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ABSTRACT 

 
 
 
URANIUM ISOTOPES AND OCEAN ANOXIA DURING CRETACEOUS OCEAN 

ANOXIC EVENT 2 

Joseph Kulenguski, M.S. 

George Mason University, 2021 

Thesis Director: Dr. Geoffrey Gilleaudeau 

 

Ocean Anoxic Events (OAEs) are discrete periods in Earth history of decreased 

marine oxygen concentrations. They are often associated with volcanism, marked by 

increased organic carbon burial in the oceans, and positive carbon isotope excursions 

(δ13C) in the marine carbonate record. One such event, OAE 2, occurred roughly ~94 mya 

and is associated with global deposition of organic rich black shales and an accompanying 

positive carbon isotope excursion recorded across multiple localities worldwide. Whereas 

the presence of black shale is indicative of a locally anoxic environment, it is difficult to 

determine the global extent of anoxia as many seafloor environments are not preserved in 

the geologic record. Therefore, a global redox proxy such as uranium isotopes must be used 

to determine the conditions of the global oceans. Here we investigated marine carbonates 

of two OAE 2 localities in Italy and Mexico, the Umbria-Marche Sequence and the 

Guerrero-Morelos Platform, respectively. The Umbria-Marche Sequence was a deep-water 

pelagic carbonate section, and the Guerrero-Morelos Platform was a shallow water 

platform carbonate section. A full geochemical analysis of both settings was completed to 
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determine the depositional and diagenetic history of each succession. The diagenesis was 

analyzed using thin sections from Italy and Mn, Sr, Mn/Sr ratio, Fe, and δ18O values from 

each section. With the exception of an interval at ~30m in Mexico there is minimal 

diagenetic influence in both sections. Productivity and sediment sources were measured 

using Ba, Zn, Ni, and P concentrations. These elements have higher concentrations in Italy 

representing a signature from surface water biogenic materials, as opposed to Mexico 

which shows a mixed source including skeletal materials, carbonate mud, and early marine 

cements. The uranium concentrations in Italy were too low to accurately measure the δ238U 

values due to the pelagic nature of the carbonates. This is due to a few factors including 

the calcitic mineralogy of the carbonates that incorporate significantly less U than 

aragonite, as well as the exclusively biogenic nature of the carbonates from Italy, with 

biogenic carbonates known to incorporate less U than abiotic carbonates. In contrast, the 

Mexico section has much higher U concentrations and this is likely due to the presence of 

some abiotic carbonates in the platform section, including syn-sedimentary marine cements 

which likely have higher U concentrations. An important conclusion made from this study 

is that platform carbonates provide a better record for U isotopes than pelagic carbonates. 

δ238U values were measured in Mexico and started close to modern carbonate values at the 

base of the section indicating well-oxygenated oceans prior to OAE 2. There was an initial 

negative δ238U excursion that could indicate a brief pulse of anoxia pre-OAE 2, but it is 

immediately followed by re-oxygenation to modern carbonate values. At the start of OAE 

2, as constrained by the beginning of the OAE 2 positive δ13C excursion, we can follow a 

large negative U isotope excursion from 25-55m before values return towards modern 
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carbonate values at the top of the section. This indicates a large expansion of global marine 

euxinia during OAE 2 followed by a return to oxygenated oceans. In comparison to the 

coeval OAE 2 section from Eastbourne, UK., the δ238U record in the Mexico section 

appears to be less susceptible to diagenesis and offers a much better record of the global 

oceans across OAE 2. The Mexico U isotope excursion was matched by a positive δ13C 

excursion with excellent negative covariance. This indicates that the organic carbon burial 

associated with the positive δ13C excursion is directly linked to the expansion of marine 

euxinia represented by the negative δ238U excursion. This, in turn, strengthens the link 

between the carbon cycle and ocean redox across OAEs, with volcanism causing increased 

CO2 output, global warming, and an enhanced hydrological cycle. This drives increased 

weathering and nutrient runoff into the oceans that leads to enhanced primary productivity, 

eutrophication, and an expansion of marine anoxia. This study highlights the potential of 

using paired isotope geochemistry, such as δ13C and δ238U, to evaluate global processes 

across OAEs. 

 

 

 

 

 

 

 

 



   
 

1 
 

INTRODUCTION 

 

Overview 

Rapid climate warming events have occurred many times throughout Earth’s 

history and are often accompanied by ocean anoxia. However, the global significance of 

ocean anoxia has been difficult to constrain (Jenkyns, 2010). These climate warming events 

have adverse effects on the world’s oceans, causing decreases in oxygen concentration as 

the ability of oceans to retain oxygen deteriorates through the slowing of the formation of 

deep water and the decrease of oxygen solubility overall. The climate warming events are 

often caused by increases in atmospheric CO2 concentrations. Increases in CO2 lead to 

increased weathering and increased nutrient runoff, which can enhance productivity and 

increase oxygen consumption in oceans. This can lead to increases in carbon burial and the 

output of oxygen into the atmosphere, which regulates atmospheric oxygen and global 

climate on geologic timescales. 

Discrete periods in Earth history when marine oxygen concentrations decreased are 

known as ocean anoxic events (OAEs). OAEs are marked by episodes of increased organic 

carbon burial in the oceans, usually associated with increased productivity and preservation 

(Jenkyns, 2010). These marine carbon reservoir changes are represented by positive carbon 

isotope (δ13C) excursions, and OAEs of the Mesozoic Era are often accompanied by global 

warming and increased atmospheric CO2, an enhanced hydrological cycle and terrestrial 

weathering, and finally, enhanced productivity and organic carbon burial. One such widely 

studied event, OAE 2 (the Cretaceous Ocean Anoxic Event 2 or Bonarelli Event) is marked 
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by a strong, positive δ13C excursion and massive carbon burial (Tsikos et al., 2004). OAE 

2, however, is only the culmination of a longer ~2 myr cycle of black shale deposition that 

includes several preceding events. Several smaller OAEs that preceded OAE 2 are marked 

by peaks in black shale deposition such as the mid-Cenomanian Event (MCE), representing 

the onset of the OAE 2 depositional cycle (Coccioni and Galeotti, 2003; Jenkyns, 2010; 

Gambacorta et al., 2016). Other preceding events, such as the end-Albian OAE 1d, 

represent other peaks in periods of black shale deposition. However, not all of these events 

are represented by black shale layers in all localities. Some are simply described by positive 

carbon isotope excursions in the carbonate record (Coccioni and Galeotti, 2003; Sprovieri 

et al., 2013; Gambacorta et al., 2016). OAE 2 is associated with major petroleum source 

rocks from the Cretaceous Period, accounting for approximately 30% of global reserves 

(Klemme and Ulmishek, 1991). For these reasons, it is important to understand OAEs, their 

causes, and their effects on the global ocean system. 
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Figure 1. Three different environmental conditions that cause anoxic waters. A: a stagnation model; B: a 

productivity model; and C: an oxygen-minimum zone model (Leythaeuser, 2005). 

 

 

 

Ocean anoxia: proposed cause(s) and observed effect(s) 

Ocean anoxia is described as the lack of dissolved oxygen in the water column, 

usually towards the deepest parts (Jenkyns, 2010; Watson, 2016). Anoxic conditions are 

created when oxygen fails to travel downward in the water column for a variety of reasons. 

Some regions may experience stagnation of surface waters, such as seen in some fjords and 

other enclosed or land-locked water bodies. Other reasons include the slow renewal of the 

thermocline, when the mixing of surface and deep waters slows, or enhanced productivity 

that consumes oxygen before oxygen can fully descend to the seafloor (Fig. 1). Marine 

oxygen depletion is classified into several stages (Table 1). Described by the dissolved 
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oxygen concentration, there are three stages to oceanic anoxia: hypoxia, suboxia, and 

anoxia. A variety of reductants can also be present in anoxic waters, with waters containing 

hydrogen sulfide referred to as euxinic, and waters contained dissolved iron referred to as 

ferruginous. Each stage of oxygen deficiency has an order of magnitude less dissolved 

oxygen than the previous, but all stages are inhospitable to all but the hardiest organisms. 

 

 

 

Table 1. Different stages of dissolved oxygen concentration. Note: 1 ml/l = 1.43 mg/l = 44.64  

 (Naqvi et al., 2010). 

STAGE CRITERION NOTES 

Oxic O2 > 1.4 ml/l 
Some definitions indicate O2 > 2 

ml/l (e.g., Webb, 2019) 

Hypoxic 0.1 ml/l < O2 ≤ 1.4 ml/l 
 

 

Suboxic 

 

0 ml/l < O2 ≤ 0.1 ml/l 
 

Anoxic O2 = 0 ml/l 
Another related stage, euxinic, has 

raised levels of hydrogen sulfide 

 

 

 

 

 

OAEs are often associated with volcanism. The large-scale emission of 

atmospheric CO2 from volcanism is thought to enhance the hydrological cycle and thus 

drive terrestrial weathering. When new volcanic deposits are weathered, the nutrient-rich 

runoff enhances oceanic surface productivity, primarily from phosphorous (Watson, 2016). 

The ensuing eutrophication (i.e., excessive enrichment of nutrients) of surface waters 

consumes the dissolved oxygen and causes both the death of marine life and the 



   
 

5 
 

preservation of organic carbon as it sinks to the anoxic seafloor. If this process occurs on a 

global scale, it may lead to extinction of marine fauna. This process is usually part of a 

cycle that returns conditions to a steady-state that existed prior to volcanism. Carbon burial 

leads to a net transfer of carbon from the atmosphere to marine sediments, thus decreasing 

atmospheric CO2 and promoting global cooling and decreased weathering. This, in turn, 

lowers phosphorus runoff into the oceans, decreasing productivity, and ultimately raises 

ocean oxygen levels again. In addition, carbon burial removes a sink for oxygen, thus 

allowing oxygen to buildup in the ocean-atmosphere system. Lastly, terrestrial chemical 

weathering consumes CO2 from the atmosphere that will lead to cooling.   

 

Catalog of Mesozoic OAEs 

The Mesozoic Era (252 Ma to 66 Ma) is known for greenhouse conditions, elevated 

atmospheric CO2 concentrations, increased igneous activity, and oceanic anoxic events 

(Fig. 2) (Takashima et al., 2006). Due to higher sea levels in the Cretaceous Period allowing 

for extensive sedimentation, marine sediments at many localities are composed primarily 

of limestone and chalk, but also contain very distinctive organic-rich black shales. Because 

of their formation under anoxic conditions, these black shales were recognized as the local 

expression of globally-occurring OAEs. Because the lighter carbon isotope (12C) is 

preferentially buried as organic matter, positive δ13C excursions were found to characterize 

OAEs. Four Mesozoic OAEs are known to have had global significance: the Jurassic 

Toarcian OAE, the Cretaceous Weissert OAE, Cretaceous OAE 1a (the Selli Event), and 

Cretaceous OAE 2 (the Bonarelli Event) (Fig. 2). These four OAEs have strong positive 
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δ13C excursions and are characterized by deposits of black shales that are found worldwide 

(Takashima et al., 2006). The focus of this study is OAE 2—which occurred across the 

Cenomanian-Turonian boundary (~94 Ma)—and its expression in the sedimentary and 

geochemical record at two localities: the central Apennines of Italy and Guerrero, southern 

Mexico. In addition to OAE 2, this study also focuses on several smaller-scale anoxic 

events that occurred in the lead-up to OAE 2 and are also recorded in the Umbria-Marche 

sequence, which is the main stratigraphic unit exposed in the Italian section. These include 

latest Albian OAE 1d and the mid-Cenomanian Event (MCE) (Coccioni and Galeotti, 

2003; Jenkyns, 2010; Gambacorta et al., 2016).   
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Figure 2. Compilation showing changes in sea level, oceanic crust production, large igneous province 

emplacement, ocean paleo-temperature, marine bulk carbon isotopes, carbonate platform drowning events, 

and regional (Tethys) and global (Tethys + Panthalassa) OAEs (from Takashima et al., 2006). 

 

 

 

Albian, Cenomanian, and Turonian OAEs 

The late-Albian OAE 1d is characterized by black shale deposits and positive δ13C 

excursions in several Tethyan localities. Some of these localities include southern France, 

California, and the Umbria-Marche sequence of Italy, which implies potential global 

significance (Hu et al., 2006; Jenkyns, 2010; Bottini and Erba, 2018). In the Umbria-

Marche sequence, the Pialli level, a prominent black shale horizon, is thought to be the 

regional expression of OAE 1d (Sprovieri et al., 2013). It is also marked by a positive δ13C 
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excursion peaking at approximately +2.6 ‰. Similarly, the mid-Cenomanian Event (MCE) 

is characterized by black shale deposits in Pueblo, Colorado and Eastbourne, UK. In the 

Umbria-Marche sequence, no black shale deposits are found, but the MCE can be 

recognized by its definitive positive δ13C excursion peaking at approximately +2.9 ‰ 

(Coccioni and Galeotti, 2003; Sprovieri et al., 2013; Gambacorta et al., 2016). 

Deposits of OAE 2 are found worldwide, with prominent black shale intervals 

identified in the Western Interior Seaway (WIS) of North America, across the 

Mediterranean region of modern Europe, and at many Deep-Sea Drilling Project (DSDP) 

and Ocean Drilling Project (ODP) sites across the Atlantic and Pacific oceans (Fig. 3A). In 

the Umbria-Marche region of Italy, the Bonarelli level that marks OAE 2 is found at many 

classically studied localities, including Furlo Quarry, Vispi Quarry, and the Bottaccione 

Gorge, which is the focus of the Italian portion of this study (Fig. 3B).  

Despite years of study of OAE 2 sediments using a variety of sedimentological, 

paleontological, and geochemical techniques, it has thus far been difficult to quantitatively 

constrain the area of global seafloor covered by anoxic waters during OAE 2. This is 

because individual study sections only record local redox conditions, and because of 

inherent limitations of an incomplete geologic record. It is also critical to constrain the 

global extent of marine anoxia in the lead-up to OAE 2 in order to better understand 

background levels of Cretaceous ocean oxygenation. This includes OAE 1d and the MCE, 

whose global significance remains largely unknown. In order to address these outstanding 

questions, here we focus on the uranium (U) isotope global paleo-redox proxy applied to 

well-preserved carbonate rocks that span OAE 1d, the MCE, and OAE 2 in the Umbria-
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Marche sequence of central Italy, as well as well-preserved carbonate rocks that span OAE 

2 in Guerrero, southern Mexico. The Bottaccione Gorge is an excellent reference section 

for the Tethyan realm because OAE 1d, the MCE, and OAE 2 are all visible or detectable 

using carbon isotopes in well-preserved limestones. In addition, OAE 2 is clearly 

detectable using carbon isotope trends at multiple closely-spaced sections in southern 

Mexico (Elrick et al., 2009). Uranium isotopes represent a powerful new proxy that can 

quantitatively record the global extent of ocean anoxia when applied to individual marine 

carbonate sections. Ultimately, this study will provide valuable new insights on global 

ocean redox changes across the critical interval of mid-Cretaceous OAEs.   

 

 

 

  
Figure 3.  Map of previously studied OAE 2 sites across the globe (from Boulila et al., 2020). The red 

circles mark the two field sites examined in this study (Umbria-Marche sequence of Italy and Guerrero-

Morelos platform of Mexico). 
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Uranium isotope overview 

Uranium isotopes (Table 2) are used to track ocean deoxygenation through the 

recorded ratio of 238U/235U in marine carbonate rocks. Uranium has a long residence time 

in the ocean, 400-500 kyr, and therefore its concentration and isotopic composition is 

homogenous across the globe. Uranium (U) exists with two primary oxidation states: 

reduced, insoluble U(IV) and oxidized, soluble U(VI) (Table 2) (Lau et al., 2019). The U 

isotope composition of seawater is sensitive to the redox state of the global oceans because 

under anoxic conditions, U(VI) is reduced to U(IV) and removed to anoxic sediments. This 

process preferentially removes 238U, which enriches residual seawater in 235U. 

Consequently, an expansion of marine anoxia will remove more 238U, driving the isotopic 

composition of seawater U to the lighter isotopes. 

 

Table 2. A: Uranium isotopes and their half-lives and abundances in nature. B: Oxidation states and 

solubility of uranium. 

A. 

ISOTOPE HALF-LIFE (t1/2) ABUNDANCE IN NATURE 

U233 1.592 x 105 y Trace 

U234 2.455 x 105 y 0.005 % 

U235 7.04 x 108 y 0.720 % 

U236 2.342 x 107 y Trace 

U238 4.468 x 109 y 99.274 % 

 

B. 
OXIDATION STATE SOLUBILITY 

U(IV) Insoluble and particle reactive 

U(V) Unstable, undergoes disproportionation (i.e., 

simultaneously oxidized and reduced) into 

U(IV) and U(VI). 

U(VI) Soluble 

The U isotope composition of ancient seawater can be captured in ancient carbonate 

sediments. This was confirmed by laboratory experiments (Chen et al., 2016) and studies 
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of modern carbonate sediments from the Bahamas (Romaniello et al., 2013; Chen et al., 

2018; Tissot et al., 2018). Black shales, however, are not ideal for studying the isotopic 

record because uranium is reduced, and thus strongly fractionated, during removal to 

anoxic sediments. Instead, ancient seawater uranium isotopes are best preserved in 

carbonate rocks because uranium incorporation into carbonate is accompanied by a 

minimal and predictable isotopic fractionation of ~0.3 ‰ (Gilleaudeau et al., 2019; Lau et 

al., 2019). The relatively small degree of fractionation between seawater and carbonate 

sediments is because there is no change in oxidation state during incorporation of U(VI) 

into the lattice of carbonate minerals. Therefore, ancient carbonate rocks can potentially be 

a reliable archive of ancient seawater U isotopes. This is supported by a consistent U 

isotope stratigraphic pattern observed at the Permo-Triassic boundary across the globe 

(Zhang et al., 2018; 2020). Uranium isotopes in carbonates of the both the Italian and 

Mexican sections therefore have the potential to provide valuable new insights into the 

global extent of ocean anoxia during mid-Cretaceous OAEs. 
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GEOLOGIC BACKGROUND: APENNINES OF CENTRAL ITALY 

 

Regional geology 

The Umbria-Marche pelagic carbonate sequence was deposited on continental crust 

along the northern edge of the African Margin, called the Apulian block. Basement rocks 

are continental, and the Upper Jurassic through Paleocene pelagic sequence sits on top of 

a subsiding Triassic to Early Jurassic carbonate platform (Coccioni and Galeotti, 2003). 

The Umbria-Marche sequence in the Apennine Mountains of central Italy is primarily 

dominated by limestones and marls. Carbonate deposition was neritic in the Early Jurassic, 

and pelagic for the rest of the Jurassic, Cretaceous, and early Paleogene (Alvarez, 1990). 

The carbonate rocks of the Umbria-Marche sequence record a rich history of depositional 

setting, age, and environment. Carbonate platform deposition occurred on non-volcanic 

fault-block seamounts and in deeper water basins, which originated during an Early 

Jurassic phase of extensional tectonics that created accommodation space on top of Triassic 

evaporites and continental deposits (Santantonio, 1994). During this phase, a massive 

carbonate platform sequence was deposited over a submarine topography containing many 

horsts and grabens related to crustal extension (Alvarez, 1990; Santantonio, 1994; Fabbi, 

2015). This carbonate platform sequence contains the Calcare Massiccio Formation and 

associated units that are not the focus of this study. Above this lies the focus of this study, 

which is the Cretaceous pelagic carbonate sequence deposited after the cessation of 

extensional tectonics. 

The Cretaceous Umbria-Marche sequence of central Italy is lithologically divided 

into distinct formations based on color changes, carbonate content fluctuation, and the 
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presence or absence of chert and black shales (Menichetti and Coccioni, 2015). The 

lithotypes contain carbonates and marls and an abundance of chert. In central Italy, the 

sequence spans roughly 750 meters and can be seen as follows: the Maiolica Formation, 

late Tithonian–early Aptian; the Marne a Fucoidi Formation, early Aptian–latest Albian; 

the Scaglia Bianca Formation, latest Albian–early Turonian; and the Scaglia Rossa 

Formation, early Turonian–early Lutetian.  

 

Depositional environments of the Umbria-Marche sequence 

The Maiolica Formation consists of pelagic limestones, which are whitish to 

medium gray in color. It is well-bedded and the microfauna consist of calcareous 

nanoplankton, calpionellids, and radiolarians (Fabbi et al., 2015). Towards the top of the 

formation are beige to black chert nodules, layers of dark gray to black chert, and organic-

rich horizons that contain varying amounts of total organic carbon (TOC) (Hu et al., 2006; 

Fabbi et al., 2015). The overlying pelagic Marne a Fucoidi Formation consists of a more 

shaly sequence of gray to black calcareous shales, light gray marly limestones, intervals of 

interbedded marlstones, and calcareous mudstones with rare chert nodules. The late-Albian 

Pialli level is represented by a black shale horizon and the formation contains abundant 

planktonic foraminifera and ichnofossils. The pelagic Scaglia Bianca Formation is marked 

by an increase in calcareous beds, with 10-30 cm whiteish-gray lime mudstone beds, and 

common bands of black chert. The formation contains abundant planktonic foraminifera, 

calcareous nannofossils, and the Bonarelli Level towards the top, which is a carbonate-free 

interval of organic-rich black shale that is the local expression of OAE 2 (Hu et al., 2006; 
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Fabbi et al., 2015). Above the Bonarelli Level, the limestone transitions to red to pink in 

color with reddish-brown chert bands. There is an abundance of foraminifera assemblages 

and rare shaly interbeds that accentuate the bedding (Hu et al., 2006; Fabbi et al., 2015). 

This marks the transition to the overlying Scaglia Rossa Formation. 

 

 

 

 

Figure 4. Litho-, bio-, and chemostratigraphy of the mid-Cretaceous Umbria-Marche sequence, Apennine 

Mountains, Italy. The interval of uranium isotope study is highlighted in blue. Figure modified from Leckie 

et al. (2002) and Coccioni and Galeotti (2003). 
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Syn- and post-depositional tectonics 

Despite relatively homogenous deposition during the Cretaceous Period, some 

tectono-sedimentary events have been recorded. Reactivation of Jurassic-age faults during 

the Aptian-Turonian caused slumps to occur commonly, and carbonate turbidites are 

frequent throughout the Umbria-Marche Basin, particularly in Late Cretaceous strata 

(Menichetti and Coccioni, 2015). Convergent orogenic activity began in the Alps during 

the Late Cretaceous Period, while the Northern Apennine fold-and-thrust belt developed 

during the Late Oligocene Epoch with the convergence and subduction of the Adriatic plate 

underneath the Corsica-Sardinia block. This was caused by the opening of the Liguro-

Provençal Ocean, the ~30° rotation of the Corsica-Sardinia block, and the creation of the 

foredeep. Since its initial onset, this tectonic and sedimentary activity has migrated 

eastward across the Italian peninsula. In the Early Miocene Epoch, back-arc extension 

shifted eastwards as well, with the spreading of the Tyrrhenian Sea. The orogenic front 

also shifted eastwards and caused a north-south arc of fold-and-thrust belts to form. The 

turbidite deposits of the Miocene foredeep reveal the migration pattern of the foredeep 

through their distribution (Menichetti and Coccioni, 2015). Their distribution patterns 

reflect the migration of the foredeep system and suddenness of the orogenic activity. In the 

late Miocene to Pleistocene epochs, the Umbria-Marche sequence experienced shortening 

and extension, as is evident from the normal-fault outcrops seen near Gubbio, Italy, which 

is the field area of interest in this study. 
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The Bottaccione Gorge 

Gubbio is a town located adjacent to the Bottaccione Gorge in the Umbria-Pre-

Apennines area. The structural geology contains a NE-verging anticline from the late 

Miocene Epoch during a compressional phase of orogenic activity (Menichetti and 

Coccioni, 2015). The southern side of the anticline is downdrawn by a normal fault that 

forms the Gubbio Valley. During the late Pliocene Epoch, the area was subject to an 

extensional tectonic phase that produced a system of SW-dipping, NW-SE striking normal 

faults that formed a series of intra-mountain valleys infilled by continental deposits. Two 

of the more morphologically and stratigraphically complete successions, the Contessa 

Valley and Bottaccione Gorge, reveal many crucial details of Mesozoic to Cenozoic Earth 

history. Due to the continuous nature of deposition in a pelagic setting, as well as excellent 

biostratigraphic, chemostratigraphic, and magnetostratigraphic constraints, the Umbria-

Marche sequence has played a crucial role in identifying and establishing the standard 

Cretaceous-Paleogene geologic time scales.  

This study focuses particularly on the Scaglia Bianca Formation, a section of which 

was logged and collected at Bottaccione Gorge in December of 2019 by collaborator A. 

Pitts from the University of Camerino (Italy). The Scaglia Bianca Formation is ~45 meters 

thick at the Bottaccione outcrop and contains the 80 cm-thick Bonarelli Level in the 

uppermost part of the section. Calcareous beds characterize the Scaglia Bianca Formation, 

with 10-30 cm whiteish-gray lime mudstone beds, as well as grayish-black chert bands, 

abundant planktonic foraminifera, and calcareous nannofossils (Hu et al., 2006; Fabbi et 

al., 2015). At our field locality, the Bonarelli Level is a 0.8 meter-thick, carbonate-free 
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interval of organic-rich black shale in the upper portion of the Scaglia Bianca Formation 

(Coccioni and Luciani, 2004; 2005). Approximately 3.8 meters above the Bonarelli Level, 

limestone begins to exhibit a reddish hue with red-brown chert bands. This marks the base 

of the Scaglia Rossa Formation. 

 

 

 

 

Figure 5. Map showing the location of the Bottaccione Gorge section measured in this study by 

collaborator A. Pitts. Figure from Sprovieri et al. (2013). 
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Carbon isotope stratigraphy 

While the carbonate-poor Bonarelli Level may prevent a bulk carbonate carbon 

isotope curve from being generated for this specific interval, a δ13Ccarb curve can be made 

for a majority of the Bottaccione Section. Sprovieri et al. (2013) measured δ13Ccarb from 

the late Albian through the Campanian stages at Bottaccione Gorge, and this record was 

compared and correlated to two coeval sections: the Contessa Quarry (Italy) and a chalk 

section from England. Sprovieri et al. (2013) found that in the Cenomanian Stage, δ13Ccarb 

at Bottaccione Gorge oscillated between +1.4 and +2.6 ‰, and peaked with a positive shift 

to +2.9 ‰ associated with the mid-Cenomanian Event (MCE). At the Cenomanian-

Turonian boundary, roughly 0.8 meters above the Bonarelli Level, the strata then record a 

δ13Ccarb shift from +1.9 to +2.8 ‰. 
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Figure 6. Sampling schematic from the December 2019 field expedition by collaborator A. Pitts. Samples 

were taken from the entirety of the Scaglia Bianca Formation, from the Marne a Fucoidi up to the Scaglia 

Rossa formations. 
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Figure 7. Carbon isotope stratigraphy of the Bottaccione Section compared to records from the nearby 

Contessa Quarry and English Chalk at Eastbourne, UK (Sprovieri et al., 2013). 

 

 

 

 

The general correspondence between the Bottaccione Gorge, Contessa Quarry, and 

English Chalk sections indicates that carbon isotopic variability is reproducible in coeval 

sections. The δ13Ccarb records from the three sections share similar structure and values, 

with slight differences potentially explained by differences in local diagenesis (Sprovieri 

et al., 2013). However, within the Bonarelli Level, the δ13Ccarb record cannot be evaluated 

(due to the absence of sufficient carbonate), and above the Bonarelli Level, the Bottaccione 

Gorge section does not show the same decreasing δ13Ccarb values as those observed in 
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England. Looking further up-section at the Turonian-Coniacian boundary, the Contessa 

Quarry and Bottaccione Gorge sections correlate well, but there is disagreement with the 

hemipelagic English Chalk (Sprovieri et al., 2013). This suggests that the English Chalk 

record may have been affected by diagenetic processes. Overall, the correlation of the 

δ13Ccarb record with global trends suggests that the Bottaccione Gorge section may provide 

pristine carbonate for further geochemical study, including the uranium isotope study 

proposed herein. 
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GEOLOGIC BACKGROUND: GUERRERO-MORELOS PLATFORM, 

SOUTHERN MEXICO 

 

Regional geology  

The Guerrero section is located in southern Mexico, roughly 125 km south of 

Mexico City and 130 km north of Acapulco (Fig. 3). The section begins with Aptian-aged 

evaporites of the Huitzuco Formation and continental deposits of the Zicapa Formation, 

which are not the focus of this study. Conformably overlying these units, the Aptian 

through Cenomanian-aged carbonate platform formed on the margin of continental crust 

facing the proto-Pacific Ocean (Elrick et al., 2009). The Guerrero-Morelos platform is just 

one part of a larger carbonate platform system that lay just west of the Gulf of Mexico 

during Albian-Cenomanian time. This platform was roughly 250 km long and 150 km wide 

and was located at 23-28° N latitude (Molina-Garza et al., 2003; Elrick et al., 2009). In the 

study area of Elrick et al. (2009), the Morelos Formation is composed of 600 m of medium 

to thick-bedded shallow water skeletal carbonates, and the Mezcala Formation, lying 

overtop, is composed of 1500 meters of interbedded hemipelagic carbonates and 

siliciclastic turbidites (Fig. 9a) (Hernandez-Romano et al., 1997; Elrick et al., 2009). 

Previous work done by Hernandez-Romano et al. (1997) identified the Cenomanian-

Turonian boundary to be within 25 meters of the contact between these two formations. 

Elrick et al. (2009) looked at three sections, BC, AX, and BT, through 50-100 m of the 

uppermost of the Morelos Formation and the lower Mezcala Formation. These sections 

span a shallow to deep transect with section BC being the most landward and BT being the 

most offshore section. The BC, AX, and BT sections represent peritidal, shallow subtidal, 
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and deeper subtidal depositional environments, respectively, and our samples come from 

the BT, which is the most offshore section (Fig. 9b) (Elrick et al., 2009). 

 

 

 

 

Figure 8. Generalized map showing the position of the three sections of the Guerrero-Morelos platform 

studied by Elrick et al. (2009). Section BT was examined in this study. Figure from Elrick et al. (2009). 

 



   
 

24 
 

 

Figure 9. Generalized stratigraphy of the Guerrero-Morelos platform section (A) along with position of 

each measured section on the carbonate shelf (B). Figure from Elrick et al. (2009), modified from 

Hernandez-Romano et al. (1997). 
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Facies and depositional environments 

The Morelos Formation at the three sections contains a range of facies from 

supratidal to subtidal, which are summarized here from Elrick et al. (2009). Supratidal to 

intertidal facies consist of thin to thick microbial laminites composed of laminated lime 

mudstone and fine skeletal wackestone. Rare mudcracks and rip ups are present along with 

abraded skeletal debris and rare bioturbation. Low-energy subtidal facies consist of 

primarily benthic foraminifera and ostracod-dominated beds made up of peloidal to skeletal 

wackestone and packstone that contains up to 10% argillaceous material and rare dark gray 

chert nodules. Benthic foraminifera, echinoderms, bivalves, rudists, gastropods, green 

algae, ostracods, and rare oncolites are found in these facies. High-energy subtidal facies 

from storm event beds, shallow shoals, or transgressive foreshores consist of mollusk 

packstone to grainstone with sparse peloids and rip-ups. Abraded rudists, bivalves, rare 

gastropods, and bioturbation can be found in these facies. Moderately deep subtidal facies 

consist of massive argillaceous limestone made up of skeletal-pelletal wackestone to marl 

with fine skeletal-pelletal wackestone nodules. Abundant bioturbation, benthic and 

planktonic foraminifera, echinoderms, small bivalves, calcisphaerulids, minor calcite-

replaced sponge spicules, and rare ostracods are found in these facies. The overlying 

Mezcala Formation comprises deep subtidal turbidites and hemipelagic carbonates. These 

are characterized by interbedded limestones and calcareous shales that are composed of 

nodular to parallel-bedded, dark gray, pellet and planktonic foraminifera-rich packstone 

interbedded with tan marl or dark gray calcareous shale. Planktonic foraminifera, abundant 
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calcisphaerulids, echinoderms, mollusks, rare brachiopods, and common to rare 

bioturbation are found in these facies. 

 

Cyclostratigraphy 

Developed throughout the Morelos Formation are upward-shallowing cycles that 

are typically meter-scale (Elrick et al., 2009). These cycles can be found sporadically 

through the shallower-water BC and AX sections, but the deeper-water BT section 

represents a non-cyclic succession of bioturbated subtidal facies (Fig. 8a). Section BC has 

21 upward-shallowing cycles of 0.4 to 8 meters in thickness. They are primarily peritidal 

cycles of subtidal facies overlain by microbial laminites with no evidence of prolonged 

periods of subaerial exposure that could lead to pedogenesis, karsting, or brecciation. At 

section AX, only 7 cycles of 1 to 3 meters in thickness were found and only in the upper 

40 meters of the Morelos Formation. The rest of the section contains no upward-shallowing 

facies changes. The seven cycles are all composed of shallow subtidal facies and contain 

no evidence of prolonged subaerial exposure. The offshore position of the BT section is 

reflected in the lack of cycles present in the facies meaning that the water depths were 

likely too deep for low-amplitude sea level changes to be recorded. 

Inside the study area, three longer-term transgressive-regressive depositional 

sequences can be identified as A, B, and C (Elrick et al., 2009). The full thickness of 

sequences A and C are not observed in the sections measured by Elrick et al. (2009), but 

are estimated to be 30 to 40 meters thick. Sequence B was measured to be roughly 20 

meters thick. In sections BC and BT, shallowing at the top of sequence A can be recognized 
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by three peritidal cycles (<0.5 meters) with mudcracks seen in section BC and a tidal flat 

laminite horizon found at section BT. Shallowing at the top of sequence B is observed in 

section BC as four peritidal cycles (<0.5 meters) following an 8-meter-thick non-cyclic 

subtidal interval. At sections BT and AX, the boundary between sequences B and C can be 

recognized by an abrupt deepening from shallow subtidal skeletal carbonates (top of 

sequence B) to thin-bedded limestone and calcareous shale (base of sequence C). The 

transgressive portion of sequence C continues deepening through the uppermost Morelos 

Formation into the conformably overlying Mezcala Formation. 

 

The Barranca el Tigre (BT) section 

In this study, we focused on the deeper-water Barranca el Tigre (BT) section, which 

was measured to be ~85 meters thick. We chose the deeper-water section because it lacks 

evidence of subaerial exposure, avoiding potential hiatuses, exposure surfaces, and 

diagenetic alteration and dolomitization that occur at the tops of depositional cycles in 

shallower water sections (Elrick et al., 2009). We analyzed 38 samples through 75 meters 

of the Morelos Formation measured at the BT section. Above the analyzed interval is the 

transition to ~10 meters of the overlying Mezcala Formation, which was not analyzed in 

this study. In our section, the Cenomanian-Turonian boundary is estimated to be at ~55 

meters in stratigraphic height (Fig. 10). 
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Carbon isotope stratigraphy 

 On the Guerrero-Morelos platform, OAE 2 is not visible as a black shale level. 

Instead, it is represented by positive carbon isotope excursions as seen in Fig. 10. Elrick et 

al. (2009) divided the carbon isotope curve into six stages and compared them to global 

trends. The carbon isotope trends in the Morelos Formation match other pelagic sections 

globally such as the Western Interior Seaway, England, and the southern Tethys (Pratt and 

Threlkeld, 1984; Jenkyns et al., 1994; Tsikos et al., 2004). This is important as the Mexican 

carbonates were found nearshore and nearshore carbonates generally run a higher risk for 

diagenetic alteration due to sea level changes, local variations in seawater chemistry, 

restricted circulation, and elevated evaporation rates. Beginning with Stage 1, the carbon 

isotope values are relatively uniform between +1 and +3‰, which is similar to other 

localities. In Stage 2, there is a 4‰ positive excursion marking the onset of OAE 2 that is 

comparable but larger in magnitude than values reported in England, the WIS, and 

elsewhere. Stage 3 is marked by a 1.5 to 3‰ drop in δ13C values followed by an equal rise 

to values similar to the maximum values in Stage 2. This pattern is not seen at all localities 

globally, but is similar to the WIS and the Tarfaya section in Morocco (Tsikos et al., 2004). 

Stage 4 is noted by uniform and high values across all localities with values reaching +5‰ 

in Mexico. Stage 5 is marked by a steady decline in δ13C values from +5‰ to pre-OAE 2 

levels near +1‰, noting the end of OAE 2. The end of OAE 2 is defined by Sageman et al. 

(2006) as when isotopic values return to pre-OAE 2 values and is interpreted as such at 

many different localities (Pratt and Threlkeld, 1984; Jenkyns et al., 1994; Tsikos et al., 
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2004). Stage 6 is marked by uniform values near +1‰ that have been seen in pre-OAE 2 

strata in the Mexican locality. 

 However, in Stage 1 two abrupt negative carbon isotope excursions are recorded 

that are unique to the Mexican section. These excursions, named 1a and 1b, are unexplored 

fully. In section BC, Elrick et al. (2009) notes that Stage 1a is associated with upward-

shallowing facies trends of a single peritidal cycle and 1b is associated with maximum 

deepening. This is curious as such a negative excursion may be caused by subaerial 

exposure or meteoric fluids enriched in light soil CO2, however Elrick et al. (2009) found 

no evidence in twenty other peritidal cycles found in the same section and section AX. 

Additionally, at section BT, 1a and 1b were found entirely within non-cyclic shallow 

subtidal facies. Because of the lack of additional negative excursions in other peritidal 

cycles, it is unlikely that subaerial exposure and meteoric fluid flow is the cause of these 

two unique excursions. Elrick et al. (2009) described another scenario that is potentially 

responsible for the two excursions but also notes that it is highly unlikely with current 

evidence and knowledge of the section. The second potential scenario requires the syn-

depositional input of terrestrially-derived freshwater that would alter the Cretaceous 

seawater δ13C values by 2 to 3‰. However, the amount of water required to perform this 

change would lead to serious changes in facies that simply have not been observed yet. 

Additionally, Elrick et al. (2009) determined that freshwater influx may not be the cause 

of the negative excursions by using wt.% insolubles as a proxy for freshwater influx. This 

assumes that freshwater influx would lead to increased input of siliciclastic sediment. At 

each substage, 1a and 1b, wt.% insolubles would be expected to increase leading up to the 
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excursion, but in section BT there is no relationship and at section BC, only 1b is associated 

with a peak in wt.% insolubles. Elrick et al. (2009) therefore concluded that the true origin 

of these two sub-stages, 1a and 1b, could not be determined with current analyses and that 

their potential diagenetic origin is unknown.  

 The shallow-water platform depositional setting in southern Mexico means that the 

section is greatly expanded compared to the pelagic carbonates of Italy. The Mexican 

section also does not contain a black shale that marks OAE 2. This allows for a higher-

resolution look at uranium isotope trends across the entire OAE 2 interval. However, the 

Mexico section only covers OAE 2 and does not cover the older OAE 1d and MCE. 
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Figure 10. Carbon isotope stratigraphy of the three sections examined by Elrick et al. (2009). Long-term 

depositional sequence are shown, along with carbon isotope stages (numbered 1 through 6) described in the 

text. The grey shaded bar represents the OAE 2 interval. 
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METHODS 

 

Uranium isotope systematics 

Naturally occurring uranium is primarily populated by the 238U and 235U isotopes, 

and in seawater it is found primarily in the insoluble U(IV) and soluble U(VI) oxidation 

states. The soluble U(VI) forms stable compounds in seawater and, as a result, has a 

residence time that is longer than the ocean mixing time. This causes seawater uranium to 

be well-mixed, such that measurement of its concentration and isotopic composition at any 

open ocean locality will be representative of the global ocean, rather than just local 

conditions. The largest cause of U isotope fractionation in the oceans is the burial of U in 

sediments under euxinic conditions (Lau et al., 2019). This fractionation is driven by the 

reduction of U(VI) to U(IV), which enriches U(IV) in heavy 238U and leaves dissolved 

U(VI) enriched in light 235U. Consequently, sediments deposited underneath a euxinic 

water column record δ238U values 0.4 to 1.2 ‰ heavier than seawater δ238U values 

(Gilleaudeau et al., 2019). By contrast, other uranium sinks record a smaller magnitude of 

fractionation, no greater than 0.3 ‰. Because an increase in euxinic conditions in the 

oceans will drive the removal of 238U, periods of expanded euxinia will leave residual 

seawater U enriched in light 235U. This relationship can be quantitatively modeled to relate 

seawater δ238U values to the global extent of marine anoxia. 

This study will use marine carbonate rocks as an archive for past seawater U isotope 

values. Analysis of carbonates from the Bahamas has revealed that δ238U values record a 

mean offset of 0.3 ‰ from seawater that can be applied as a correction when reconstructing 
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past seawater δ238U values (Chen et al., 2018, Tissot et al., 2018). This offset was 

determined to be caused by authigenic accumulation of U(IV) under sulfidic pore water 

conditions, and was observed at multiple locations and depths along the Bahamian 

carbonate platform, including across the transition from aragonite to calcite, and even in 

early diagenetic dolomite. This implies that the isotopic offset of ~0.3 ‰ is uniform 

regardless of the sampling location, and can be applied to obtain accurate estimates when 

reconstructing past seawater U isotope values. Further studies of marine carbonate 

sequences across the Permian-Triassic extinction support the reliability of the carbonate U 

isotope proxy (Zhang et al., 2018). Despite samples being taken from different locations, 

and even different ocean basins featuring unique diagenetic settings, seven independent 

but identical U isotope curves were reconstructed showing the same shift to lighter δ238U 

values. Thus, marine carbonates can reliably record the U isotope content of ancient 

seawater (Gilleaudeau et al., 2019). 

 One previous study, Clarkson et al. (2018), tested the uranium isotope proxy on 

OAE 2 samples. These samples were taken from localities at Eastbourne (UK), Raia del 

Pedale (Italy), South Ferriby (UK), and ODP site 1261 (mid-Atlantic Ocean). Clarkson et 

al. (2018) revealed two apparent negative excursions in δ238U values associated with OAE 

2. The uranium isotope proxy has not been tested in the Umbria-Marche sequence at the 

classic Bottaccione Gorge locality or in southern Mexico, however, and this study will test 

whether these same excursions are recorded in the Umbria-Marche sequence or on the 

Guerrero-Morelos platform. 
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Sample preparation 

 Samples were collected from the Bottaccione Gorge, Italy by collaborator A. Pitts 

in December 2019 across a ~45 m section (Fig. 5). At the University of Maryland, samples 

were cut using a diamond-blade saw to remove weathered surfaces and then polished to 

remove ferromanganese coatings from the saw blade. They were then rinsed with ultrapure 

water to remove surface contaminants and taken to the Potomac Science Center at George 

Mason University to be crushed in an agate ball mill crusher. Samples from the Guerrero-

Morelos platform were obtained directly from the collections of collaborator M. Elrick. 

We obtained previously collected rock chips, which we then crushed to a fine powder at 

the Potomac Science Center at George Mason University in an agate ball mill crusher.  

 

Sample screening 

 Samples selected for testing are dependent on percent carbonate, with high 

carbonate content resulting in more reliable uranium isotope results. Thin sections were 

also made by Vancouver Petrographics of the Italian section and were inspected for signs 

of diagenesis. Furthermore, samples were analyzed for their major, trace, and rare-earth 

element (REE) chemistry to provide further information on detrital and diagenetic effects. 

Specifically, manganese (Mn) is an element that is found in low concentrations in seawater, 

but is enriched in burial diagenetic fluids. Therefore, high Mn contents in carbonate 

samples indicate that late-stage diagenetic alteration has likely occurred. These samples 

would want to be avoided for further geochemistry. By contrast, strontium (Sr) is an 

element found in high concentrations in seawater, but is usually depleted in meteoric or 
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burial fluids. Therefore, high Sr contents in carbonate minerals indicate a high degree of 

preservation of primary geochemical signals. We also calculated U enrichment factors 

(EFs) above a detrital baseline (approximated using the U/Al ratio of our sample compared 

to the U/Al ratio of average upper continental crust; Taylor and McLennan, 1995) in order 

to ensure that most U analyzed in our samples is sourced authigenically from seawater, and 

not from detrital sediment. 

 

Uranium isotope analytical methods 

 Powdered samples were placed into metal-free centrifuge tubes. Approximately 1.5 

to 2 g of sample was treated by 15 ml of 1M HNO3, 5 ml of concentrated HNO3, and 

another 20 ml of 1M HNO3. All acids used in this study were trace-metal grade. To ensure 

all of the sample was reacted with the acid, samples were subject to Vortex mixing and left 

to sit for 24 hours at room temperature, as this allows for maximal carbonate dissolution. 

Treated samples were then centrifuged at 5000 rpm for 10 minutes and the supernatant was 

separated. ~200 μL of the supernatant was removed and used for major, trace, and rare-

earth element analysis. The remainder of the sample was dried and used for the U isotope 

analysis. U isotope composition was determined using a 236U/233U double-spike technique 

to correct for instrumental mass fractionation. Before U isotope column chemistry, 0.8 ml 

of spike was added per 500 ng U in the sample (Weyer et al., 2008; Gilleaudeau et al., 

2019). The samples were then treated with reverse aqua regia, followed by H2O2 and 

concentrated HNO3. They were then dried and re-dissolved in 3M HNO3. U was separated 

from the matrix elements through ion exchange chromatography using UTEVA resin. U 
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separation was performed twice in order to ensure removal of all matrix elements. The 

separated U was dissolved in 2% HNO3 to a concentration of 50 ppb and then analyzed at 

Arizona State University on a Thermo Scientific Neptune multi-collector ICP-MS. The 

standard solution (CRM 145) was analyzed every two samples, with these values used to 

normalize sample δ238U values via bracketing. A second standard solution (CRM 129a) 

was analyzed after every ten analyses in order to ensure analytical reproducibility. 

Precision of standards and duplicate analyses is reported as 2 s.d. of replicate 

measurements. Average precision for the sample set is  0.06 ‰. Methods are adapted 

from Gilleaudeau et al. (2019) 

 

Major, trace, and rare earth element analytical methods 

 As previously mentioned, ~200 μL of the original supernatant was diluted to ~200 

ppm Ca with 2% HNO3. The samples were sent to the W.M. Keck Laboratory for 

Environmental Biogeochemistry at Arizona State University to be analyzed for a full suite 

of major, trace, and rare-earth element concentrations on their Q-ICP-MS (Thermo iCAPTM 

quadrupole inductively coupled plasma mass spectrometer). Typical precision is reported 

based on repeated analysis of simultaneously run standards, and in this study, relative 

percent s.d. was better than 6 % for all reported elements. 

 

Carbon and oxygen isotope analytical methods 

 Carbonate carbon and oxygen isotopes on the Italian section were measured at the 

University of Maryland through continuous flow isotope ratio mass spectrometry. We 
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flushed 100 μg carbonate samples with 99.9999 % helium and acidified them at 60° C. The 

CO2 analyte gas was isolated via gas chromatography and water was removed using a 

Nafion trap prior to placing the samples in an Elementar Isoprime stable isotope mass 

spectrometer. Data were corrected using Matlab scripting on the Vienna Pee Dee Belemnite 

and LSVEC lithium carbonate scale using in-house standard carbonates. Methods were 

adopted from Cui et al. (2015). Precision based on repeated standards was  0.05 ‰ for 

carbon and  0.11 ‰ for oxygen. 
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RESULTS 

 

Petrography 

 Thin sections were examined for the Scaglia Bianca Formation in Italy. The 

samples were dominated by carbonate muds with visible planktic foraminifera. The 

percentage of foraminifera fossils ranged between ~10-20% with species being likely 

identified as globigerinids. Calcispherids were also present in many samples. Many 

samples contained calcite vein intrusions with the most prominent found in sample SB-07 

(24 meters). Other samples containing calcite veins include SB-03 (36 meters) and SB-09 

(18 meters) which contain frequent but small calcite veins and fewer but larger veins, 

respectively. In three samples, SB-1B, SB-06, and SB-09, graded bedding was seen (40, 

27, and 18 meters, respectively). SB-06 had very distinct graded bedding repeating 

throughout the thin section, sorting the foraminifera and other fossils with a concentration 

of fossils located at the base of beds. SB-1B had one graded bed visible at the top of the 

thin section with fewer foraminifera fossils below the bed (~10%) and more above (~15%) 

based on visual estimation. Sample SB-09 had a single level of foraminifera fossils 

concentrated towards the center of the thin section with no other gradation seen. No thin 

sections were available for the Mexican section because only rock chips were obtained in 

collaboration with M. Elrick. 
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Figure 11. Scale is 4.5 mm across for A, B, C, D, and F, and scale is 1.2 mm across for E. A, B, and C are 

sample SB-06, D is sample SB-07, and E and F are sample SB-09.  
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Major, trace, and rare earth elements 

 In this study, we considered a range of major, trace, and rare earth element 

concentrations in order to assess diagenesis, detrital effects, depositional redox conditions, 

and the source of sediments in each of the formations examined. For assessing diagenesis, 

we examined Mn, Sr, and Fe concentrations, as well as Mn/Sr ratios (Figs. 12, 16). In the 

Scaglia Bianca Formation of Italy, Mn concentrations range from 235 to 470 ppm with a 

trend towards higher values occurring at 40 meters, near the Bonarelli Level. Sr 

concentrations range from 364 to 769 ppm with a general increasing trend up-section with 

the exception of the uppermost three samples. Fe concentrations range from 709 to 1332 

ppm with no systematic stratigraphic trend. Mn/Sr ratios range from 0.40 to 1.34 with a 

slight decreasing trend up-section with the exception of several higher values near the 

Bonarelli Level. Cross-plots of Mn vs. Sr and Mn vs. Fe reveal little correlation in the 

Italian section (R2 = 0.00 and 0.02, respectively).  

 In the Morelos Formation, Barranca el Tigre section, Mexico, Mn concentrations 

range from 24 to 448 ppm with a spike in concentrations occurring at 30 meters. Sr 

concentrations range from 229 to 663 ppm with no stratigraphic trend. Fe concentrations 

range from 48 to 2636 ppm with an increasing trend up-section through the first ~50 meters, 

followed by a decrease and then a second increase in the uppermost two samples. Mn/Sr 

values range from 0.05 to 0.95 with no stratigraphic trend with the exception of higher 

values at 30 meters. Cross-plots of Mn vs. Sr reveal no correlation in the Mexican section 

(R2 = 0.01); however, Mn vs. Fe shows two different positive trends (overall R2 = 0.08). 
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Figure 12. Stratigraphic plots for δ13C, δ18O, wt.% carb, Mn, Sr, and Mn/Sr for both the Italian section 

(above) and the Mexico section (below). 
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Figure 13. Stratigraphic plots for Al, Ti, P, Ba, Zn, and Ni concentrations for both the Italian section 

(above) and the Mexico section (below). 
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We also examined Al and Ti concentrations in order to assess detrital influence (Fig 

13). In the Scaglia Bianca Formation, Al ranges from 445 to 1130 ppm with a general 

increasing trend up-section towards higher values at 40 meters. Ti ranges from 1.30 to 3.61 

ppm with a general increasing trend up-section towards higher values at 40 meters. Both 

trends of Al and Ti are matching in the Scaglia Bianca Formation with trends towards 

higher values at 40 meters. In the Morelos Formation, Al ranges from 24 to 679 ppm with 

no systematic stratigraphic trend. Ti ranges from 0.27 to 3.21 ppm with the exception of 

one anomalously higher value (28.51 ppm in sample BT-30.5). No systematic stratigraphic 

trend is seen. Both trends are similar with higher values of both Al and Ti located at the 

same stratigraphic heights. 

  We also examined P, Ba, Zn, and Ni concentrations (Figs. 13, 18), which are each 

related to surface water primary productivity. In the Scaglia Bianca Formation, P 

concentrations range from 76 to 170 ppm with the highest values found from 35-40 meters, 

just below the Bonarelli Level. Ba concentrations range from 27 to 1347 ppm with a general 

increasing trend up-section towards higher values at 40 meters. Zn concentrations range 

from 8.27 to 102.32 ppm with a general increasing trend up-section towards higher values 

at 40 meters. Ni concentrations range from 1.82 to 5.58 ppm with no stratigraphic trend. In 

the Morelos Formation, P concentrations range from 1 to 300 ppm with no stratigraphic 

trend. Ba concentrations range from 1.8 to 65.2 with a slight increasing trend towards the 

top of the section. Zn concentrations range from 0.97 to 9,89 ppm with no stratigraphic 

trend. Ni concentrations range from 0.11 to 4.59 ppm with no stratigraphic trend. Cross-

plots of Ba vs. Zn in both the Italian and Mexican sections show strong correlation (R2 = 
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0.70 [1.00 if one outlier is removed] for the Italian section and 0.85 for the Mexican 

section). Cross-plots of P vs. Ni show a correlation in the Italian section with little 

correlation seen in the Mexican Morelos Formation (R2 = 0.47 and 0.13, respectively). 
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Figure 14. Stratigraphic plots for Y/Ho, Ce/Ce*, and Eu/Eu* ratios for both the Italian section (above) and 

the Mexico section (below). 
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 We also examined the rare-earth element ratios Y/Ho, Ce/Ce* (the cerium 

anomaly), and Eu/Eu* (the europium anomaly) in order to assess detrital influence on REE 

(Rare earth elements) patterns, depositional redox, and hydrothermal influence, 

respectively (Figs 14, 16). In the Scaglia Bianca Formation, Y/Ho ranges from 36 to 48 

showing a strong seawater REE signature (Y/Ho > 36 is considered to represent a seawater 

authigenic signal; Tostevin et al., 2016). The Ce/Ce* ratio ranges from 0.44 to 0.64 

showing strongly oxic redox conditions (Tostevin et al., 2016). The Eu/Eu* ratio ranges 

from 1.06 to 1.16 showing little hydrothermal influence. In the Morelos Formation, Y/Ho 

ranges from 21 to 35 (with one low outlier) showing a detrital REE signature. The Ce/Ce* 

ratio ranges from 0.72 to 1.16, which is also consistent with a detrital signature. The Eu/Eu* 

ratio ranges from 1.07 to 2.33 showing some hydrothermal influence, with a peak of values 

near 30 meters and then higher values in general in the upper half of the section. Cross-

plots comparing Y/Ho and Ce/Ce* between Italy and Mexico show two distinct fields, very 

different from each other. The Italian section shows a strong oxic seawater signature 

whereas the Mexican section shows a strong detrital influence. 

 We also examined the redox-sensitive elements V, Cr, and U, as well as U 

enrichment factor (EF) with respect to Al over upper continental crust as a proxy for detrital 

sediment (Figs. 15, 17). In the Scaglia Bianca Formation, V concentrations range from 0.44 

to 3.15 ppm with a slight increasing trend up-section towards higher values. Cr 

concentrations range from 0.37 to 1.25 ppm showing no stratigraphic trend. U 

concentrations range from 0.02 to 0.33 ppm with a stratigraphic trend up-section towards 

higher values between 25 and 35 meters. U EF ranges from 0.63 to 20.62 with no  
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Figure 15. Stratigraphic plots for U, U EF, V, Cr, and δ238U for both the Italian section (above) and the 

Mexico section (below). 
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stratigraphic trend with the exception of higher values near the Bonarelli Level. In the 

Mexican Morelos Formation, V concentrations range from 0.27 to 10.34 ppm with no 

stratigraphic trend with the exception of higher values at 30 meters. Cr concentrations 

range from 0.25 to 8.29 ppm with a slight increasing trend up-section with the highest 

values at 30 meters. U concentrations range from 0.06 to 1.47 ppm with a decreasing trend 

in the bottom half of the section, followed by an increasing trend in the upper half of the 

section. U EF values range from 7.95 to 792.36 with the highest values at the base of the 

section and little stratigraphic trend above. Cross-plots of U vs Al show no correlation in 

either the Italian or Mexican section (R2 = 0.17 and 0.02, respectively).   

 

Carbon and oxygen isotopes 

 In the Scaglia Bianca Formation, δ13C values start near +2 ‰ in the lowermost 20 

meters and then rise to a single data point of +2.71 ‰ at 24 meters (Fig. 12). δ13C values 

then fall back to ~+2.1 ‰ and rise to values near +2.5 ‰ just before the Bonarelli Level. 

After the Bonarelli Level, there are two positive data points near +3.1 ‰ and then the final 

data point at the contact with the Scaglia Rossa Formation has a δ13C value of +2.66 ‰. In 

the Scaglia Bianca Formation, δ18O values show a subtle consistent drop from near -3.0 ‰ 

at the base to near -4.4 ‰ at the top. Carbon and oxygen isotopes values for the Mexican 

section are taken directly from Elrick et al. (2009).  
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Uranium isotopes  

 Lastly, we investigated U isotopes in the Mexican section’s Morelos Formation 

(Figs. 15, 17). U concentrations were too low to precisely measure U isotopes in the Scaglia 

Bianca Formation. δ238U values range from -0.72 to +0.09 ‰ with two discrete negative 

excursions. The base of the section records δ238U values near -0.1 ‰ and there is then a 

decreasing trend leading to a minimum value of -0.50 ‰ at 10.2 meters. δ238U values then 

increase to a maximum of +0.09 ‰ at 22.8 meters, before falling systematically to a value 

of -0.60 ‰ at 55.5 meters. There is one negative outlier (δ238U = -0.72 ‰) at 34.8 meters 

and one positive outlier (δ238U = -0.15 ‰) at 45.5 meters. After 55.5 meters, there is another 

systematic increase to δ238U values as high as -0.15 ‰ at 62.0 meters. There are only two 

data points above 70.0 meters and they show disparate δ238U values, precluding any 

interpretation of a stratigraphic trend. Broadly, the interval between 22.8 and 64 meters 

defines a clear positive δ238U excursion that inversely mirrors the positive δ13C excursion 

that defines OAE 2. There are no correlations between δ238U and other parameters that 

might indicate diagenetic alteration (R2 = 0.02, 0.00, and 0.04 for cross-plots of δ238U vs. 

U concentrations, Mn/Sr, and δ18O, respectively), indicating that the U isotope signal has 

not progressively been altered by non-marine fluids. 
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Figure 16. Cross-plots of δ18O vs. δ13C, Mn vs. Sr, Mn vs. Fe, and Y/Ho vs. Ce/Ce* for both the Italian 

section (red) and the Mexico section (blue). 
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Figure 17. Cross-plots of δ18O vs. δ238U, Mn/Sr vs. δ238U, U vs. δ238U, and U vs. Al for both the Italian 

section (red) and the Mexico section (blue). 
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DISCUSSION 

 

Diagenesis of carbonate units 

 The petrography observed in the Italian section is dominated by fine-grained 

carbonate muds with around 10-20% foraminifera with the foraminifera often replaced or 

filled with sparry calcite (Fig. 11). The dominance of these fine-grained carbonate muds 

suggests a high degree of preservation because late-stage diagenesis often leads to crystal 

coarsening and replacement of original textures with coarse-grained spar. Additionally, 

primary sedimentary structures are preserved, including graded bedding (Fig. 11). 

 The high degree of preservation in the Italian section is consistent with geochemical 

data, including Mn, Sr, and Fe concentrations. Manganese concentrations are less than 470 

ppm, Sr concentrations are greater than 364 ppm, and Fe concentrations are less than 1332 

ppm, all of which are in the range of well-preserved marine calcite. In the Italian section, 

Mn/Sr ratios are also low (less than 1.43), which is also indicative of a seawater 

geochemical signature. These interpretations are based on the observation that oxic 

seawater is enriched in Sr, but depleted in Mn and Fe, whereas burial diagenetic fluids are 

depleted in Sr but can be enriched in Mn and Fe (Banner and Hanson, 1990). Kaufman and 

Knoll (1995) suggested that samples with Mn/Sr ratios less than 10 are indicative of a well-

preserved seawater signal, with some studies also suggesting a more conservative cutoff 

Mn/Sr value of 2 for well-preserved samples. Although we use absolute cutoff values with 

caution, all of our samples are below a Mn/Sr ratio of 2 and well below a Mn/Sr ratio of 

10. 
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 We also looked at δ13C and δ18O values for the Scaglia Bianca Formation. The δ13C 

curve follows a primary seawater trend that can be related to global mid-Cretaceous events. 

At 24 meters, there is a rise in δ13C values from ~+2.0 ‰ up to +2.71 ‰, which are likely 

related to the mid-Cenomanian Event. The placement of this positive excursion nearly 

halfway through the Scaglia Bianca Formation is consistent with the biostratigraphic and 

chemostratigraphic data presented by Coccioni and Galeotti (2003). In the interval before 

the Bonarelli Level (which represents OAE 2), δ13C values are near +2.5 ‰, which is 

consistent with the Mexico section and other localities worldwide (Elrick et al., 2009; see 

below). After the Bonarelli Level, δ13C values are near +3.1 ‰ before falling back to +2.7 

‰. This could represent the end stages of the OAE 2 positive δ13C excursion, with the bulk 

of the excursion (including values greater than the +3.1 ‰ recorded here) obscured by the 

carbonate-poor Bonarelli Level. Overall, these δ13C trends allow us to relate the Italy 

section to global events during this time. In Italy, δ18O values show a subtle consistent drop 

from near -3.0 ‰ at the base of the Scaglia Bianca Formation to near -4.4 ‰ at the top. 

This could indicate a warming trend, which is consistent with the same trend seen at a 

number of other well-preserved Italian sections (Gambacorta et al., 2015). Lastly, a δ13C 

vs. δ18O cross-plot shows little correlation (R2 =0.29), indicating a lack of systematic 

diagenetic alteration. Overall, we can relate the Italian C and O isotope data to global trends 

across the mid-Cretaceous Period.  

 There are no thin sections available for the Mexican section due to sample 

collaboration with Dr. M. Elrick, but geochemical data also suggests a high degree of 

preservation outside of one discrete interval that is potentially altered. The Mn 
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concentrations are less than 448 ppm, Sr concentrations are greater than 229 ppm, and Fe 

concentrations range are less than 2039 ppm, each of which is generally similar to the well-

preserved Italian section. Mn/Sr ratios are exceptionally low throughout the section (less 

0.95, with all samples less than 0.40 outside of a discrete interval near 30 meters). These 

values are well below the cutoff value of 10 for well-preserved samples (Kaufman and 

Knoll, 1995). Additionally, there is no covariance between δ13C and δ18O (R2 = 0.01), 

which is expected through diagenetic alteration (Banner and Hanson, 1990). 

 There is one interval where δ13C is anomalously light in the Morelos Formation 

(between 25 and 30 meters). δ13C values drop to -1.3 ‰ at 29.5 meters before abruptly 

rising to +4.0 ‰ at 32.5 meters. This +4.0 ‰ follows the overall stratigraphic trend from 

below 25 meters, making the light δ13C values between 25 and 30 meters anomalous. This 

negative δ13C spike prior to the onset of strongly positive δ13C values during OAE 2 is also 

not seen in other sections globally (e.g., Tsikos et al., 2004), indicating that it may have a 

diagenetic origin. In the BT section, this negative spike in δ13C is accompanied by 

enrichment in Mn and Mn/Sr, as well as V and Cr concentrations. This indicates that these 

anomalous δ13C values are likely the product of diagenetic alteration in the presence of 

fluids that were rich in redox-sensitive metals such as Mn, V, and Cr. Additionally, 5m 

above this stratigraphic level contains two data points with higher Eu/Eu* values (the 

highest Eu/Eu* values excluding two samples towards the top of the section). According 

to Bau (1991), positive Eu anomalies are characteristic of hydrothermal fluids. We 

therefore propose a hydrothermal influence as the possible cause of anomalous values of 

δ13C, Mn, Sr, V, and Cr at the ~30 meter interval in the BT section. Counterintuitively, 
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δ18O values are not anomalous through this part of the section, even though O isotopes are 

expected to be altered more easily than C isotopes (Banner and Hanson, 1990). Although 

we do not understand these trends fully, we suggest that any additional geochemical data 

from the discrete interval near 30 meters in the BT section be treated with caution.  

 In summary, both petrographic data and multiple lines of geochemical evidence 

suggest that the Italy and Mexico sections show high degrees of preservation of primary 

geochemical signatures, with the exception of a discrete interval near 30 meters in the 

Morelos Formation. 

 

Sediment sources, detrital influence, and local redox conditions 

 We investigated Ce/Ce* to assess the local redox conditions in the area of 

deposition of each of the sections in our study. Oxic seawater has a negative Ce anomaly 

because Ce is removed under oxic conditions, leading to it having a lower concentration 

than its neighboring REEs. Therefore, Ce/Ce* values less than 1 are indicative of oxic 

conditions, whereas Ce/Ce* values close to 1 are indicative of anoxic conditions in the 

local environment.  

When using Ce/Ce*, we need to assess whether we are seeing an authigenic 

seawater signal or a detrital signal because detrital sediment will have a Ce/Ce* value near 

1. We do this using the Y/Ho ratio because seawater shows a positive Y anomaly. Tostevin 

et al. (2016) suggested that Y/Ho ratios of greater than 36 indicate an authigenic seawater 

signal, whereas Y/Ho ratios less than 36 indicate a detritally-dominated signal. In Italy, we 

see Y/Ho ratios consistently greater than 36, which indicates that the REE signal is sourced 
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from seawater. In Italy, we also see strong negative Ce anomalies (Ce/Ce* values between 

0.5 to 0.6), which is indicative of strongly oxygenated local environments in the deep 

waters of the Umbria-Marche sequence. By contrast, the Mexico section shows Y/Ho ratios 

consistently less than 36, which indicates that the REE signal is dominated by detrital 

influence. In Mexico, Ce/Ce* values are close to 1, which is expected for a detrital 

influence and does not indicate a locally anoxic environment. 

 We also looked at several elements, including Ba, P, Zn, and Ni, that are proxies 

for primary productivity (Tribovillard et al., 2006). These elements are removed from 

surface waters by photosynthetic organisms and are transported to deep waters along with 

biogenic materials from above. We see that all of these elements are strongly enriched in 

the Italian section compared to the Mexico section. This is consistent with the pelagic 

nature of the Italian section, which contains exclusively biogenic material derived from 

surface waters. There were also strong correlations between some of these elements, 

including Ba vs. Zn (R2 = 0.70 [1.00 if one outlier is removed] for the Italian section and 

0.85 for the Mexican section) and Ni vs. P (R2 = 0.47 for the Italian section and 0.13 for 

the Mexican section) (Fig. 18). This indicates a common source of these elements, which 

is primary productivity in surface waters. By contrast, in the Mexican section these 

elements are lower, indicating a mixed source of sediments. This is consistent with a 

carbonate platform depositional setting containing many different types of fossiliferous 

limestones. These rock types include laminated lime mudstones, skeletal wackestones and 

packstones, skeletal-peloidal wackestones and packstones, mollusk packstones to 

grainstones, and calcareous shales. These rocks also contain syn-sedimentary marine 
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cements, which would be expected to be lower in the elements discussed above. Overall, 

these productivity proxies highlight the different sediment sources between the pelagic 

Italian section and the platform Mexican section. 

 

 

 

Figure 18. Cross-plots of Ba vs. Zn and P vs. Ni for both the Italian section (red) and the Mexico section 

(blue). 

 

 

 

Uranium incorporation in pelagic vs. platform carbonates 

Some fundamental differences in the behavior of U concentrations and isotopes 

between pelagic carbonate sediments of the Scaglia Bianca Formation and platform 

carbonates of the Morelos Formation are apparent in our data. Foremost, the pelagic 
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carbonates of the Scaglia Bianca Formation record an order of magnitude lower U 

concentrations than the platform carbonates of the Morelos Formation. The U 

concentration values of the Italian Scaglia Bianca Formation range from 0.02 to 0.33 ppm 

and the U EF values range from 0.63 to 20.62. However, the Mexican Morelos Formation 

features U concentration values that range from 0.06 to 1.47 ppm and U EF values that 

range from 7.95 to 792.36. Whereas U EF does not exceed 5 in the Scaglia Bianca 

Formation except for three samples, U EFs in the Morelos Formation are >20 in all samples 

except for three. There are several potential explanations for these differences that we 

explore here. 

In modern settings, the difference in U concentration between biogenic pelagic 

carbonate sediments and platform carbonates is often due to mineralogy. Due to the large 

ionic radius of U (1 Å for U+6 with a coordination number of 8) and differences in the 

crystal systems of aragonite and calcite (orthorhombic vs. hexagonal), U is found in higher 

concentrations in aragonite compared to calcite. This is confirmed by experimental studies 

that showed nearly an order of magnitude higher U incorporation into aragonite vs. calcite 

(Chen et al., 2016) (Table 3). Chen et al. (2016) performed four aragonite precipitation 

experiments in high U synthetic solutions at pH 7.5 and 8.5, and the results showed 

carbonate U concentrations of ~2,000 µg U/g CaCO3. In contrast, the same study 

performed three calcite precipitation experiments in similar high U synthetic solutions and 

found carbonate U concentrations between 250 and 360 µg U/g CaCO3. Ultimately, this 

study found that >93 % of total U in the solution was incorporated into aragonite in the 

aragonite precipitation experiments, as opposed to <18 % for the first two calcite 
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experiments (Table 3). Preferential incorporation of U into aragonite vs. calcite is also 

confirmed by studies done on primary carbonates from the Bahamas (Chen et al., 2018). 

Data from this study show a higher U concentration in the aragonitic portion of a 

Pleistocene coral head vs. calcite in the same sample.  

 

 

 

Table 3: Results of CaCO3 coprecipitation experiments to determine U incorporation in carbonates 

from Chen et al. (2016). A refers to aragonite and C refers to calcite. 
 

Mineralogy pH Reagents 

U in 

carbonate 

(µg U/g 

CaCO3) 

% U 

drawdown 

A1 8.5 
CaCl2+NaHCO3+ 

MgCl2 
2145 94.9 

A2 7.5 
CaCl2+NaHCO3+ 

MgCl2 
2525 98.6 

A3 8.5 
CaCl2+NaHCO3+ 

MgCl2 
2075 98.2 

A4 8.5 
CaCl2+NaHCO3+ 

MgCl2 
2053 93.7 

C1 8.5 CaCl2+ NaHCO3 336 14.5 

C2 7.5 CaCl2+ NaHCO3 360 17.5 

C3 8.5 CaCl2+ NaHCO3 250 90.5 

 

 

 

 

Most calcareous oozes in the modern ocean are formed from the sinking of the 

calcitic tests of planktic foraminifera and coccolithophores to the bottom of the seafloor, 



   
 

60 
 

and accordingly have a primarily calcitic mineralogy (Johnson et al., 1977), which 

consequently explains their low U concentrations. One study by Clarkson et al. (2020) 

found low U abundance in Holocene calcitic pelagic carbonates from the Indian Ocean that 

also supports this conclusion. Similarly, low U abundances were also found in calcitic 

pelagic carbonates deposited during the Paleocene-Eocene Thermal Maximum (PETM) at 

a series of deep-sea drilling sites in another study by Clarkson et al. (2021). 

By contrast, there is a large aragonitic component in modern platform carbonates 

that contain a mix of skeletal material and abiotic cements. Copious amounts of aragonite 

mud are produced by green algae (Halimeda and Penicillus) and invertebrates such as 

scleractinian coral, and abiotic carbonates (such as ooids and cements) are primarily 

aragonite in the modern ‘aragonite seas’ (Tucker and Wright, 2009). This explains the 

relatively higher U concentrations of modern platform carbonates (Romaniello et al., 2013; 

Chen et al., 2018). 

The Scaglia Bianca Formation comprises deep-water pelagic carbonates that were 

originally and are currently calcitic in nature, analogous to modern deep sea calcareous 

oozes (Santantonio, 1994). It is therefore unsurprising that the Scaglia Bianca Formation 

records exceptionally low U concentrations—a full order of magnitude lower than the 

Mexican Morelos Formation. The platform carbonates of the Morelos Formation differ 

from modern platform carbonates, however, because the Cretaceous was a time of ‘calcite 

seas’ where the primary mineralogy of abiotic precipitates was calcite (Hardie, 1996; Ries, 

2010). One possible explanation for the higher U concentrations in the Morelos Formation 

is that some of its skeletal components were originally aragonitic. The fossils found in the 
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Morelos Formation include benthic and planktonic foraminifera, ostracods, echinoderms, 

bivalves, rudists, gastropods, green algae, mollusks, calcisphaerulids, and brachiopods 

spread between the supratidal to subtidal facies. Most of these groups are calcitic, however, 

so this is likely not the explanation for the higher U concentrations.  

Another idea is that U has a higher partition coefficient in abiotic calcite compared 

to biogenic calcite (Russel et al., 1994). Whereas the pelagic carbonates of the Scaglia 

Bianca Formation are almost pure biogenic material, the platform carbonates of the 

Morelos Formation contain syn-sedimentary authigenic cements that are typical of 

fossiliferous packstones and grainstones (Aguilera-Franco and Hernandez-Romano, 2004). 

We therefore propose that the majority of the U in the Morelos Formation is associated 

with abiotic marine cements which incorporate U more efficiently, thus explaining the 

higher U concentrations. This hypothesis is currently not testable, but future work could 

confirm this idea using laser ablation (LA) ICP-MS. 

The implications for our study are as follows: first, U concentrations are too low in 

the Scaglia Bianca Formation to precisely measure its isotopic composition. Roughly 150 

ng of U is necessary to obtain three replicate measurements with sufficient signal strength, 

which is our normal analytical procedure. After dissolution of ~1.5 g of powder, most 

samples from the Scaglia Bianca Formation contained less than 100 ng of U, making 

precise U isotope measurements analytically challenging. The Morelos Formation of 

Mexico, however, represents an excellent archive for U isotopes across OAE 2. There is 

enough U for precise isotopic measurement; when ~2 g of powder were dissolved, all 

samples yielded over 200 ng U. Geochemical indicators also show high degrees of 
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diagenetic preservation (Figs. 12, 16, 17). Additionally, Hood et al. (2016) found that 

marine cements are one of the best phases for recording seawater U isotopes, which is 

promising because we hypothesize that most U in the Morelos Formation likely resides in 

early marine cements. A full discussion and interpretation of U isotope data from the 

Morelos Formation is found in the next section. 

 

Uranium isotopes and global redox trends across OAE 2 

 Based on the high U concentrations and evidence for a higher degree of diagenetic 

preservation, we use our U isotope data from the Morelos Formation to assess global redox 

trends across OAE 2 (Fig. 19). OAE 2 is defined by the large positive C isotope excursion 

that occurs beginning at ~30 meters, with C isotope values returning to pre-excursion 

values at ~75 meters in our section. Through this interval, δ13C values rise from around +2 

‰ below 25 meters to peak values near +6 ‰ from ~35 to 55 meters, and then drop back 

to values near +2 ‰ above 75 meters. This trend is analogous to the δ13C curve from other 

sections globally across OAE 2 (Sprovieri et al., 2013). However, at ~30 meters there is a 

brief negative δ13C shift in our section, which we potentially attribute to diagenetic 

alteration.  

 When looking at the δ238U trends in the Morelos Formation, we first see values near 

-0.1 ‰, which is similar to the median value of modern carbonate sediments from the 

Bahamas (-0.15 ‰; Chen et al., 2018) that were deposited in the strongly oxygenated 

modern ocean. This suggests a near-modern degree of ocean oxygenation in the 

Cenomanian at the base of our section. We then see a negative δ238U excursion at ~10 
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meters in our section, which does not correspond to a major change in C isotopes. We 

interpret this as a potential expansion of ocean euxinia that occurred prior to the onset of 

OAE 2. δ238U values then return to near-modern carbonate values at ~25 meters in our 

section, indicating a return to well-oxygenated oceans immediately prior to OAE 2. The 

positive C isotope excursion that defines OAE 2 is then mirrored by a major negative δ238U 

excursion wherein values decrease from ~0 ‰ to -0.6 ‰ over ~30 meters of section. We 

interpret this trend as a major pulse of global marine euxinia that corresponds with OAE 2. 

C and U isotopes show strong negative covariance through OAE 2, with maximum C 

isotope values associated with minimum U isotope values. This is strong evidence for 

ocean anoxia being the cause of organic carbon burial, and thus the positive C isotope 

excursion. In the early Turonian, δ238U values increase again in our section indicating 

enhanced ocean oxygenation, and this corresponds to a shift back to pre-OAE 2 C isotope 

values. The end of OAE 2 in our section is obscured by limited data, so we are unsure of 

the exact redox trends there. However, we can compare these trends to other published 

sections from OAE 2, from Clarkson et al. (2018). 
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Figure 19. Stratigraphic plot of δ13C and δ238U for the Mexico section, along with interpreted redox trends 

across OAE 2. Blue dashed line tracks the minimum δ238U values, which represents points of least 

diagenetic alteration because diagenesis is known to only increase δ238U values. 
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Clarkson et al. (2018) investigated OAE 2 sections located at Eastbourne (UK), 

Raia del Pedale (Italy), South Ferriby (UK), and ODP site 1261 (mid-Atlantic Ocean). In 

Eastbourne, which was described as the best-preserved section by Clarkson et al. (2018), 

C isotopes show an initial positive excursion from +2 up to +5 ‰, followed by a brief drop 

back ~+4 ‰, and then another positive excursion up to ~+5.5 ‰, followed by a return to 

values near +3.5 ‰. The broad positive excursion represents OAE 2 with the brief return 

to lower values in the middle of the positive excursion attributed to the Plenus Cold Event 

(PCE) (O’Connor et al., 2020), which was a brief cooling episode in the middle of 

greenhouse conditions during OAE 2. The two positive C isotope peaks are potentially 

mirrored by two discrete negative U isotope excursions, although there is a large degree of 

scatter in the dataset. This could indicate two pulses of marine euxinia during OAE 2 

separated by the Plenus Cold Event (Clarkson et al., 2018). 

 In Fig. 20, we correlated our Mexico section with the Eastbourne section using the 

C isotope trends. When first looking at the C isotopes, we see a broadly similar pattern 

with only one exception. The brief negative excursion at ~30 meters in Mexico is not seen 

in Eastbourne. This is expected as we potentially attribute the negative shift in Mexico to 

diagenesis. One other feature of note is that the brief drop in C isotopes in Eastbourne that 

defines the PCE is also present in our Mexico BT section, defined by an ~2 ‰ drop at ~35 

meters. This C isotope drop associated with the PCE is also present in one of the other 

Mexico sections examined by Elrick et al. (2009): the shallower Barranco el Canon (BC) 

section. There is no change in O isotopes in the Mexico BT section, however, that could 
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indicate a cooling episode during OAE 2: the PCE. In fact, two points on the O isotope 

curve from Mexico suggest a period of warming during the timing we have potentially 

correlated with Eastbourne as the PCE. However, O’Connor et al. (2020) suggest that 

cooling, while being a geographically widespread event, may not be seen worldwide in the 

marine carbonate record due to local and diagenetic influence on the O isotope record, and 

that terrestrial fossils would need to be examined to determine if cooling did or did not take 

place. 
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Figure 20. Stratigraphic plot of δ13C and δ238U for the Mexico section, correlated to the UK’s Eastbourne 

section. Blue dashed lines tracks the minimum δ238U values, which represents points of least diagenetic 

alteration because diagenesis is known to only increase δ238U values. 
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 Interestingly, the Eastbourne U isotope curve shows a potential transient 

oxygenation associated with the PCE, but our Mexico BT section does not show any 

change in U isotopes across the PCE. δ238U values in Mexico remain near -0.4 ‰, which 

is substantially lighter than modern carbonates, indicating increased marine euxinia 

compared to today. It is currently unclear why the Eastbourne section records a U isotope 

change across the PCE, but the Mexico section does not. There are many more data points 

overall from the Eastbourne section so it may be giving a higher-resolution look; however, 

we also have a high density of data from Mexico across the PCE interval. One other 

possibility is that oxygenation across the PCE was not a global phenomenon and could be 

restricted to only certain regions (O’Connor et al., 2020).  

 Another important difference in U isotopes between Mexico and Eastbourne is the 

large degree of scatter seen in the Eastbourne dataset, whereas the Mexico dataset shows a 

more well-defined trend. This is likely because the Eastbourne section represents pelagic 

carbonates composed exclusively of biogenic material, which we know incorporates lower 

U concentrations and can be more susceptible to diagenesis. We therefore suggest that our 

Mexico BT section U isotope curve represents the best record to date of global redox trends 

across OAE 2.  

The strong negative covariance between C and U isotope trends provides an 

important link between the carbon cycle and ocean redox across OAEs. Volcanism leads 

to CO2 output, global warming, and an enhanced hydrological cycle, which then drives 

increased weathering and nutrient input into the ocean. This in turn drives primary 
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productivity, eutrophication, and marine anoxia. Marine anoxia is recorded by the negative 

U isotope excursion, and anoxia drives organic carbon burial, which is recorded by the 

positive C isotope excursion. This therefore demonstrates the utility of global redox proxies 

such as U isotopes for understanding global processes during OAEs. 
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CONCLUSIONS 

 

This study investigated redox trends across the Cretaceous-aged OAE 2 in two 

widely spaced carbonate sections worldwide: the Umbria-Marche sequence of Italy and the 

Geurrero-Morelos platform of Mexico. We used a variety of elemental data to assess local 

sediment sources and diagenesis, and ultimately used U isotopes to evaluate global redox 

conditions across OAE 2. 

1. We found fundamental differences in the behavior of U concentrations and isotopes 

between pelagic biogenic carbonates of Italy and platform carbonates of Mexico. 

Pelagic carbonates of Italy have an order of magnitude lower U concentrations than 

platform carbonates of Mexico. This is likely because abiotic carbonates incorporate 

more U than biogenic carbonates, and whereas the pelagic carbonates of Italy contain 

exclusively biogenic material, the Mexican platform carbonates contain abiotic syn-

sedimentary marine cements that likely have higher U concentrations. 

2. U concentrations were too low in the Italy section to precisely measure U isotopes so 

we focused our U isotope study on the Mexican section. The Mexican section appears 

very well-preserved diagenetically. The Mn/Sr ratio maintains low values (<2) 

throughout the section and there is no covariation C and O isotopes, which would be 

expected if both parameters were altered. There is one level, ~30 meters, that shows 

higher Mn/Sr values than the rest of the section and we have associated that to 

diagenetic alteration due to a probable hydrothermal fluid influence. At the same level, 

~30 meters, we see a negative spike in the δ13C record not seen anywhere else in the 
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world and higher Mn, V, and Cr concentrations. Outside of this discrete interval at ~30 

meters, however, the Mexico section shows no signs of late-stage diagenetic alteration. 

3. U isotopes in the Mexico section start close, -0.2‰, to modern carbonate values and 

then show an initial negative excursion that occurs before OAE 2. This could indicate 

a pulse of marine euxinia prior to OAE 2. This is followed by a re-oxygenation showing 

values similar to or above modern carbonates. Following the re-oxygenation, we see 

the onset of OAE 2 with a large negative U isotope excursion from 25-55 meters. U 

isotope values then return towards modern carbonate values, but due to a lack of data 

at the top of the section, we are unsure of where the excursion ends. 

4. When considering the potential interval of alteration at 30 meters, we see that it occurs 

after the onset of OAE 2 and before the peak of the negative excursion. Therefore, we 

can conclude that the excursion is still robust even if that small interval is altered. 

5. Overall, this negative U isotope excursion indicates a large expansion of global marine 

euxinia during OAE 2. When compared to a previously published OAE 2 section from 

Eastbourne (UK), it is important to compare the degree of scatter between the two 

sections. Eastbourne has more scatter in the U isotope data than seen in Mexico, where 

a more well-defined trend is seen. This is likely due to the depositional setting of 

Eastbourne being composed of pelagic carbonates with exclusively biogenic material 

that incorporates much less U, making it more susceptible to diagenetic overprinting. 

By contrast, the Mexico platform carbonates contain a mix of skeletal material and 

abiotic cements, which provide a much better U isotope record that is less susceptible 

to diagenesis. Therefore, our U isotope dataset from Mexico represents the best OAE 
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2 record produced to date, and indicates that OAE 2 was a major expansion of euxinia 

in the global oceans.  

6. Another important feature of the Mexico section is the strong negative covariance 

between C and U isotopes. This is important as it further solidifies the link between 

marine anoxia and organic carbon burial, which in turn strengthens the link between 

the carbon cycle and ocean redox across OAEs. Volcanism leads to CO2 output, global 

warming, and an enhanced hydrological cycle, which drives increased weathering and 

nutrient input into the ocean. This drives primary productivity, eutrophication, and 

marine anoxia, where the anoxia is then recorded by the negative U isotope excursion. 

The anoxia drives organic carbon burial, which is recorded by the positive C isotope 

excursion, demonstrating that the U isotope global redox proxy provides important new 

information for understanding OAEs. 
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ADDITIONAL TABLES 

 

Table 4. Sample information along with % carb, δ13C, δ18O, Mn, Sr, and Mn/Sr for all 

samples in this study. 

 
Sample Stratigraphic 

Formation 

Stratigraphic 

Height (m) 

% 

carb 

δ13Ccarb 

(vs. VPDB)* 

δ18Ocarb 

(vs. 

VPDB)* 

Mn 

(ppm) 

Sr 

(ppm) 

Mn/

Sr 

SB-0 Scaglia Bianca 44.9 81.4 2.66 -4.39 239.11 489.63 0.49 

SB-1 Scaglia Bianca 41.9 76.4 3.11 -3.67 372.45 495.60 0.75 

SB-1A Scaglia Bianca 41.4 68.3 3.09 -3.88 393.25 440.54 0.89 

SB-1B Scaglia Bianca 40 88.6 2.45 -4.24 470.25 769.16 0.61 

SB-1C Scaglia Bianca 39.5 85.4 2.51 -3.78 441.91 587.88 0.75 

SB-2-1/2 Scaglia Bianca 39 85.3 2.50 -3.69 444.84 612.89 0.73 

SB-2-2/2 Scaglia Bianca 39 83.0   420.08 583.01 0.72 

SB-3 Scaglia Bianca 36 85.5 2.52 -3.63 341.08 671.45 0.51 

SB-4 Scaglia Bianca 33 88.0 2.55 -3.94 298.53 659.19 0.45 

SB-5 Scaglia Bianca 30 88.3 2.41 -3.44 309.32 557.17 0.56 

SB-6 Scaglia Bianca 27 87.9 2.15 -3.56 444.88 561.98 0.79 

SB-7-1/2 Scaglia Bianca 24 85.2 2.72 -3.61 234.95 592.43 0.40 

SB-7-2/2 Scaglia Bianca 24 85.2   234.90 590.48 0.40 

SB-8 Scaglia Bianca 21 85.7 2.29 -3.46 427.75 588.58 0.73 

SB-9 Scaglia Bianca 18 85.8 2.20 -3.50 441.23 557.39 0.79 

SB-10 Scaglia Bianca 15 87.6 2.08 -3.72 302.49 493.78 0.61 

SB-11 Scaglia Bianca 12 90.3 2.14 -3.44 349.51 450.95 0.78 

SB-12-1/2 Scaglia Bianca 9 85.3 2.05 -3.35 349.79 499.37 0.70 

SB-12-2/2 Scaglia Bianca 9 85.1   340.23 488.08 0.70 

SB-13 Scaglia Bianca 6 90.2 2.06 -3.13 488.82 364.06 1.34 

SB-14 Scaglia Bianca 3 78.9 2.00 -3.53 342.75 480.38 0.71 

SB-15 Scaglia Bianca 0 83.0 2.07 -2.99 393.36 389.95 1.01 

BT-0.5 Morelos 0.5 89.8   33.83 414.12 0.08 

BT-3.5 Morelos 3.5 96.2   31.56 464.27 0.07 

BT-6.9-1/2 Morelos 6.9 94.8   35.29 229.87 0.15 

BT-6.9-2/2 Morelos 6.9 94   34.41 228.78 0.15 

BT9.2 Morelos 9.2    81.51 394.71 0.21 

BT-10.2-1/2 Morelos 10.2 86.9   78.75 311.62 0.25 

BT-10.2-2/2 Morelos 10.2 87.2   77.58 310.73 0.25 

BT-15 Morelos 15 94.5   27.73 405.27 0.07 

BT-17 Morelos 17 93.9   51.88 344.57 0.15 

BT20 Morelos 20    40.61 309.98 0.13 

BT22.8 Morelos 22.8    93.01 282.86 0.33 

BT24.5 Morelos 24.5    112.20 298.34 0.38 

BT26.5 Morelos 26.5    39.23 374.26 0.10 

BT-29 Morelos 29 88.9   448.48 485.32 0.92 

BT-29.5 Morelos 29.5 97.3   181.08 461.32 0.39 

BT30.5 Morelos 30.5    33.21 387.22 0.09 

BT-33 Morelos 33 69.8   311.83 327.17 0.95 

BT33.5 Morelos 33.5    122.72 358.54 0.34 

BT34.8 Morelos 34.8    68.52 426.84 0.16 
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BT36 Morelos 36    203.41 331.01 0.61 

BT37 Morelos 37    156.63 406.58 0.39 

BT-37.5 Morelos 37.5 94.5   98.39 323.49 0.30 

BT40.5 Morelos 40.5    72.53 298.42 0.24 

BT-45.5 Morelos 45.5 94.6   81.97 368.70 0.22 

BT46 Morelos 46    78.52 383.69 0.20 

BT49.5 Morelos 49.5    59.08 551.72 0.11 

BT51 1/2 Morelos 51 74.7   45.31 430.67 0.11 

BT51 2/2 Morelos 51    81.67 355.92 0.23 

BT52.5 Morelos 52.5    46.25 418.92 0.11 

BT54.5 Morelos 54.5    68.68 310.55 0.22 

BT-55.5 Morelos 55.5 96.9   40.45 465.57 0.09 

BT56.1 Morelos 56.1    63.89 354.53 0.18 

BT58 Morelos 58    24.17 416.95 0.06 

BT60 Morelos 60    29.29 369.90 0.08 

BT61.5 Morelos 61.5    29.31 556.98 0.05 

BT-62 Morelos 62 93.5   31.83 355.96 0.09 

BT63.5 Morelos 63.5    33.21 407.15 0.08 

BT64 Morelos 64    35.62 433.22 0.08 

BT-75 Morelos 75 82.7   102.78 602.56 0.17 

BT76.2 Morelos 76.2    101.04 662.77 0.15 

*For Morelos Formation, see Elrick et al. (2009) 
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Table 5. Sample information along with Fe, Al, Ti, V, and Cr concentrations, as well as 

Eu/Eu* for all samples in this study. 

 
Sample Stratigraphic 

Formation 

Stratigraphic 

Height (m) 

Fe 

(ppm) 

Al 

(ppm) 

Ti 

(ppm) 

V 

(ppm) 

Cr 

(ppm) 

Eu/Eu* 

SB-0 Scaglia Bianca 44.9 1232.89 1130 3.61 1.26 0.76 1.11 

SB-1 Scaglia Bianca 41.9 781.54 722 3.16 0.89 0.61 1.16 

SB-1A Scaglia Bianca 41.4 709.32 475 2.03 0.59 0.39 1.16 

SB-1B Scaglia Bianca 40 1064.64 888 3.05 1.70 1.25 1.12 

SB-1C Scaglia Bianca 39.5 949.31 779 2.64 0.91 0.72 1.06 

SB-2-1/2 Scaglia Bianca 39 1282.03 957 2.41 1.01 0.72 1.10 

SB-2-2/2 Scaglia Bianca 39 1331.52 974 2.44 1.05 0.77 1.11 

SB-3 Scaglia Bianca 36 940.38 628 2.37 3.15 0.81 1.16 

SB-4 Scaglia Bianca 33 1076.03 660 2.17 1.20 0.73 1.13 

SB-5 Scaglia Bianca 30 889.70 525 1.71 0.87 0.52 1.05 

SB-6 Scaglia Bianca 27 847.22 480 1.47 1.67 0.39 1.06 

SB-7-1/2 Scaglia Bianca 24 1071.56 769 1.77 0.75 0.48 1.07 

SB-7-2/2 Scaglia Bianca 24 1069.45 769 1.74 0.75 0.45 1.06 

SB-8 Scaglia Bianca 21 964.32 690 2.09 0.89 0.55 1.09 

SB-9 Scaglia Bianca 18 851.52 610 2.22 0.70 0.58 1.07 

SB-10 Scaglia Bianca 15 913.23 583 1.49 0.58 0.43 1.08 

SB-11 Scaglia Bianca 12 1147.79 713 1.86 0.60 0.54 1.06 

SB-12-1/2 Scaglia Bianca 9 1201.72 936 2.31 0.85 0.66 1.07 

SB-12-2/2 Scaglia Bianca 9 1202.09 963 2.43 0.89 0.71 1.06 

SB-13 Scaglia Bianca 6 932.76 445 1.30 0.44 0.37 1.08 

SB-14 Scaglia Bianca 3 828.75 736 2.08 0.74 0.59 1.10 

SB-15 Scaglia Bianca 0 1201.97 1019 2.78 0.82 0.74 1.06 

BT-0.5 Morelos 0.5 66.36 61 0.88 2.21 0.70 1.13 

BT-3.5 Morelos 3.5 85.60 44 1.16 1.59 0.36 1.16 

BT-6.9-1/2 Morelos 6.9 49.70 25 0.30 1.06 0.26 1.13 

BT-6.9-2/2 Morelos 6.9 48.34 24 0.27 1.05 0.25 1.12 

BT9.2 Morelos 9.2 2635.55 566 0.89 2.20 2.10 1.17 

BT-10.2-1/2 Morelos 10.2 578.83 336 3.00 1.88 0.59 1.14 

BT-10.2-2/2 Morelos 10.2 548.90 324 3.06 1.84 0.54 1.14 

BT-15 Morelos 15 191.13 105 0.51 0.27 0.25 1.26 

BT-17 Morelos 17 1198.29 75 1.69 1.20 0.28 1.60 

BT20 Morelos 20 375.48 96 0.55 0.71 0.68 1.76 

BT22.8 Morelos 22.8 793.96 534 3.21 1.22 8.29 1.65 

BT24.5 Morelos 24.5 528.88 217 0.73 2.53 1.93 1.52 

BT26.5 Morelos 26.5 538.03 127 1.29 1.05 1.37 1.45 

BT-29 Morelos 29 1294.15 230 1.43 6.62 7.54 1.39 

BT-29.5 Morelos 29.5 736.65 45 0.87 3.37 0.80 1.15 

BT30.5 Morelos 30.5 183.94 51 28.51 1.00 0.60 1.56 

BT-33 Morelos 33 928.51 679 2.35 4.02 2.66 2.24 

BT33.5 Morelos 33.5 657.39 96 1.16 4.09 1.62 1.61 

BT34.8 Morelos 34.8 1319.28 44 1.43 2.15 0.95 1.65 

BT36 Morelos 36 775.28 184 1.07 1.15 1.53 2.00 

BT37 Morelos 37 650.33 41 1.64 3.07 0.87 1.12 

BT-37.5 Morelos 37.5 352.54 78 0.77 2.08 1.87 1.19 

BT40.5 Morelos 40.5 1321.96 109 1.21 1.59 0.62 1.14 

BT-45.5 Morelos 45.5 491.05 61 1.04 2.02 1.10 1.69 

BT46 Morelos 46 2578.28 565 1.97 2.17 2.14 1.19 
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BT49.5 Morelos 49.5 720.72 168 0.76 0.33 0.68 1.95 

BT51 1/2 Morelos 51 263.46 39 3.03 1.43 1.21 1.53 

BT51 2/2 Morelos 51 427.47 121 2.08 1.63 1.30 1.60 

BT52.5 Morelos 52.5 666.50 191 1.01 1.07 1.15 1.78 

BT54.5 Morelos 54.5 540.54 105 0.91 2.03 1.64 1.39 

BT-55.5 Morelos 55.5 274.02 67 0.48 0.53 0.34 1.49 

BT56.1 Morelos 56.1 791.08 612 1.05 1.98 2.35 1.95 

BT58 Morelos 58 476.63 48 0.95 2.38 0.81 1.41 

BT60 Morelos 60 161.28 30 1.26 1.60 0.68 1.68 

BT61.5 Morelos 61.5 220.59 132 0.89 1.00 0.95 1.18 

BT-62 Morelos 62 402.07 146 1.01 2.64 0.79 1.07 

BT63.5 Morelos 63.5 149.91 59 0.27 0.62 0.31 1.03 

BT64 Morelos 64 396.46 150 1.16 1.37 0.95 2.33 

BT-75 Morelos 75 2239.73 421 1.72 4.69 1.17 1.32 

BT76.2 Morelos 76.2 2450.12 487 2.27 10.34 2.48 2.23 
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Table 6. Sample information along with Ba, P, Zn, and Ni, as well as Y/Ho and Ce/Ce* 

for all samples in this study. 

 
Sample Stratigraphic 

Formation 

Stratigraphic 

Height (m) 

Ba 

(ppm) 

P 

(ppm) 

Zn 

(ppm) 

Ni 

(ppm) 

Y/Ho Ce/Ce* 

SB-0 Scaglia Bianca 44.9 651.42 115 57.30 4.22 37.83 0.49 

SB-1 Scaglia Bianca 41.9 1247.28 130 102.32 3.48 39.68 0.75 

SB-1A Scaglia Bianca 41.4 1037.49 76 86.49 2.83 39.47 0.89 

SB-1B Scaglia Bianca 40 571.61 170 55.53 4.89 46.94 0.61 

SB-1C Scaglia Bianca 39.5 33.99 83 8.69 3.32 41.40 0.75 

SB-2-1/2 Scaglia Bianca 39 443.01 109 43.16 3.08 41.81 0.73 

SB-2-2/2 Scaglia Bianca 39 422.55 99 40.88 3.08 41.97 0.72 

SB-3 Scaglia Bianca 36 659.08 136 57.96 2.65 48.48 0.51 

SB-4 Scaglia Bianca 33 644.18 164 60.38 5.58 46.29 0.45 

SB-5 Scaglia Bianca 30 35.65 89 10.06 2.60 39.11 0.56 

SB-6 Scaglia Bianca 27 66.74 94 11.69 4.02 39.56 0.79 

SB-7-1/2 Scaglia Bianca 24 27.98 101 79.21 3.03 39.11 0.40 

SB-7-2/2 Scaglia Bianca 24 27.80 104 8.27 2.41 39.01 0.40 

SB-8 Scaglia Bianca 21 375.43 90 34.58 3.38 38.97 0.73 

SB-9 Scaglia Bianca 18 231.76 94 23.03 1.82 38.13 0.79 

SB-10 Scaglia Bianca 15 307.63 87 29.71 2.51 39.67 0.61 

SB-11 Scaglia Bianca 12 87.14 86 12.94 3.03 36.18 0.78 

SB-12-1/2 Scaglia Bianca 9 198.19 126 23.30 4.44 38.20 0.70 

SB-12-2/2 Scaglia Bianca 9 197.28 123 23.52 4.52 38.49 0.70 

SB-13 Scaglia Bianca 6 221.72 95 23.87 1.86 41.19 1.34 

SB-14 Scaglia Bianca 3 585.58 138 50.47 3.23 40.36 0.71 

SB-15 Scaglia Bianca 0 119.57 138 15.86 4.54 40.71 1.01 

BT-0.5 Morelos 0.5 6.67 33 1.92 0.61 32.65 1.00 

BT-3.5 Morelos 3.5 3.91 65 1.17 0.37 34.42 0.82 

BT-6.9-1/2 Morelos 6.9 1.83 25 1.03 0.26 35.03 1.03 

BT-6.9-2/2 Morelos 6.9 1.80 22 0.97 0.14 35.06 1.04 

BT9.2 Morelos 9.2 13.65 111 21.81 3.97 31.07 0.85 

BT-10.2-1/2 Morelos 10.2 8.05 136 4.85 0.41 28.85 1.08 

BT-10.2-2/2 Morelos 10.2 7.94 136 3.93 0.32 28.46 1.08 

BT-15 Morelos 15 9.47 13 2.88 0.18 28.42 1.07 

BT-17 Morelos 17 13.41 22 3.90 1.45 31.66 1.10 

BT20 Morelos 20 17.93 79 34.47 1.59 31.61 1.02 

BT22.8 Morelos 22.8 37.49 114 238.21 4.09 31.63 0.99 

BT24.5 Morelos 24.5 11.42 111 26.70 2.20 28.42 0.92 

BT26.5 Morelos 26.5 4.36 64 21.49 1.89 23.97 1.05 

BT-29 Morelos 29 1.85 35 1.85 2.05 28.85 1.15 

BT-29.5 Morelos 29.5 2.56 24 2.05 0.57 31.19 1.09 

BT30.5 Morelos 30.5 3.80 216 22.24 1.64 20.78 1.00 

BT-33 Morelos 33 5.20 32 2.97 1.24 31.27 1.16 

BT33.5 Morelos 33.5 6.20 17 21.46 2.06 31.43 1.07 

BT34.8 Morelos 34.8 4.88 72 23.18 1.69 26.64 1.07 

BT36 Morelos 36 7.04 53 22.19 1.59 35.42 0.97 

BT37 Morelos 37 2.06 40 21.33 1.82 27.68 0.96 

BT-37.5 Morelos 37.5 9.20 17 2.08 0.82 29.73 1.12 

BT40.5 Morelos 40.5 7.07 66 27.50 1.94 34.78 1.03 

BT-45.5 Morelos 45.5 44.79 24 6.06 0.32 29.03 1.14 

BT46 Morelos 46 12.94 201 27.09 3.74 35.45 0.94 
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BT49.5 Morelos 49.5 30.54 100 21.65 1.62 34.47 1.06 

BT51 1/2 Morelos 51 3.08 204 19.60 1.46 30.02 0.89 

BT51 2/2 Morelos 51 2.77 300 19.64 1.63 28.84 1.08 

BT52.5 Morelos 52.5 27.80 12 21.41 1.94 34.34 0.97 

BT54.5 Morelos 54.5 5.37 34 18.78 1.74 27.33 1.08 

BT-55.5 Morelos 55.5 3.78 24 1.97 0.11 30.79 1.10 

BT56.1 Morelos 56.1 34.52 153 24.37 2.37 32.68 0.94 

BT58 Morelos 58 3.66 1 21.70 2.09 23.32 0.95 

BT60 Morelos 60 5.18 127 21.00 1.73 3.06 1.02 

BT61.5 Morelos 61.5 4.91 159 21.85 2.19 30.17 0.72 

BT-62 Morelos 62 4.38 29 2.04 0.45 31.65 1.02 

BT63.5 Morelos 63.5 4.45 110 18.44 1.64 24.90 0.98 

BT64 Morelos 64 35.42 112 19.01 1.89 33.09 0.94 

BT-75 Morelos 75 65.24 122 9.89 2.83 31.60 1.05 

BT76.2 Morelos 76.2 54.01 297 37.32 4.59 38.65 0.93 
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Table 7. Sample information along with U (ppm), U EF, δ238U, 2SD of δ238U values, and 

n (# of times each sample was run for δ238U) for all samples in this study. 

 
Sample Stratigraphic 

Formation 

Stratigraphic 

Height (m) 

U 

(ppm) 

U EF δ238U δ238U 

2SD 

n (# of 

runs) 

SB-0 Scaglia Bianca 44.9 0.02 0.63    

SB-1 Scaglia Bianca 41.9 0.05 2.07    

SB-1A Scaglia Bianca 41.4 0.05 3.00    

SB-1B Scaglia Bianca 40 0.08 2.64    

SB-1C Scaglia Bianca 39.5 0.03 1.34    

SB-2-1/2 Scaglia Bianca 39 0.04 1.26    

SB-2-2/2 Scaglia Bianca 39 0.03 1.03    

SB-3 Scaglia Bianca 36 0.30 14.26    

SB-4 Scaglia Bianca 33 0.10 4.37    

SB-5 Scaglia Bianca 30 0.14 8.25    

SB-6 Scaglia Bianca 27 0.33 20.62    

SB-7-1/2 Scaglia Bianca 24 0.04 1.55    

SB-7-2/2 Scaglia Bianca 24 0.04 1.54    

SB-8 Scaglia Bianca 21 0.06 2.74    

SB-9 Scaglia Bianca 18 0.04 2.12    

SB-10 Scaglia Bianca 15 0.04 2.20    

SB-11 Scaglia Bianca 12 0.04 1.57    

SB-12-1/2 Scaglia Bianca 9 0.05 1.46    

SB-12-2/2 Scaglia Bianca 9 0.04 1.38    

SB-13 Scaglia Bianca 6 0.03 1.71    

SB-14 Scaglia Bianca 3 0.05 1.99    

SB-15 Scaglia Bianca 0 0.04 1.13    

BT-0.5 Morelos 0.5 1.47 729.36 -0.17 0.08 3 

BT-3.5 Morelos 3.5 0.60 413.02 -0.08 0.04 3 

BT-6.9-1/2 Morelos 6.9 0.64 768.62 -0.26 0.10 3 

BT-6.9-2/2 Morelos 6.9 0.63 792.59 -0.13 0.05 3 

BT9.2 Morelos 9.2 0.73 39.13 -0.23 0.08 3 

BT-10.2-1/2 Morelos 10.2 0.57 51.19    

BT-10.2-2/2 Morelos 10.2 0.56 52.22 -0.50 0.07 2 

BT-15 Morelos 15 0.28 80.96 -0.33 0.07 3 

BT-17 Morelos 17 0.44 178.38 -0.10 0.02 2 

BT20 Morelos 20 0.23 71.86    

BT22.8 Morelos 22.8 0.15 8.37 0.09 0.05 3 

BT24.5 Morelos 24.5 0.20 28.32 -0.03 0.03 3 

BT26.5 Morelos 26.5 0.18 43.45 -0.18 0.01 2 

BT-29 Morelos 29 0.11 15.00 -0.32 0.05 3 

BT-29.5 Morelos 29.5 0.47 313.26 0.02 0.09 3 

BT30.5 Morelos 30.5 0.24 141.57    

BT-33 Morelos 33 0.18 7.95 -0.38 0.00 2 

BT33.5 Morelos 33.5 0.30 94.90 -0.24 0.06 2 

BT34.8 Morelos 34.8 0.08 57.53 -0.72 0.08 3 

BT36 Morelos 36 0.19 31.15 -0.45 0.05 2 

BT37 Morelos 37 0.33 249.05 -0.44 0.07 3 

BT-37.5 Morelos 37.5 0.22 84.26 -0.46 0.02 3 

BT40.5 Morelos 40.5 0.11 30.18 -0.48 0.06 3 

BT-45.5 Morelos 45.5 0.33 161.92 -0.15 0.09 3 

BT46 Morelos 46 0.74 39.81 -0.48 0.04 2 
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BT49.5 Morelos 49.5 0.06 11.33 -0.54 0.14 2 

BT51 1/2 Morelos 51 0.19 143.08 -0.50 0.02 2 

BT51 2/2 Morelos 51 0.13 33.22    

BT52.5 Morelos 52.5 0.27 43.57 -0.52 0.05 3 

BT54.5 Morelos 54.5 0.35 99.95 -0.31 0.07 2 

BT-55.5 Morelos 55.5 0.19 84.96 -0.60 0.03 3 

BT56.1 Morelos 56.1 0.39 19.30 -0.46 0.12 2 

BT58 Morelos 58 0.78 488.32    

BT60 Morelos 60 0.25 251.48 -0.22 0.06 2 

BT61.5 Morelos 61.5 0.19 43.99 -0.36 0.07 3 

BT-62 Morelos 62 0.40 83.02 -0.15 0.04 2 

BT63.5 Morelos 63.5 0.57 292.21 -0.30 0.05 2 

BT64 Morelos 64 0.33 66.82 -0.41 0.06 3 

BT-75 Morelos 75 1.09 78.50 -0.67 0.10 3 

BT76.2 Morelos 76.2 0.76 47.22 -0.26 0.04 3 
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