occurrence of well-oxygenated facies, increase in TOC and
RSTEs content and the decrease in Mn and P concentration, oxygen defi-
ciency was less severe from 9 m upward.

Marine productivity was triggered by nutrient fertilization from
intrabasinal volcanic ash-fall. However, higher eutrophic conditions in
the lowest 9 m of the section may have been reinforced by P recycling
from sediments, along with the release of biolimiting metals into the
global ocean during coeval massive volcanic eruptions of the Caribbean
Plateau. This submarine volcanism apparently influenced trace element
availability and burial in sediments: higher within the lowest 9 m, and
declining progressively afterward.

A positive trend in the stable sulfur isotope curve with minimum
values within OAE 2 indicates that highest isotope fractionation was re-
lated to organicmatter burial. This pattern is similar to the one observed
at other sites, thus suggesting globally controlled changes in the overall
sulfur cycle, likely from the release of sulfur by massive volcanism. Lo-
cally, a greater availability of both seawater sulfate concentration in sed-
iments (as a result of bioturbation and/or bottom currents) and organic
matter (favored by high primary production) enhanced BSR and in-
creased the extent of sulfur fractionation during pyrite formation. Sulfur
recycling favored by variable redox conditions account for the highly
negative δ34S values for pyrite.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.palaeo.2016.01.035.
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Supplementary Appendix A. 
 

LA‒ICP‒MS analysis of volcanic zircons from bentonite sample Az (bed 11)*. 

 

 

 

CORRECTED RATIOS CORRECTED AGES (Myr) 

  

U                         Th                       
Th/

U 

207Pb/ 

206Pb ±1s 

207Pb/ 

235U ±1s 

206Pb/ 

238U ±1s 

208Pb/ 

232Th ±1s Rho 

206Pb/ 

238U ±1s 

207Pb/ 

235U 

±

1s 

207Pb/ 

206Pb ±1s 

208Pb/ 

232Th 

±

1s 

Best 

age              

(Myr) ±1s 

disc 

(ppm) (ppm) % 

Zircon_45_061 863 613 0.63 0.0491 0.0019 0.0942 0.0037 0.01 0.00011 0.0041 0.00011 0.2 88.7 0.7 91 3 152 82 82 2 89 0.7 2.5 

Zircon_42_058 441 219 0.44 0.0507 0.0019 0.098 0.0038 0.01 0.00015 0.0043 0.00014 0.28 89.8 1 95 3 227 80 87 3 90 1 5.5 

Zircon_39_054 288 225 0.69 0.0485 0.0032 0.0958 0.0064 0.01 0.00022 0.0044 0.00022 0.23 93 1 93 6 124 134 89 4 93 1 0 

Zircon_31_B_04

5 276 148 0.47 0.0531 0.004 0.1058 0.0086 0.01 0.00021 0.0045 0.00007 0.3 93 1 102 8 332 165 91 1 93 1 8.8 

Zircon_46_063 368 195 0.47 0.0466 0.0023 0.0942 0.0047 0.01 0.00016 0.0046 0.00013 0.23 94 1 91 4 28 96 92 3 94 1 -3.3 

Zircon_44_060 830 510 0.54 0.0524 0.0023 0.1065 0.0051 0.01 0.00014 0.0046 0.00004 0.28 94.3 0.9 103 5 304 94 93.2 

0.

8 94 0.9 8.4 

Zircon_43_059 228 130 0.5 0.0517 0.0034 0.1064 0.0072 0.01 0.00022 0.0046 0.00018 0.22 95 1 103 7 272 140 93 4 95 1 7.8 

Zircon_49_066 284 102 0.32 0.0521 0.0023 0.1067 0.0049 0.01 0.00019 0.0052 0.00024 0.28 95 1 103 4 289 94 105 5 95 1 7.8 

Zircon_32_046 259 89 0.3 0.0527 0.0036 0.1077 0.0075 0.01 0.00024 0.0044 0.00018 0.23 95 2 104 7 315 151 89 4 95 2 8.7 

Zircon_51_069 213 111 0.46 0.0527 0.0027 0.1079 0.0058 0.01 0.00019 0.0046 0.0002 0.24 95 1 104 5 316 110 92 4 95 1 8.7 

Zircon_33_047 466 181 0.34 0.05 0.0032 0.1026 0.0068 0.01 0.00015 0.0047 0.00012 0.2 95.2 0.9 99 6 195 134 95 2 95 0.9 3.8 

Zircon_34_048 181 97 0.47 0.049 0.0034 0.1013 0.0071 0.02 0.00021 0.0046 0.00023 0.2 96 1 98 7 149 142 93 5 96 1 2 

Zircon_35_049 510 251 0.43 0.0491 0.0041 0.101 0.0089 0.01 0.00019 0.0047 0.00025 0.3 96 1 98 8 151 173 95 5 96 1 2 

Zircon_37_052 1019 793 0.69 0.0535 0.0023 0.1109 0.0054 0.02 0.00015 0.0047 0.00004 0.32 96.2 1 107 5 349 92 94.9 

0.

9 96 1 10.1 

Zircon_36_051 370 233 0.55 0.0507 0.0027 0.1063 0.0057 0.02 0.00014 0.0052 0.00024 0.17 97.2 0.9 103 5 229 113 104 5 97 0.9 5.6 

Zircon_48_065 184 115 0.55 0.0488 0.0037 0.1028 0.0082 0.02 0.00036 0.0049 0.00018 0.29 99 2 99 8 136 157 99 4 99 2 0 

Zircon_50_067 565 428 0.67 0.0528 0.0021 0.1141 0.0046 0.02 0.00017 0.005 0.00013 0.27 100 1 110 4 322 82 101 3 100 1 9.1 

         

        *The bentonite sample was crushed and separated granulometrically. Separation of heavy minerals was carried out using a Wilfley Table, and then a Franz Magnetic separator at 

the Instituto de Geología (UNAM). Euhedral zircon crystals were hand-picked and then mounted in epoxy, sanded and polished to expose a transverse section. They were 

photographed using reflected light and scanning electron microscope-cathodoluminescence (SEM-CL) in order to select homogenous grains and avoid the detection of inherited 

ages by core relicts. 
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Supplementary Appendix A. 
 

Isotopic data (δ13C, δ18O,  δ34S), Rock‒eval pyrolysis data and NTOT. 

 

Samples 

Distance 

base 

δ13C δ18O δ34S TOC HI OI NTOT 
(m) (‰ VPDB) (‰ VPDB) pyrite (%) (mg H/g 

TOC) 

(mg O/g TOC) (%) 

      (‰ VCDT)         
212 28.9 1.5 -3.8 

     210 28.7 0.5 -5.4 -34.9 1.77 386 23 0.06 
207 28.4 1 -5 

 
0.93 

   205 27.7 1.4 -3.9 
     203 28 

   
0.9 

   201 27.8 
   

1.11 
   200 27.1 1.6 -4 

     199 27 
   

1.21 
   197 26.8 1.6 -4.1 

 
0.46 

   192 26.7 
   

1.53 
   187 25.9 1.4 -4 

 
1.38 306 22 0.05 

180 24.5 
   

0.32 
   179 24.4 1.3 -4.4 

     173 23.9 1 -4.4 
     169 23.6 1.2 -5 
     166 23.3 

   
1.42 

   161 22.6 1.3 -5.4 -41.2 1.81 397 14 0.05 
159 22.3 1.3 -5.2 

     157 22.2 
   

0.95 
   152 21.9 1 -4.9 

     147 21.5 0.9 -3.4 
     146 21.4 

   
0.85 

   145 21.3 
   

0.85 
   135 20.2 0.9 -4 

     131 19.8 0.4 -3.8 -16.2 1.59 423 14 0.05 
127 19.3 

   
0.43 

   126 19.1 0.8 -4.4 -27.4 1.5 414 14 0.04 
121 18.5 0.7 -3.8 

     120 18.4 
   

1.65 
   115 18.1 1.6 -4.1 

 
1.42 438 13 0.04 

110 17.4 
   

0.64 
   106 17.1 0.7 -3.8 -5.2 1.18 
   101 16.8 0.7 -4.5 

     93 15.9 1.3 -5.3 
 

1.32 
   92 15.8 1.2 -4.5 

     90 15.3 
   

1.01 
   88 14.9 

   
0.82 

   86 14.3 1.2 -5.1 -6.3 
    84 14.1 0.7 -4.9 

     82 14 -0.1 -4.5 
     80 13.9 

   
0.51 

   79 13.8 1.1 -5 
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Samples 

Distance 

base 

δ13C δ18O δ34S TOC HI OI NTOT 
(m) (‰ VPDB) (‰ VPDB) pyrite (%) (mg H/g 

TOC) 

(mg O/g TOC) (%) 

      (‰ VCDT)         
78 13.7 -0.1 -5.2 

     77 13.6 -0.7 -6.5 
     76 13.5 0.1 -4.5 
     72 11.6 

   
1.11 

   70 11.2 -1.9 -4.2 -8.4 0.65 
   65 10.1 -1.3 -4.7 -8.7 2.33 455 8 0.06 

63 10.2 -0.6 -4.9 
     59 9.9 0.6 -4.4 
     56 9.3 0.8 -3.9 
 

1.85 
   53 8.9 0.5 -4 

     52 8.8 0.6 -4.2 
     51 8.7 0.5 -4.6 
     50 4.5 

   
0.95 

   45 7.7 0.1 -4.5 
     41 7.1 1.1 -5.1 -19.8 3.15 

   40 7 
   

1.75 
   39 6.9 0.7 -3.8 

     38 6.7 0.9 -3.9 
     36 6.4 0.7 -4 
     35 6.2 0.6 -4.4 
 

2.34 430 9 0.05 
33 5.9 0.8 -4.2 

     31 5.6 0.7 -3.8 
     30 5.4 0.8 -4.5 -31.9 1.24 276 39 0.05 

28 4.9 0.7 -3.8 
     27 4.8 0.7 -4.1 
 

3.11 
   26 4.6 0.7 -4.2 

     25 4.4 
   

0.76 
   22 3.9 0.8 -4.2 -11.3 1.61 415 11 0.06 

21 3.7 
  

-28.9 
    20 3.6 

   
3.15 

   18 2.9 1 -3.9 
     17 2.8 1.1 -4.3 -18.7 2.48 468 8 0.06 

16 2.5 0.9 -4 
     13 1.9 0.8 -3.7 -51.2 

    10 1.5 0.7 -5.4 
 

3.32 427 8 0.06 
8 1.2 

   
2.8 

   6 0.9 0.7 -3.6 
 

0.58 
   5 0.7 0.5 -4.4 

     4 0.5 0.7 -3.9 
     1 0.1 0.6 -4.6 
 

2.95 
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Supplementary Appendix A. 
 

Concentrations of major and trace elements measured in selected samples of the Xilitla section. 

 

Samples 

Distance 

base  Al Fe S Cd Zn V Cr Ni Co Pb Ag Cu U Re Mo Th Mn Ba 

P 

(m) (%) (%) (%) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (%) 

212 28.9 0.98 0.8 0.16 < 0.1 33.3 20 9.9 19.2 2.6 4 0.12 11.1 0.8 < 0.001 0.2 0.4 379 153 0.054 

210 28.7 0.41 7.48 8.73 1.2 42.9 111 17.8 98.7 11.7 23.4 0.87 27.3 2.1 0.063 16.5 0.9 292 60 0.044 
207 28.4 1.92 1.11 0.18 < 0.1 56.8 51 19.1 25 4.3 11.6 0.24 117 1.2 0.006 1.1 1 310 185 0.052 

201 27.8 1.11 0.61 0.14 < 0.1 39.9 26 13.2 17.4 1.5 3.3 0.18 15.1 1 0.006 0.4 0.9 388 93 0.052 

199 27.5 0.49 0.58 0.43 0.2 13.6 46 7.7 25.8 2 1 0.18 7.4 4.8 0.04 2.4 0.4 414 39 0.059 
187 25.9 1.18 1.89 1.68 1.5 108 168 51.5 58.2 6.5 3.1 0.48 31.1 3.1 0.075 5.4 0.7 276 90 0.071 

161 22.6 0.65 1.68 1.55 0.3 60.2 83 99.9 38.2 10.3 4.5 0.37 42 1.4 0.029 0.5 0.5 243 56 0.077 

131 19.8 0.51 1.34 1.44 0.4 33.9 47 10 24.5 1.8 1.2 0.17 10.8 2.9 0.022 5.7 0.6 609 63 0.024 
126 19.1 0.78 1.44 1.72 < 0.1 13.1 121 17.1 41.1 3.1 2.9 0.27 17.6 3.8 0.048 9.9 0.8 382 75 0.056 

120 18.4 0.63 1.27 1.37 0.2 24.7 88 5.4 39 2.6 2.4 0.38 12.8 3.6 0.031 5.7 0.7 518 51 0.044 

115 18.1 1.43 1.54 0.17 0.2 91 26 22.8 17.5 2.2 4.5 0.33 16.6 2.5 < 0.001 0.2 1 473 367 0.103 
106 17.1 0.74 0.63 0.17 < 0.1 29 62 67.1 18.1 2.7 4.7 1.28 91.6 1 0.004 0.5 0.7 468 115 0.044 

90 15.4 1.51 0.94 0.84 4.2 515 219 21.2 38.2 2.9 3.8 1.13 23.8 2.8 0.031 5.9 1.6 453 292 0.028 

70 11.2 1.78 1.36 0.84 < 0.1 21.7 93 67.9 55.4 9.5 1.8 0.23 29.8 2 0.039 3.2 0.7 1090 208 0.024 

65 10.1 2.26 6.24 7.43 1.3 67.2 127 33.8 83.2 7.4 5.6 0.74 41.5 6.5 0.135 11.1 2.7 264 253 0.104 

59 9.9 0.82 0.76 0.63 0.2 37.1 57 26.7 21.7 2.7 3.6 0.55 19.5 1.9 0.003 0.5 0.8 364 140 0.04 

52 8.9 0.6 0.58 0.38 < 0.1 22.5 20 13.9 17.8 2.4 2.7 0.28 9.5 0.8 0.007 0.4 0.4 313 191 0.027 
49 8.3 1.38 1.01 0.58 0.2 54 48 25.4 19.2 4.7 4.2 0.58 22.9 1.3 0.005 0.8 0.7 301 248 0.048 

45 7.7 1.48 1.31 0.82 0.3 51.2 68 31.2 22.5 3.6 6.8 0.78 21.7 1.9 0.002 0.4 1.1 378 339 0.056 

41 7.1 1.38 1.98 2.2 10.6 508 311 120 60.2 6 4.1 0.97 69.7 6 0.105 5.9 1 203 72 0.117 
39 6.9 1.31 1.32 0.14 0.2 39.4 69 24.6 21 3 6.1 0.46 16.3 1.7 < 0.001 0.3 1 260 521 0.056 

31 5.6 0.84 1.02 0.88 < 0.1 37.6 53 21.6 21.7 3 4.1 0.28 24.3 2.4 0.007 1.4 0.5 195 74 0.036 

30 5.4 1.3 0.56 0.34 1.9 60.4 216 35.7 21.5 1.4 1.8 0.42 29.3 4 0.047 2.6 0.8 194 50 0.052 
27 4.8 0.52 0.54 0.39 2.9 148 175 59.5 29.6 2 1.8 0.2 25 5.1 0.031 2.3 0.5 137 228 0.027 

22 3.9 0.8 0.64 0.9 1.7 74.7 220 39 39.8 4.7 2.1 0.66 71.8 6 0.044 8.7 0.9 193 66 0.06 

17 2.8 1.24 1.19 1.58 13.8 529 315 87.3 69.5 5.9 6.4 1.35 65.2 6.4 0.085 11.2 1.6 176 67 0.058 
16 2.5 0.49 0.47 0.35 3.4 152 198 57.9 32.8 1.9 2.1 0.23 33.9 2.8 0.035 3 0.6 179 114 0.028 

10 1.5 1.85 3.33 3.09 12.9 657 512 216 95.8 9.2 6.4 1.87 101 7 0.15 7.6 5.3 194 76 0.169 

9 1.4 0.91 1.11 0.61 0.3 54.3 30 65 22.2 3.1 3.4 0.29 150 1.5 0.005 2.2 2.6 192 72 0.057 
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Supplementary Appendix A. 
 

Al-normalized values and enrichment factors (EFs) of selected major and trace elements measured in the Xilitla section, and 

calculated values of the biogenic barium used in this study. 

 

 

Samples 

Distance 

Fe/Al Cd/Al Zn/Al V/Al Cr/Al Ni/Al Co/Al Pb/Al Ag/Al Cu/Al U/Al Re/Al Mo/Al Mn/Al Ba/Al P/Al Babio base 

  (m)   (×10−4) (×10−4) (×10−4) (×10−4) (×10−4) (×10−4) (×10−4) (×10−4) (×10−4) (×10−4) (×10−4) (×10−4) (×10−4) (×10−4)   (ppm) 

212 28.9 0.82 - 33.98 20.41 10.1 19.59 2.65 4.08 0.12 11.33 0.82 - 0.2 386.73 156.12 0.06 116.74 

210 28.7 18.24 2.93 104.63 270.73 43.41 240.73 28.54 57.07 2.12 66.59 5.12 0.154 40.24 712.2 146.34 0.11 44.83 

207 28.4 0.58 - 29.58 26.56 9.95 13.02 2.24 6.04 0.13 60.94 0.63 0.003 0.57 161.46 96.35 0.03 113.96 
201 27.8 0.55 - 35.95 23.42 11.89 15.68 1.35 2.97 0.16 13.6 0.9 0.005 0.36 349.55 83.78 0.05 51.93 

199 27.5 1.18 0.41 27.76 93.88 15.71 52.65 4.08 2.04 0.37 15.1 9.8 0.082 4.9 844.9 79.59 0.12 20.87 

187 25.9 1.6 1.27 91.53 142.37 43.64 49.32 5.51 2.63 0.41 26.36 2.63 0.064 4.58 233.9 76.27 0.06 46.34 
161 22.6 2.58 0.46 92.62 127.69 153.69 58.77 15.85 6.92 0.57 64.62 2.15 0.045 0.77 373.85 86.15 0.12 31.95 

131 19.8 2.63 0.78 66.47 92.16 19.61 48.04 3.53 2.35 0.33 21.18 5.69 0.043 11.18 1194.12 123.53 0.05 44.13 

126 19.1 1.85 - 16.79 155.13 21.92 52.69 3.97 3.72 0.35 22.56 4.87 0.062 12.69 489.74 96.15 0.07 46.14 
120 18.4 2.02 0.32 39.21 139.68 8.57 61.9 4.13 3.81 0.6 20.32 5.71 0.049 9.05 822.22 80.95 0.07 27.69 

115 18.1 1.08 0.14 63.64 18.18 15.94 12.24 1.54 3.15 0.23 11.61 1.75 - 0.14 330.77 256.64 0.07 314.09 

106 17.1 0.85 - 39.19 83.78 90.68 24.46 3.65 6.35 1.73 123.78 1.35 0.005 0.68 632.43 155.41 0.06 87.62 
90 15.4 0.62 2.78 341.06 145.03 14.04 25.3 1.92 2.52 0.75 15.76 1.85 0.021 3.91 300 193.38 0.02 236.13 

70 11.2 0.76 - 12.19 52.25 38.15 31.12 5.34 1.01 0.13 16.74 1.12 0.022 1.8 612.36 116.85 0.01 142.14 

65 10.1 2.76 0.58 29.73 56.19 14.96 36.81 3.27 2.48 0.33 18.36 2.88 0.06 4.91 116.81 111.95 0.05 169.38 
59 9.9 0.93 0.24 45.24 69.51 32.56 26.46 3.29 4.39 0.67 23.78 2.32 0.004 0.61 443.9 170.73 0.05 109.66 

52 8.9 0.97 - 37.5 33.33 23.17 29.67 4 4.5 0.47 15.83 1.33 0.012 0.67 521.67 318.33 0.05 168.8 

49 8.3 0.73 0.14 39.13 34.78 18.41 13.91 3.41 3.04 0.42 16.59 0.94 0.004 0.58 218.12 179.71 0.03 196.94 
45 7.7 0.89 0.2 34.59 45.95 21.08 15.2 2.43 4.59 0.53 14.66 1.28 0.001 0.27 255.41 229.05 0.04 284.24 

41 7.1 1.43 7.68 368.12 225.36 86.96 43.62 4.35 2.97 0.7 50.51 4.35 0.076 4.28 147.1 52.17 0.08 20.94 

39 6.9 1.01 0.15 30.08 52.67 18.78 16.03 2.29 4.66 0.35 12.44 1.3 - 0.23 198.47 397.71 0.04 472.53 
31 5.6 1.21 - 44.76 63.1 25.71 25.83 3.57 4.88 0.33 28.93 2.86 0.008 1.67 232.14 88.1 0.04 42.92 

30 5.4 0.43 1.46 46.46 166.15 27.46 16.54 1.08 1.38 0.32 22.54 3.08 0.036 2 149.23 38.46 0.04 1.9 

27 4.8 1.04 5.58 284.62 336.54 114.42 56.92 3.85 3.46 0.38 48.08 9.81 0.06 4.42 263.46 438.46 0.05 208.76 
22 3.9 0.8 2.13 93.38 275 48.75 49.75 5.88 2.63 0.83 89.75 7.5 0.055 10.88 241.25 82.5 0.08 36.4 

17 2.8 0.96 11.13 426.61 254.03 70.4 56.05 4.76 5.16 1.09 52.58 5.16 0.069 9.03 141.94 54.03 0.05 21.12 

16 2.5 0.96 6.94 310.2 404.08 118.16 66.94 3.88 4.29 0.47 69.18 5.71 0.071 6.12 365.31 232.65 0.06 95.87 
10 1.5 1.8 6.97 355.14 276.76 116.76 51.78 4.97 3.46 1.01 54.59 3.78 0.081 4.11 104.86 41.08 0.09 7.55 

9 1.4 1.22 0.33 59.67 32.97 71.43 24.4 3.41 3.74 0.32 164.84 1.65 0.005 2.42 210.99 79.12 0.06 38.33 

 

 

 

 



119 
 

Supplementary Appendix A. 
 

Mineral composition obtained by XRD analysis 
 

Samples 

Distance base  Calcite Quartz 

Mica-

Illite 

Potassium 

Feldspar  Dolomite Kaolinite Hematite Clorite Plagioclase 

(m) (%) (%) (%) (%) (%) (%) (%) (%) (%) 

210 28.7 83 6 1 1 1 5 1 0 2 

187 25.9 89 4 2 1 0 0 0 0 4 
161 22.6 89 7 1 0 0 0 0 0 3 

131 19.8 73 13 2 1 0 0 1 1 9 

126 19.1 92 3 1 0 0 0 0 0 4 
115 18.1 92 3 1 1 0 0 0 0 3 

65 10.1 65 10 7 3 6 1 1 2 5 

30 5.4 88 1 4 1 0 1 0 0 5 
22 3.9 92 1 1 1 0 0 0 0 5 
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Anexo A (Capítulo 7).  

Análisis adicional de U-Pb en circones detríticos. 
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Anexo A (Capítulo 7). 
 

Análisis LA-ICP-MS de los circones volcánicos de la muestra de bentonita Bz (capa 213). 

 

 

 

CORRECTED RATIOS CORRECTED AGES (Myr) 

  

U                         Th                       Th/

U 

207Pb/ 

206Pb ±1s 

207Pb/ 

235U ±1s 

206Pb/ 

238U ±1s 

208Pb/ 

232Th ±1s Rho 

206Pb/ 

238U ±1s 

207Pb/ 

235U 

±

1s 

207Pb/ 

206Pb ±1s 

208Pb/ 

232Th 

±

1s 

Best 

age              

(Myr) 

±1s 

disc 

(pp

m) 

(ppm) % 

Zircon_05_013 1485 2714 1.61 0.0601 0.0015 0.1111 0.0029 0.01 0.0001 0.0042 0.0001 0.3 86.1 0.6 107 3 608 48 86 2 86 0.6 19.5 
Zircon_18_029 403 586 1.28 0.0461 0.0041 0.0879 0.0088 0.01 0.00024 0.0044 0.00013 0.32 89 2 86 8 5 182 89 3 89 2 -3.5 

Zircon_15_025 859 1097 1.13 0.0498 0.0018 0.0958 0.0036 0.01 0.00013 0.0044 0.00011 0.27 89.2 0.8 93 3 187 81 89 2 89 0.8 4.1 

Zircon_22_034 249 135 0.48 0.0461 0.0035 0.0906 0.0075 0.01 0.00025 0.0046 0.00029 0.25 91 2 88 7 5 156 92 6 91 2 -3.4 

Zircon_29_042 225 130 0.51 0.0485 0.0069 0.0953 0.0143 0.01 0.00026 0.0045 0.00043 0.24 91 2 92 13 125 269 91 9 91 2 1.1 

Zircon_19_030 677 624 0.81 0.0461 0.0016 0.0905 0.0035 0.01 0.00015 0.0046 0.00011 0.27 91.2 1 88 3 2 67 93 2 91 1 -3.6 

Zircon_28_041 771 1027 1.17 0.0503 0.002 0.0996 0.004 0.01 0.00014 0.0045 0.00011 0.25 92 0.9 96 4 208 88 91 2 92 0.9 4.2 

Zircon_06_015 241 203 0.74 0.0533 0.0034 0.1035 0.0067 0.01 0.00023 0.0045 0.00016 0.24 92 1 100 6 341 129 90 3 92 1 8 

Zircon_01_A_009 143 77 0.47 0.0548 0.0032 0.1083 0.0067 0.01 0.00026 0.005 0.00018 0.3 92 2 104 6 404 119 100 4 92 2 11.5 

Zircon_14_024 201 112 0.49 0.0543 0.0031 0.1077 0.0063 0.01 0.00017 0.0045 0.00019 0.21 92 1 104 6 382 115 91 4 92 1 11.5 

Zircon_26_039 244 169 0.61 0.0565 0.0059 0.112 0.0124 0.01 0.00022 0.0045 0.0001 0.2 92 1 108 11 472 230 90 2 92 1 14.8 

Zircon_17_028 174 164 0.83 0.0511 0.0029 0.1024 0.006 0.01 0.00022 0.0045 0.00017 0.26 93 1 99 6 245 127 92 3 93 1 6.1 

Zircon_27_040 876 1201 1.21 0.0562 0.0066 0.1125 0.0142 0.01 0.00024 0.0045 0.00008 0.18 93 2 108 13 461 253 91 2 93 2 13.9 

Zircon_13_023 1133 623 0.48 0.0489 0.0014 0.1 0.0029 0.01 0.00012 0.0049 0.00013 0.27 95.2 0.8 97 3 144 59 98 3 95 0.8 1.9 

Zircon_11_021 340 309 0.8 0.0486 0.0028 0.1006 0.0067 0.02 0.00021 0.0048 0.00008 0.31 96 1 97 6 126 117 96 2 96 1 1 

Zircon_23_035 288 256 0.79 0.0499 0.003 0.1033 0.0068 0.02 0.00016 0.0047 0.00007 0.19 96 1 100 6 192 135 96 1 96 1 4 

Zircon_03_011 528 743 1.24 0.0463 0.0055 0.0971 0.0132 0.02 0.00036 0.0049 0.00017 0.47 97 2 94 12 13 211 98 3 97 2 -3.2 

Zircon_08_017 265 172 0.57 0.0546 0.003 0.1176 0.0067 0.02 0.00028 0.0056 0.00022 0.32 100 2 113 6 395 110 112 4 100 2 11.5 
Zircon_21_033 188 114 0.54 0.0618 0.0078 0.125 0.0167 0.01 0.00025 0.0045 0.0001 0.2 94 2 120 15 666 273 91 2 94 2 21.7 
Zircon_25_037 933 1622 1.53 0.0631 0.0053 0.1177 0.011 0.01 0.00017 0.0042 0.00004 0.31 87 1 113 10 711 179 83.8 0.

8 

87 1 23 
Zircon_20_031 2341 5945 2.24 0.0637 0.0073 0.1198 0.0161 0.01 0.00032 0.0042 0.00006 0.48 87 2 115 15 732 245 84 1 87 2 24.3 
Zircon_02_010 215 122 0.5 0.0646 0.0102 0.1342 0.0223 0.02 0.00027 0.0046 0.00013 0.29 96 2 128 20 761 307 93 3 96 2 25 
Zircon_12_022 224 147 0.58 0.0649 0.0056 0.1249 0.0114 0.01 0.00017 0.0043 0.00006 0.25 89 1 120 10 772 164 86 1 89 1 25.8 
Zircon_09_018 791 1775 1.98 0.0701 0.0034 0.1283 0.0064 0.01 0.00016 0.0043 0.00018 0.25 85 1 123 6 930 89 87 4 85 1 30.9 
Zircon_24_036 193 118 0.54 0.0721 0.0054 0.1574 0.0121 0.02 0.00028 0.0074 0.0005 0.23 99 2 148 11 990 151 148 10 99 2 33.1 
Zircon_04_012 

 

209 174 0.73 0.0735 0.0073 0.141 0.0152 0.01 0.00024 0.0042 0.00008 0.35 89 2 134 14 1027 183 85 2 89 2 33.6 

                 *The bentonite sample was crushed and separated granulometrically. Separation of heavy minerals was carried out using a Wilfley Table, and then a Franz Magnetic separator at 

the Instituto de Geología (UNAM). Euhedral zircon crystals were hand-picked and then mounted in epoxy, sanded and polished to expose a transverse section. They were 

photographed using reflected light and scanning electron microscope-cathodoluminescence (SEM-CL) in order to select homogenous grains and avoid the detection of inherited 

ages by core relicts. 
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