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Abstract  
Oceanic Anoxic Event 2 (OAE-2) records a dramatic increase in organic carbon burial in 

marine sediments straddling the Cenomanian-Turonian boundary (93.9 Ma). This large increase 

in the flux of organic matter to the seafloor reduced the dissolved oxygen inventory of deep oceanic 

waters, particularly in the proto-North Atlantic Ocean. Development of a greater anoxic sink 

during this time led to increased burial rates of some redox sensitive elements. Based on modern 

analogues, redox sensitive elements, such as U, can be used to estimate the extent of anoxia in the 

geologic past. This research measures uranium isotopes (!238U) in a pelagic carbonate and shale 

succession deposited in the Western Interior Seaway during OAE-2, which is interpreted to 

represent the authigenic record of seawater uranium. The measured !238U profile for the Portland 

core records a much larger negative excursion (-1.2‰) than previously reported for other OAE-2 

sections (-0.15‰ in shale at Demerara Rise; Montoya-Pino et al., 2010 and -0.47‰ in limestone 

at Eastbourne; Clarkson et al., 2018). Accounting for fractionation associated with syndepositional 

reduction of uranium into anoxic sediments, the relative size of the !238U excursion in the Portland 

core can be decreased to -0.64‰, decreasing the differences between the two carbonate profiles. 

The recent focus on the incorporation of uranium into carbonate precipitates has found evidence 

for a small diagenetic alteration of primary seawater !238U values during carbonate deposition, 

could possible explain the difference between the two profiles (0.20 to 0.40‰). Therefore, the 

!238U profile from the Portland core might be a more accurate reflection of the uranium isotopic 

composition of coeval seawater during OAE-2.  
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CHAPTER 1  

Introduction 
Modern climate science shows that increasing temperatures could be devastating to some 

modern plant life, aquatic life, and terrestrial life (Meisner et al., 1987; De Boeck et al., 2007; 

Stirling and Derocher, 2012). As atmospheric temperatures increase, and in turn sea-surface 

temperatures, the ability for the oceans to retain oxygen decreases (e.g., oxygen saturation is 20% 

lower in seawater of 15°C than it is at 0°C ocean water temperature; Huber et al., 2002) allowing 

low oxygen or oxygen free (anoxic) zones within the water column to more readily form (Trabucho 

Alexandre et al., 2010). Due to the broader consequences that a warming climate has on the Earth, 

the geologic past can help understand the effects an expanding anoxic zone would have. Our planet 

has been well oxygenated for the last 500 Ma. Relative to today, atmospheric oxygen levels were 

1 to 2 orders of magnitude less prior to the Phanerozoic (Berner and Canfield, 1989) (Figure 1.1). 

Discrete intervals exist throughout Earth history, however, where the oceans are estimated to be 

up to 50 times more anoxic than present day (Jenkyns, 2010; Zhang et al., 2018). Primarily 

occurring during the Cretaceous Period (145 – 66 Ma), these discrete intervals  represent periods 

of significant organic carbon sequestration and preservation, extinction, and faunal turnover 

(Jenkyns, 2010). Most commonly referred to as Oceanic Anoxic Events (OAE), these events 

provide a unique snapshot into a time interval when the oceans were poorly oxygenated relative to 

today. OAEs provide the opportunity to better understand possible predictions for future realities 

facing modern Earth, but also allow us to gain a framework to interpret and understand the Earth 

further back in time, when an oxygenated atmosphere was first forming (2.4 – 2.1 Ga; Bekker et 

al., 2004). Spanning from the early to mid-Jurassic Period (183 Ma) to the late-Cretaceous Period 

(~ 85 Ma), eight separate OAEs have been identified, with three of them being considered globally 

significant (Early Toarcian Oceanic Anoxic Event, Early Aptian Oceanic Anoxic Event, and 

Cenomanian-Turonian Oceanic Anoxic Event; Figure 1.2). Of those three, OAE-2 or the 

Cenomanian - Turonian OAE, is widely studied largely due to its longevity, global distribution, 

and its easily identifiable geochemical signatures. 
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Figure 1.1 Evolution of Earth’s atmospheric oxygen content through the Phanerozoic Era. Figure from Glasspool and Scott (2010).  

 

Since its discovery by Schlanger and Jenkyns (1976), OAE-2 has become a major focal 

point in paleo-redox research. Schlanger and Jenkyns (1976) found evidence of widespread 

organic-rich sediments in several Aptian-Albanian and Cenomanian-Turonian sedimentary 

sequences from Deep Sea Drilling Program (DSDP) core in both the south central and western 

North Pacific Ocean. Further investigation led to the discovery of similar d13C excursions in 

Aptian-Albanian and Cenomanian-Turonian aged organic-rich sediments in various depositional 

environments from around the world (Figure 1.3; Hetzel et al., 2006; Tucholke and Vogt, 1979; 

Murdmaa, 1978; Tucholke et al., 2006; Thurow et al., 1988; Kuypers et al., 2004; Monaco et al., 

2002; Curiale, 1994). When initially discovered, Schlanger and Jenkyns (1976) attributed the 

widespread preservation of organic-rich black shales and the associated anoxia to be a result of 

increased organic productivity due to increased nutrient supply to the oceans. Although the ideas 

presented in Schlanger and Jenkyns (1976) still have merit, new ideas have been proposed for the 

cause of the increased nutrient supply. Some postulated the reason behind the increased nutrient 

supply had been intensified weathering processes during the Cretaceous due to a more humid 

climate and higher freshwater runoff (Arthur et al., 1987). A combination of a humid climate and 

increased runoff would supply the excess nutrients to the oceans. The expansion of anoxia was 

also suggested to be the result of a salinity stratified water column due to a sea level rise. As a 

result, organic matter would be trapped within the lower most level and eventually preserved 

(Arthur et al., 1987). Alternatively, more recent work, such as Sinton and Duncan (1997); Snow 
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et al. (2005); Turgeon and Brumsack (2006); and Holmden et al. (2016), has suggested that there 

was an additional or complementary source for the nutrients. They suggest that the arrival of a 

short lived, massive, underwater eruption, known as a Large Igneous Province (LIP), acted as the 

principle source of nutrients for primary production to increase. Large amounts of basalt were 

erupted onto the ocean floor and along with it the release of bio-essential metals (i.e., Fe, Cu, and 

V) contained in thermally buoyant plumes.  Sinton and Duncan (1997) postulated that the addition 

of ferrous Fe from the erupting LIP stimulated primary productivity. Regardless of the cause, all 

theories as to why or how widespread anoxia occurred during OAE-2 share a common theme of 

increased nutrient supply.  
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Figure 1.2 Geologic time scale depicting eight known oceanic anoxic events in the last 200 Ma. Pink ovals indicate globally 

significant anoxic events. Modified from Jenkyns (2010). 
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Figure 1.3 Key localities of the Cenomanian-Turonian boundary locations in which the OAE-2 event has been studied. From 

Jenkyns et al., (2017). 

 

1.1 Evidence for enhanced anoxia during OAE-2 

Ocean circulation patterns for the Proto-North Atlantic Ocean (PNAO) were conducive to the 

formation of organic-rich sediments along the eastern margins of the PNAO. Within the organic-

rich sediments forming under these conditions, redox sensitive elements will be preferentially 

removed from seawater into the sediment. As a result of the increased drawdown and preservation 

of some redox sensitive elements, organic-rich shales offer an excellent record of TE enrichments. 

By measuring the relative abundances of redox elements in marine sediments it is possible to 

understand the state of atmospheric oxygen throughout Earth’s history. Elevated concentrations of 

many redox sensitive elements suggest the presence of a well oxygenated atmosphere because the 

processes that remove them into the sediments are dominated by reductive mechanisms, therefore 

the higher the concentration of the element the less anoxic sediments there are globally. Elevated 
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levels of redox metals in organic-rich sediments such as uranium, which are introduced through 

oxidative processes (discussed below), demonstrates that marine anoxia for most of the 

Phanerozoic was minimal relative to the Precambrian (Figure 1.4; Partin et al., 2013). 

Concentration data is a useful first order approach to understanding the redox state of the oceans. 

Concentrations of U, Mo, and Fe through the Cenomanian-Turonian boundary in organic-rich 

sediment (Figure 1.5 and 1.6) demonstrate the ability for concentrations to record major 

perturbations to the marine redox state. However, they do not allow us to discriminate between the 

cause of the perturbation. Instead isotopes have the potential to narrow in on the specific source or 

sink that is controlling the change and can allow us to estimate the relative change the source or 

sinks underwent. 

 
Figure 1.4 U concentration for organic-rich shales through time. [U] follows closely to pO2 estimates, illustrating the point that 

during increased oxygen levels of the Phanerozoic were associated with higher seawater U concentrations. Green bar represents 

average continental crust U content of 2.7 ppm. From Partin et al. (2013). 
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Figure 1.5 Plots of changing uranium concentration from black shales in four stratigraphic sections in the proto-North Atlantic Ocean that record OAE-2. With the onset of OAE-2, 

uranium concentration in the sediments increases, due to its preference to be sequestered into anoxic sediments as the OAE progresses, while the concentration of uranium within 

seawater decreases due to this drawdown. This trend can be seen from four localities in the proto-Atlantic Ocean (red star denotes Demerara Rise, orange is Galicia,  yellow star is 

the Newfoundland Basin, and the purple star represents New Mexico) with data plotted from literature sources (Thurow et al., 1988; Curiale, 1994; Hetzel et al., 2006; Tucholke et 

al., 2006).  Red line represents the approximate Cenomanian – Turonian Boundary. Each graph shows uranium concentrations with core depth, which gives an indication that uranium 

is indeed responding to the OAE. Map modified from Trabucho Alexandre et al. (2010).  
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Figure 1.6 Plots depicting Mo enrichment in OAE-2 aged sediments from select locations around the PNAO (van Helmond et al., 2014). The removal of Mo from seawater, resulting 

in a large enrichment within the sediments, can be used as an indicator for the expansion of poorly oxygenated waters. Grey bars represent the OAE-2 interval. 
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1.2 Thesis Overview 

Chapter 2 explains the background of the thesis, covering climate during OAE-2, the 

geometry and importance of both the Proto-North Atlantic Ocean and the Western Interior Seaway 

to the causation and preservation of OAE-2. Chapter 3 discusses the geological background of the 

study area. Chapter 4 discusses the processes and mechanisms by which the uranium isotope 

system fractionates within the modern oceans. Chapter 5 describes the analytical procedures used 

and Chapter 6 presents the results of those procedures. Chapter 7 discusses the results in context 

of OAE-2 and the implications of those results on the chemical state of the oceans and finally 

Chapter 8 concludes the thesis and presents possible considerations for future work.
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CHAPTER 2 

Framework, Background, and Research Hypotheses 
2.1 The Proto-North Atlantic Ocean 

OAE-2 occurred when the Atlantic Ocean was still relatively young. Since the initial 

breakup of Pangea (~180 Ma), the North American, European, and African continents continued 

to drift apart forming the Proto-North Atlantic Ocean (PNAO) (Figure 2.1). During this time the 

PNAO acted as a semi-restricted basin, resulting in the cold, deep, nutrient rich waters of the 

Pacific Ocean to be trapped within the PNAO (Trabucho Alexandre et al., 2010). Topper et al. 

(2011) attributes sea level changes throughout the pre- to post OAE period as a major reason as to 

why OAE-2 occurred. Based on the seawater curves of Miller et al. (2005) (Figure 2.2), Topper et 

al. (2011) concludes that prior to OAE-2 sea level was roughly 150 m lower than during OAE-2 

(Figure 2.2) and was not conducive to allowing circulation of Pacific waters into the PNAO. Early 

research on the organic-rich shales suggested that the lack of incoming Pacific Ocean water would 

result in a lack of water renewal to the PNAO, reducing the oxygen content of the waters. Later it 

was suggested that the PNAO was cut off due to low sea-level and allowed for the anoxic 

conditions to more readily develop (Bralower and Thierstein, 1984).  However, counter to these 

ideas, Trabucho Alexandre et al. (2010) suggested that circulation was less of a factor in the 

creation of anoxic bottom water conditions instead, they suggested the paleo-geometry of the 

PNAO basin was a more important factor in facilitating anoxic conditions, a claim later repeated 

by Topper et al. (2011). Just prior to OAE-2, the Caribbean Large Igneous Province (LIP) was 

erupting near the Central American Gateway (Figure 2.1). Recent studies (Snow et al., 2005; 

Holmden et al., 2016) have suggested that the intruding Caribbean LIP was the dominant cause of 

OAE-2. The authors suggest that the ensuing hydrothermal activity introduced vast amounts of 

bio-essential metals in the form of anoxic plumes that worked their way into the PNAO. The close 

connection between atmospheric and ocean circulation would have also seen an intensified wind 

driven ocean surface circulation resulting in more intensified storm systems (Föllmi, 2012). An 

overall increase of ocean surface circulation would have help fuel Ekman transport-driven 

upwelling processes that supplied the nutrients for the increase in primary producers. Due to the 

enhanced primary productivity, an increase of organic matter deposition occurred (Figure 2.3). As 

organic matter settles, the available oxygen is used up during microbial degradation of the organic 
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material and through a host of other abiotic and biotic processes, then combined with 

sedimentation rates and water column circulation and stratification soon leads the eventual 

disappearance of available oxygen.  This drove the oceans to transition from being oxic to less 

oxic (up to 4x more anoxic; Montoya-Pino et al., 2010)). Circulation models for the PNAO before, 

during, and after OAE-2 all support the intensified upwelling and the ensuing increase in primary 

productivity. When all combined, poor circulation and low nutrients limit the production of 

organic matter. Prior to OAE-2 ocean turnover was relatively low due to sluggish upwelling rates 

and poor water exchange with the global oceans (Topper et al., 2011). During the marine 

transgression at the onset of OAE-2, the intermediate inflow became more prominent and 

exchange with the global oceans increased, eventually intensifying the upwelling mechanism 

(Topper et al., 2011). Deposition of organic-rich sediments along the eastern margins of the PNAO 

and lack of organic-rich sediments along the northern edges support the increased input from the 

Pacific Ocean (Topper et al., 2011). Eventually, seafloor conditions, because of the intensified 

cycling, transitioned back to a more oxygenated state. With the decrease of primary production 

and the intense bottom water re-oxygenation, organic matter preservation became less efficient 

and the oceans transitioned back to pre-OAE-2 like conditions.  

 
Figure 2.1 Paleogeographic map of the Proto-North Atlantic Ocean showing the location of the study area in reference to the 

Western Interior Seaway and Caribbean LIP. Modified from Trabucho Alexandre et al. (2010). 
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Figure 2.2 Relative seawater curve for the Cenomanian – Turonian boundary. T and R refer to transgression and 

regression, respectively. Modified from Miller et al. (2005). 
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Figure 2.3 Paleogeographic map of the Proto-North Atlantic Ocean with locations of modeled and observed upwelling. CAS 

denotes the Central America Seaway and WIS denotes the Western Interior Seaway. From Topper et al. (2011). 

 

2.2 The Caribbean Large Igneous Province  

 Large igneous province (LIP) events are geologically short periods of time in which 

massive amounts of magma is erupted or intruded because of early hot spot development (Snow 

et al. 2005). Unlike seafloor spreading or other plate derived movement, LIP events occur on a 

much shorter timescale and produce a much larger volume of lava, with the eruption lasting 100 

to 1000 kyr.  Multiple phases of submarine eruptions during the formation of the Caribbean plateau 
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closely coincide with the onset of major ocean anoxic events, including 1a, 1b, and 2 (Figure 2.4; 

Snow et al. 2005). This has led many studies (Turgeon and Creaser, 2008; Trabucho Alexandre et 

al., 2010; Holmden et al., 2016) to postulate that large scale hydrothermalism, at the scale of a 

LIP, might have been responsible for the abrupt change in ocean chemistry leading to OAE-2. But 

as Snow et al. (2005) pointed out, for a hydrothermal event such as the Caribbean LIP to be 

responsible for the changes in ocean chemistry during OAE-2, it must have occurred within the 

measurable uncertainty associated with the timing of the Cenomanian – Turonian boundary (93.9 

Ma).  

 Orth et al. (1993) measured 28 samples associated with a possible extinction or migration 

event for elemental abundance anomalies from the WIS and the around the globe. They found 

significant metal enrichments (Sc, Ti, V, Cr, Mn, Co, Ni, Ir, Pt, and Au) within the 16 WIS 

samples, but found a significant drop in those abundances from the northern European localities. 

The authors attributed the source of the anomalies to hot spot development in the eastern Pacific 

Ocean. Sinton and Duncan (1997) later developed a model for the PNAO that considered the 

metals to be the result of an abrupt hydrothermal event linked to the Caribbean LIP and the metal 

rich, thermally buoyant plume. Snow et al. (2005) confirmed the spike in trace metal 

concentrations coincides with the LIP event. A negative 187Os/188Os and 87Sr/86Sr excursion 

corresponding to the start of OAE-2 further supports their conclusion (Figure 2.5).   
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Figure 2.4 Mid-Cretaceous Sr isotope curve. Low points have been interpreted to be a result of large hydrothermal events such as 

the Ontong Java and Caribbean LIP supplying non-radiogenic Sr into the oceanic reservoir. Modified from Snow et al. (2005).  
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Figure 2.5 Chemostratigraphic profiles for the USGS PO #1 core from Holmden et al. (2016). 187Os/188Os profile decreases 

dramatically at the onset of OAE-2 and falls within the timeline of the Caribbean LIP indicating a possible connection to magmatic 

degassing and submarine weathering of the LIP. The carbonate d53Cr record also supports the timing of the Caribbean LIP. The 

record should show a positive excursion during increased anoxia but shows the opposite, suggesting the excess d53Cr comes from 

a hydrothermal source. 

 

2.3 Plenus Cold Event 

Although the Cretaceous was generally a warmer period relative to today (Figure 2.6), 

there is evidence for short-lived cooling events throughout the period. One such event occurred 

during the earliest stages of OAE-2 and is known as the Plenus Cold Event (PCE) from 94.7 to 

94.35 Ma (Gale et al., 1996; Jenkyns et al., 2017). The initial discovery of the PCE comes from 

the work of Jefferies (1961, 1963) on the Plenus Marls, a series of hemi-pelagic marls from 

southeast France, as well as work done on pelagic chalks from southern England. Jefferies (1961, 

1963) identified eight bed units within the Plenus Marls, based on unique faunal assemblages 

found within the marls. They determined that the type fauna, Praeactinocamax plenus, is not 

evident in Bed 3 and most concentrated in Bed 4 but ranges up to 8. Jefferies (1961, 1963) 
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acknowledged the likeness of P. plenus to assemblages found within mid-Cenomanian chalks 

considered to be of a “boreal type” affinity, able to adapt to cooler conditions quickly. The δ18O 

records for this period support this claim with generally heavier values that align well with the 

beds above and below Bed 3 suggesting the PCE existed as two cooler periods punctuated with a 

warmer period (Jenkyns et al., 2017).  

Evidence of the PCE within North American samples, particularly from the WIS have not 

been as easily identified as their counterparts within Europe. Jenkyns et al. (2017) suggest this to 

be due to the lack of belemnite preservation. However, rare cases of Praeactinocamax have been 

found within sediments deposited in the WIS have been referred to as “northern guest” that came 

south with the southern movement of a boreal water mass (Jenkyns et al., 2017). Although the 

identification of the PCE by the same metrics with the WIS may be difficult but evidence of a 

Plenus-like event has been found. Referred to as the Benthic Oxic Zone (BOZ), small boreal 

dinocysts have been found throughout the WIS, as far south as modern Texas. Evidence of the 

boreal dinocysts as far south as modern Texas suggests the southerly movement of cooler more 

oxygenated water masses throughout WIS at the start of OAE-2 (Figure 2.7). Additional evidence 

from paleo SST data from the Deep Sea Drilling Program and Integrated Ocean Drilling Program 

cores suggest a 4°C drop at the equator and a 5 to 11°C drop near the northern end of the PNAO 

(Forster et al., 2007; Sinninghe Damsté et al., 2010) during the same time. This implies that the 

cooler waters were also moving into the PNAO and even possibly wrapping around and into the 

southern end of the WIS. In either case it would be expected for the PCE to be recorded in the 

Portland core. 
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Figure 2.6 Average global temperatures during the Cretaceous Period compared to the present global average, from Hay and Floegel 

(2012).   
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Figure 2.7 Surface circulation for the WIS during the Cenomanian-Turonian transition. The counter clockwise gyre would have 

pulled in the PNAO water along the eastern margins of the WIS and pulled down the cool waters from the north along the western 

edge of the seaway. Modified from Elderbak and Leckie (2016). Evidence of northern boreal dinocysts as far as modern Texas 

would be fall in line with the predicted circulation model for the WIS and it would not be unreasonable to capture the PCE in the 

Portland section (green circle). 
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2.4 Western Interior Seaway 

The Western Interior Seaway (WIS), an epicontinental seaway, was at its largest during 

the Cenomanian-Turonian Transgression when it was approximately 1620 km across (Sageman, 

1989) (Figure 2.8). Spanning from the southern edge of the United States to the northern tip of 

Canada, the seaway connected the northern boreal waters to the southern Tethys Sea. Tectonic 

subsidence from the Sevier Orogeny during the Late Jurassic and Cretaceous began forming the 

Western Interior Basin (WIB). Prior to the connection of the two water bodies, the WIB was 

characterized by several complex alluvial plains. Continued subsidence of the WIB during the 

Cenomanian-Turonian transgression led to widespread flooding and the eventual joining of the 

two water bodies. Bounded by the Sevier highlands to the west, the WIS slowly moved eastward 

reaching as far as modern-day Iowa and possibly Hudson Bay. The eventual erosion of the Sevier 

highlands is considered the dominant source of terrigenous material to the western edge of the 

WIS. The WIS experienced numerous episodes of transgressive – regressive sequences resulting 

in, at least along the western edge, thick units of siliciclastic sediments reflective of the dominant 

clastic input and to the east and central zones, sequences dominated by pelagic carbonates. 

 Unlike the PNAO, the WIS did not experience widespread anoxia. Lower levels of organic 

matter burial and increased diversification of both planktonic and benthic foraminifera suggests 

locally oxygenated environments throughout the WIS during OAE-2. Southward movement of 

well-oxygenated boreal waters likely spurred the abrupt rise of planktonic and benthic foraminifera 

diversity prior to OAE-2. However, the northward movement of poorly oxygenated southern 

waters from the Pacific, coincident with the positive !13C excursion at the onset of OAE-2, quickly 

took over. The abrupt rise of !13C values at the beginning of OAE-2 comes from increased burial 

of organic matter within the PNAO and is captured fully by the contemporaneous deposition of 

the Bridge Creek Limestone Member of the Greenhorn Formation within the WIS. The Bridge 

Creek Limestone is characterized by highly bioturbated limestone beds alternating with laminated 

marlstone beds, and frequent intervals of calcareous shales and bentonite layers in between.  

Work done on the Rock Creek Anticline and the Pueblo section by Eicher and Worstell 

(1970) and Leckie et al. (1998) identified three distinct foraminiferal biofacies zones: (zone 1) 

supports the incursion of the Northern Boreal waters and the expansion of foraminifera diversity. 

(zone 2) a planktonic zone defined by decreased planktonic diversity and (zone 3) an increase 

biserial forms associated with the base of the uppermost Neocardioceras juddii ammonoid zone 
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and contemporaneous with a negative !18O excursion. The negative !18O excursion within the 

seaway suggests a higher riverine input and correlates to a decrease in planktonic diversity. 

Improved planktonic diversity correlates with a positive !18O excursion and the associated sea-

level rise with incoming waters of the Tethyan waters into the PNAO and then into the WIS at the 

onset of OAE-2 (Keller and Pardo, 2004). 

 
Figure 2.8 Paleogeographic map of the WIS during the mid-Cretaceous. Particular attention should be given to the connection of 

the WIS to both the southern PNAO waters and the northern boreal waters. This connection allowed the southern movement of 

boreal waters to invade the WIS.  Red star denotes the location of the studied core, paleogeographic reconstructions place study 

area between ~35° to 40°N which are consistent with published estimates of 30° to 45°N (Kauffman, 1977; Trabucho Alexandre 

et al., 2010). Modified from Blakey (2011). 
2.5 Research aim, hypothesis, and predictions 
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Considering the driving factors behind the cause of OAE-2, the geochemical state of the 

oceans, and the physical geometry of PNAO and WIS, this research aims to determine if the 

micritic limestone of the Bridge Creek Limestone and the calcareous shale of the Hartland Shale 

members, deposited in the Western Interior Seaway, record a similar stratigraphic variation in 

sedimentary !238U changes as previously published in Montoya-Pino et al. (2010) in black shales 

(~0.15‰) or Clarkson et al. (2018) in limestone (~0.47‰) in the Proto-North Atlantic Ocean. 

During periods of intense carbon production and sequestration, marine redox conditions can shift, 

resulting in the development and expansion of entirely new zones of marine anoxia. As this occurs, 

redox sensitive elements, such as uranium, are reduced and preferentially removed at a higher rate 

than before by anoxic marine sediment. Therefore, the hypotheses of this study are: 

 

(1)  If the size of the anoxic sink, relative to today, increased during OAE-2, then the !238U 

profile for the USGS Portland #1 Core will display a similar negative isotopic excursion to 

published results (either Montoya-Pino et al. (2010) or Clarkson et al. 2018) because the 

!238U signature of seawater is directly related to the size of the anoxic sink. The reduction 

of uranium into anoxic sediments is the greatest control on the seawater !238U value. 

Therefore, even a small increase in the anoxic sink will affect the !238U signature of 

seawater.  

(2) If the !238U of seawater is truly susceptible to global scale perturbations, then the !238U 

record of the studied core should record evidence of the Plenus Cooling Event during the 

early stages of OAE-2.  

 

If the !238U profile for the Portland core does display a similar trend to either published OAE-

2 sections, then the viability of the uranium isotope system as a reliable indicator of marine anoxia 

appears to be true. However, if this is not the case then either the effects of carbonate diagenesis 

on the !238U record are poorly understood or our constraints on how the marine uranium isotope 

system operated in the past is not well defined. If either scenario is true or a combination of the 

two, then any attempt to quantify the extent of anoxia during OAE-2 or at any other time will be 

fundamentally flawed. 
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CHAPTER 3 

Geological Background of the Study Area 
 Building off of the description of the WIS in Chapter 2, this section further describes the 

study location and lithology of the study core. Samples for this study are from the USGS Portland 

#1 core, drilled near Pueblo, Colorado, USA (38.2544°N, 104.6091°W) (Figure 3.1). The Portland 

core is divided into two stratigraphic units representing the two uppermost units of the Greenhorn 

Formation (Figure 3.2). The lower Hartland Shale Member sits upon the Lincoln Limestone and 

is capped by the Bridge Creek Limestone Member. Each member was deposited within the 

Cretaceous WIS and each member brackets OAE-2, with most of the event recorded in the upper 

Bridge Creek Limestone. The three units of the Greenhorn Formation represent a transgressive 

event known as the Greenhorn Cyclothem (Kauffman, 1977). Deposition of the Hartland shale 

occurred just prior to eustatic high-stand with maximum water depth around 200 m (Sageman, 

1989). Whereas, deposition of the younger Bridge Creek Limestone marked the peak of the 

Greenhorn transgression with water depths varying somewhere between 600 and 900 m for the 

seaway (Eicher, 1967).  

3.1 Hartland Shale Member 

The lowest member, the Hartland Shale Member, is primarily characterized by large, meter 

scale beds containing thinly bedded calcarenite layers intermittently occurring within 30 to 100 

cm thick gray shale layers (Keller and Pardo, 2004). The member itself ranges in thickness from 

south central Utah to northern Kansas, varying between ~7m to 35m thick (Figure 3.3). The 

Hartland shale was likely deposited close to the shoreline, where on occasion, it would receive an 

influx of freshwater and clastic sediments during the wet and humid climate conditions associated 

with the late Cretaceous.  

3.2 Bridge Creek Limestone Member  

The overlying Bridge Creek Limestone Member marks the transition from the Cenomanian 

into the Turonian. The bottom of the Bridge Creek consists of a 40-50 cm thick bioturbated micritic 

limestone (Bed 63). This bed has been previously interpreted as the type facies for the main sea-

level transgression at the end of the Cenomanian (Keller and Pardo, 2004). Working up-section, 

the Bridge Creek transitions to thinner, 10-20 cm intermittently bedded thick bioturbated 

limestones, intercalated with thick, dark organic-rich shales, ranging between 10 to 60 cm in 
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thickness (Keller and Pardo, 2004). The alternating limestone beds align well with the ~ 41 ka 

obliquity cycle (Sageman et al., 2006).  

 

 
Figure 3.1 Location map of the USGS PO #1 Core. Located near Pueblo Colorado, USA. Modified from Keller and Pardo (2004).  
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Figure 3.2 Stratigraphic column of the USGS PO #1 Core. Modified from Holmden et al. (2016). 
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Figure 3.3 Stratigraphic correlation of Hartland Shale Member across a transect of the WIB (inset map). From Sageman (1985).  
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CHAPTER 4  

Uranium Cycling in the Modern Ocean 
Establishing a strong framework for uranium cycling in the modern ocean is crucial for the 

accuracy of the uranium isotope paleo-proxy and makes it possible to address fundamental 

questions about the co-evolution of Earth processes and life during Earth history. Studies in the 

last decade have contributed to better constraints on various aspects of the uranium isotope system 

(e.g. Stirling et al., 2007; Weyer et al., 2008; Brennecka et al., 2010, 2011; Holmden et al., 2015). 

Within this chapter, a breakdown of both the main sources and sinks for uranium is discussed, as 

well as the isotope systematics of the modern marine uranium cycle.  

4.1 Sources and Sinks of the modern uranium budget 

  Uranium exists as one of two distinct geochemical states, either as the oxidized and highly 

soluble U6+ or as the reduced and immobile U4+ state. Unlike some redox proxies (Cr, Fe, etc.), 

hydrothermally sourced fluids are not a significant source of uranium (e.g. underwater vents and 

LIPs; German and von Damm, 2003). Under oxidizing conditions, immobile U4+ in continental 

rocks is released through chemical weathering processes and transported to the global oceans as 

the mobile U6+ phase. Under these oxic conditions, uranium exists as the stable, uranyl carbonate 

ion (UO2(CO3)3-4) within the oceans at a constant concentration of ~ 3 ppb (Ku et al., 1977). Based 

on the distribution of mass, more than 99% of the uranium within the modern oceans exists as the 
238U isotope and less than 1% as the 235U isotope (Weyer et al., 2008). The hallmark of a reliable 

redox proxy is its ability to record any perturbations to a steady state system (where inputs are 

equal to the outputs). Based on U/Ca ratios from corals since the Pliocene, Dunk et al. (2002) 

assumed that the global reservoir of U appears to have been relatively stable over the last 4 Ma. 

This has led many to conclude that the marine uranium cycle is stable and at steady state (Barnes 

and Cochran, 1990; Morford and Emerson, 1999; Dunk et al., 2002; Henderson and Anderson, 

2003). For the proxy to be robust and useful, a steady state system is required, but a detailed 

breakdown of the respective inputs and outputs is also needed. Based on work by Dunk et al., 

(2002) there are three pathways by which uranium can enter the ocean; aeolian dust (~2%), 

groundwater discharge (~18%), and river runoff (~80%), with river runoff representing the largest 

input (Figure 4.1). The largest sink of uranium from the oceans is the burial of U4+ within anoxic 

and suboxic marine sediments. The remaining uranium within the system is removed through 
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either complexation with carbonate minerals, submarine weathering, or incorporation into 

siliceous oozes. Under reducing marine conditions, soluble U6+ is reduced to the immobile U4+ and 

sequestered primarily into organic-rich shales (Anderson et al., 1989). The concentration of 

uranium within seawater is largely controlled by the extent of these reducing conditions. Today, 

the reducing sink (suboxic and anoxic sediments) represents between 55% and 80% of the total 

drawdown of uranium (Dunk et al., 2002). Due to the very small area of the seafloor that is anoxic 

(~ 0.3% of the seafloor), the majority of the drawdown by suboxic sediments (O2 penetration depth 

<1 cm; Morford and Emerson, 1999; Dunk et al., 2002). However, due to the rate at which anoxic 

sediments sequester uranium (14x faster) the size of the anoxic sink can have a great effect on the 

uranium system. A smaller proportion of U is incorporated into biogenic carbonate (~28%) and a 

lesser amount into siliceous oozes (~4%). Adsorption onto iron oxyhydroxides during submarine 

weathering of basalts accounts for the remaining 12% (Dunk et al., 2002).  

 
Figure 4.1 Source-sink block diagram for the modern uranium system. Red texts denotes input fluxes: Aeolian (1.8 ± 1.1 

Mmol/year), groundwater (9.3 ± 8.7 Mmol/year), and riverine (42.0 ± 14.5 Mmol/year) for a total input of 53 ± 15 Mmol/year 

(Dunk et al., 2002). White text denotes major output fluxes: biogenic carbonates (13.3 ± 5.3 Mmol/year), suboxic sediments (15.3 

± 10.6‰), anoxic sediments (11.6 ± 6.0 Mmol/year), weathering of altered basalts (5.7 ± 3.3 Mmol/year), pelagic clays (0.4 ± 0.2 

Mmol/year), and coastal zone retention (11.2 ± 5.6 Mmol/year). 
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4.2 Removal of uranium into biogenic carbonates 

 The magnitude of fractionation and the exact mechanisms that controls the reduction of U 

from solution and into the sediment is still somewhat unknown. This affects our ability to reliably 

use the isotopic signatures of these types of sediments as proxies for the geologic past.  Fortunately, 

recent research has been focusing on the !238U record of biogenic carbonates as an alternative 

archive for seawater !238U values. According to work in the Bahamas by Romaniello et al. (2013), 

modern marine carbonates are likely recording the  U isotopic signature of seawater. However, as 

Romaniello et al. (2013) state, carbonate-hosted proxies can face a number of complicating factors. 

They show that some carbonate precipitates were recording coeval seawater !238U values, while 

shallow sediments were not recording seawater !238U values, but rather heavier, more positive 

!238U values (Figure 4.2).  

Romaniello et al. (2013) suggest that diagenesis may be responsible for the positive shift in 

the sediment !238U values. However, this is counter to the current understanding of the uranium-

carbonate complexation mechanism. Uranium predominantly occurs as the uranyl carbonate ion 

in seawater and is readily incorporated into carbonate minerals. When binding with the aragonite 

crystal structure the uranyl carbonate is able to maintain its coordination and is likely incorporated 

directly (Reeder et al., 2000). Because there is no coordination or redox change required during 

the incorporation into aragonite, no fractionation of uranium is expected. However, when uranium 

is incorporated into the calcite structure, there is a coordination change in order to fit, implying 

some degree of fraction occurs (Reeder et al., 2000). However, like aragonite, no isotopic 

fractionation is observed during the incorporation of U into calcite.  

 

 
Figure 4.2 Schematic representation of !238U for modern Bahamian carbonates from Romaniello et al. (2013). 
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4.3 The effect of diagenetic alteration on carbonate hosted	U  

As is common within carbonate successions, the physical and chemical effects of 

diagenesis can be challenging to decipher. The effects of diagenesis on uranium isotopic 

composition of carbonates are not fully understood. Recent work measured modern day Bahamian 

carbonates and found no inherent fractionation of uranium during the complexation to carbonates 

(Romaniello et al., 2013). However, in the same study, they found that at shallow burial depths (1 

to 3 cm) the !238U value migrates away from that of seawater, by up to + 0.4‰, indicating early 

stage diagenetic alteration. Quantifying the effects of diagenesis on U isotopes then becomes 

paramount to the success of the proxy because the carbonate !238U record offers the best chance 

to measure the !238U of paleo seawater. However, if we are unable to account for the effects of 

syndepositional diagenesis or post depositional alteration, then the carbonate !238U record is of 

little value. 

 Hood et al. (2016) argues that the effects of diagenesis cannot be accounted for unless 

detailed petrographic work with careful sample selection is done. They analyzed a number of 

Neoproterozoic carbonate reef samples from the Balcanoona Reefs that have undergone 

recrystallization. Values of !238U was measured for unaltered marine cements and found little 

variation between samples, though !238U variability was measured between different carbonate 

components, even in the same hand sample (Hood et al., 2016). Although sample to sample 

variation was minimal, compared to modern seawater !238U, the unaltered cements were found to 

be significantly heavier (-0.23 ± 0.16‰). !238U and trace element concentrations (Fe, Th, and Zr) 

measurements were also done on deeper water carbonates. Both a heavily altered carbonate cement 

and a “pristine” cement was measured. The !238U values were found to be similar between the two 

samples, but element concentrations were found to be much heavier for the altered cement. They 

propose the heavier !238U values could be due to reducing pore fluid, as suggested by Romaniello 

et al. (2013) but discount the idea due to a lack of sulfide minerals within the carbonate reef (Hood 

et al., 2016). This considered, Hood et al. (2016) suggests the effect of diagenesis needs to be 

addressed on a sample per sample basis for any carbonate based redox proxy. 

 Lau et al. (2017) addressed possible issues facing the use of the carbonate hosted !238U 

seawater record for a suite of limestone samples from the Neoproterozoic Tashir Formation in 

Mongolia. They determined the effects of diagenesis to be statistically insignificant through a 
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simple model for seawater-derived diagenetic fluids modelled after the work of Banner and 

Hanson (1990). The model predicts the order in which elemental concentrations and isotopic 

compositions reset. They determined δ18O values are reset initially, followed by Sr and U 

concentrations and finally, !238U and !13C values. Lau et al. (2017) found evidence for resetting 

in the δ18O record of their samples. However, the 87Sr /86Sr ratios for the samples where well within 

the range of typical seawater for that time. They state that lithological changes can be a factor in 

how readily sediment can alter due to the varying pore size and resulting penetration depth of the 

overlying seawater. However, within their section they found little variation in the [U] and !238U 

profile, despite multiple facies changes throughout. In addition to the original sampling location, 

sections ~75 km away were measured for !238U values. They recorded a similar shift in the mean 

!238U values which Lau et al. (2017) interpreted as a feature of a primary signal.  

Based on the results from Hood et al. (2016) and Lau et al. (2017), the effects of diagenesis 

appear to be minimal or non-existent in samples with no recrystallization. Hood et al. (2016) does 

imply that different !238U values can be found between carbonate components due to the differing 

diagenetic histories. In the three examples above, each studied a fully carbonate succession. The 

samples of this study are dominantly a mix of non-recrystallized micritic limestone with a siliceous 

component. The effects of diagenesis for the samples of the Portland core are likely minimal and 

are postulated here to have not affected our samples (see chapter 7 for further discussion). 
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CHAPTER 5 

Analytical methods 
5.1 Sample preparation and digestion  

 A total of 29 samples were processed through an agate ball mill at the University of 

Saskatchewan to achieve a consistent size prior to digestion. Samples were chosen based on their 

position relative to the OAE-2 interval and !13C curve. Each sample was loaded into an agate 

bowl, which was then run through three to five, three minute, cycles. Samples were then cleaned 

out and the agate bowls were cleaned with a mixture of Alconoxâ, water and then dried. After 

drying, the agate bowls were cleaned with two rinses of 90% ethanol and loaded with the next 

sample.  

The chromatography procedures used were developed in the Saskatchewan Isotope Lab 

with the addition of adding oxalic acid (C2H2O) to elute Th. Prior to elution of the samples 

themselves, three seawater samples; a 20 ml loading volume control, a 40 ml loading volume, and 

a 10 ml loading volume with oxalic acid were spiked with 233U-236U and 230Th spikes to determine 

the proper elution scheme for the samples. The 10 ml control was processed using a 20 ml 5N 

HNO3 rinse followed by a 10 ml rinse of 5N HCL to elute Th. This was then followed by a 10 ml 

rinse with 0.5N HNO3 to elute U (Table 5.1 and Figure 5.1). The second column was loaded with 

40 ml of sample and processed exactly the same way as the control (Table 5.2 and Figure 5.1). 

Finally, the third column was loaded with 10 ml sample and rinsed with 20 ml of 5N HNO3. 

Following the initial rinse, the column was rinsed with a mixture of 5N HCL and 1N oxalic acid 

to elute Th. This was followed by a 10 ml rinse with 0.5N HNO3 to remove U (Table 5.3 and 

Figure 5.1). Based on the results of the three experiments, we determined that loading volume did 

not affect the Th or U elution, and that the addition of oxalic acid to the second rinse did remove 

Th earlier, but not enough so to warrant further use. As a result, samples were processed using a 

20 ml 5N HNO3 rinse, followed by a 10 ml rinse of 5N HCL and then a final rinse of 10 ml of 

0.5N HNO3. 

 

 



 

 33 

 

Table 5.1 Elution behaviour for isotope chromatography experiment 1: control. 

Load Load (ml) Th U 

Load sample - HNO3 5N 10 0-10 0.0000 0.0000 

Rinse - HNO3 5N 20 11-20 0.0000 0.0000 

HCL 5N 1 20-21 0.0320 0.0010 

HCL 5N 2 21-22 0.0030 0.0020 

HCL 5N 3 22-23 0.0380 0.0020 

HCL 5N 4 23-24 9.5000 0.0020 

HCL 5N 5 24-25 5.8000 0.0020 

HCL 5N 6 25-26 0.1300 0.0020 

HCL 5N 7 26-27 0.0300 0.0020 

HCL 5N 8 27-28 0.0160 0.0020 

HCL 5N 9 28-29 0.0160 0.0020 

HCL 5N 10 29-30 0.0150 0.0020 

HCL 0.05N 11 30-31 0.0233 1.8167 

HCL 0.05N 12 31-32 0.0033 116.6670 

HCL 0.05N 13 32-33 0.0033 1.4500 

HCL 0.05N 14 33-34 0.0033 0.8833 

HCL 0.05N 15 34-35 0.0033 0.1833 

HCL 0.05N 16 35-36 0.0033 0.2000 

HCL 0.05N 17 36-37 0.0033 0.0233 

HCL 0.05N 18 37-38 0.0033 0.1167 

HCL 0.05N 19 38-39 0.0033 0.0833 

HCL 0.05N 20 39-40 0.0033 0.0833 
  

Sum = 15.6330 121.5259 
  

Yield = 99% 99% 
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Table 5.2 Elution behaviour for isotope chromatography experiment 2: 40 ml load. 
Load Load (ml) Th U 

Load sample - HNO3 5N 40 0-40 0.0000 0.0000 

Rinse - HNO3 5N 20 41-60 0.0000 0.0000 

HCL 5N 1 60-61 0.1100 0.0050 

HCL 5N 2 61-62 0.5900 0.0050 

HCL 5N 3 62-63 0.3700 0.0050 

HCL 5N 4 63-64 5.7000 0.0050 

HCL 5N 5 64-65 19.0000 0.0050 

HCL 5N 6 65-66 0.2100 0.0050 

HCL 5N 7 66-67 0.0450 0.0050 

HCL 5N 8 67-68 0.0150 0.0050 

HCL 5N 9 68-69 0.0100 0.0300 

HCL 5N 10 69-70 0.0150 0.0250 

HCL 0.05N 11 70-71 0.0367 1.1000 

HCL 0.05N 12 71-72 0.0050 55.0000 

HCL 0.05N 13 72-73 0.0150 48.3333 

HCL 0.05N 14 73-74 0.0150 0.2667 

HCL 0.05N 15 74-75 0.0150 0.1333 

HCL 0.05N 16 75-76 0.0150 0.0667 

HCL 0.05N 17 76-77 0.0150 0.0667 

HCL 0.05N 18 77-78 0.0150 0.0667 

HCL 0.05N 19 78-79 0.0150 0.0667 

HCL 0.05N 20 79-80 0.0150 0.0667 

  
Sum = 26.2267 105.2618 

  
Yield = 99% 99% 
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Table 5.3 Elution behaviour for isotope chromatography experiment 3: oxalic acid. 

Load Load (ml)   Th   U  

Load sample - HNO3 5N 10 0-10  0.0000 0.0000 

Rinse - HNO3 5N 20 11-20 0.0000 0.0000 

HCL 5N + oxalic 1N 1 20-21 0.0550 0.0050 

HCL 5N + oxalic 1N 2 21-22 60.0000 0.0100 

HCL 5N + oxalic 1N 3 22-23 86.6667 0.0100 

HCL 5N + oxalic 1N 4 23-24 3.6667 0.0100 

HCL 5N + oxalic 1N 5 24-25 0.8000 0.0060 

HCL 5N + oxalic 1N 6 25-26 0.0700 0.0060 

HCL 5N + oxalic 1N 7 26-27 0.0475 0.0060 

HCL 5N + oxalic 1N 8 27-28 0.0223 0.0060 

HCL 5N + oxalic 1N 9 28-29 0.0250 0.0060 

HCL 5N + oxalic 1N 10 29-30 0.0150 0.0060 

HCL 0.05N 11 30-31 0.0233 2.0000 

HCL 0.05N 12 31-32 0.0233 80.0000 

HCL 0.05N 13 32-33 0.0233 15.0000 

HCL 0.05N 14 33-34 0.0233 0.3000 

HCL 0.05N 15 34-35 0.0233 0.0007 

HCL 0.05N 16 35-36 0.0233 0.0002 

HCL 0.05N 17 36-37 0.0233 0.0002 

HCL 0.05N 18 37-38 0.0233 0.0002 

HCL 0.05N 19 38-39 0.0233 0.0002 

HCL 0.05N 20 39-40 0.0233 0.0002 

  Sum = 151.6012 97.3727 

  Yield = 100% 100% 
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Figure 5.1 Measurement intensity vs. volume (ml) sampled. The three graphs depict when elution occurred of either Th (green) or 

U (blue) for the 3 experiments. Graph A represents the control experiment, while B is representative of the larger sample volume, 

and finally C shows experiment results when oxalic acid is added to the 5N HCL rinse. Although beam intensity was higher in C, 

for the purpose of this study it did not matter. In all cases Th and U eluted from the resin at essentially the same point. 
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Complete whole rock acid digestion was used in lieu of selective leaching of the carbonate 

component only. Leaching ideally targets the carbonate component, relying on a calculated mass 

to ensure the desired components are dissolved. Possible contamination can occur if the non-

carbonate component is also dissolved. The uncertainty associated with this method introduces 

possible error and may produce results not truly representative of the desired component. Instead, 

whole rock acid digestion provides a result representative of the whole rock, which can be 

corrected for detrital components later. As such, three separate whole-rock digestion methods were 

used for the digestion of samples in preparation for chromatography. Method one measured a 

portion (0.1 g) of each sample and ashed each at 600°C for 18 to 20 hours to remove residual 

organic matter.  Samples then underwent a multi-step acid digestion of HCL-HF-HNO3 in 20 ml 

Savillex Teflon beakers. After the initial acid attack by HCL samples where centrifuged at 3200 

rpm for 15 minutes, the supernatant (Ca-rich component) was decanted in a 15 ml acid leached 

Savillex container, dried on a hotplate and re -solubilized in 5N HNO3. The remaining solids were 

then transferred to a larger Savillex container where they were dried down and treated with a 1:2.5 

volume of concentrated HNO3 and concentrated HF. Once sealed, the containers were placed in 

180°C oven for 72 hours to digest the remaining solids. Once cooled, the samples were dried down 

on a hotplate and slowly diluted with 3 ml of concentrated HNO3, and then dried down again. The 

Ca-rich supernatant was then recombined with the other half, refluxed overnight, and dried down. 

Each sample was then brought up in 45 ml of 0.5 HNO3 as a stock solution. Samples were then 

aliquoted as 1 g amounts and spiked with a 233U-236U and 230Th spike for U and Th concentration 

measurements. The samples were then processed through the column chemistry procedure 

discussed above to elute the U and Th. The columns utilized Eichrom® UTEVA resin. 

 The second method utilized the same ashing and digestion procedure as method one but 

differed by not bringing the samples up into a stock solution. Instead samples were spiked with a 

predetermined 233U-236U and 230Th spike and brought up in 5ml of 5N HNO3 and loaded into the 

column. Method 3 follows the same protocol as method 2 but the spike is introduced prior to 

digestion. Possible fractionation can occur during the separation process and spiking prior to that 

corrects for this possibility.  
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5.2 Uranium isotope analysis 

 Isotope dilution mass spectrometry using the double spike method is the most effective way 

to account for machine induced bias and unintended isotope fractionation during elution chemistry. 

To account for any fractionation, sample specific aliquots of stock solution were measured and 

spiked with a 233U-236U spike before elution. Before elution, the 3 ml gravity-flow columns with 

the Eichrom® UTEVA resin underwent cleaning and equilibration and like the previous elution 

scheme for the U and Th concentrations, the samples were processed and purified from the matrix 

elements. About 120 ng of U from each sample was mixed with sufficient spike to achieve a (233U) 

spike / (235U) sample ratio of ~ 2.4. Uncertainties associated with fractionation of Th as well as lost 

sample in the form residues left behind within the first run experiments required a new approach. 

Isotope dilution was still used however, samples were spiked directly after ashing. After spiking 

the samples were processed the same as way as the previous samples.  

 U isotope ratios were measured using a Thermo Scientific Neptune MC-ICP-MS at the 

University of Saskatchewan. Samples were dissolved in 0.50 M HNO3 and introduced into the 

machine through an Aridus desolvation sample introduction system. U isotopic compositions are 

reported in the d notation relative to the standard NBL CRM 112-A (formerly NBS SRM 960 and 

CRM-145) (equation 5.1) where (238U/235U)sample and (238U/235U)std are the U isotope ratio of the 

sample and standard, respectively.  

δ238U= #
$ U%

238 U%
235& 'sample

$ U%
238 U%

235& 'standard
-1( x 1000                         (5.1) 
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CHAPTER 6 

Results 

6.1 Uranium and thorium concentrations 

Data presented in this section and the following sections represents values after ashing and 

are not corrected for mass loss during the ashing process. The authigenic seawater U 

concentrations calculated show a total range of 0 to 9.77 (n = 19) during the OAE-2 interval. This 

is considerably lower than the pre-OAE ([Ua] = 5.53 to 9.09 ppm, n = 7) and post-OAE ([Ua] = 

4.40 to 8.15 ppm, n = 3) intervals. Thorium concentrations ([Thm] = 0.26 to 20.4, n = 29) show no 

observable correlation to U concentration or U isotopes. The Th/U ratios were calculated from the 

measured whole rock concentration (Table 6.1 & 6.2).  

6.2 Lithogenic U contribution 

The !238U values (and U concentration) were corrected for detrital U released from 

lithogenic material during whole rock digestion. Thorium was used for this correction due to its 

low solubility in seawater. The lithogenic !238U was estimated by averaging the data	 from	two 

samples with the largest Th/U ratio (PO 486.7 and PO 479.2), yielding Th/U = 2.86, !238U = -

0.46‰ in Experiment 1 and Th/U = 3.43, !238U = -0.59‰ in Experiment 2. Samples with the 

largest Th/U ratio are assumed to be primarily continentally-derived and therefore representative 

of the lithogenic component. The correction tends to decrease U concentration and increase !238U 

for samples that display an isotopic signature greater than that of the lithogenic !238Ul value. 

Authigenic U was determined through equation 6.1, where Ua is the authigenic (seawater derived) 

component, Um is the measured U concentration, Thm is the measured Th concentration, and U/ThD 

is the U/Th ratio for the detrital end member.  

[./] = [.2] − [4ℎ2]	6
7
89
:
;

                               (6.1) 
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 A correction for !238U can be determined using equation 6.2, where !238U is the corrected value, 

!238Um is the measured value, !238Ul is the reference crustal value (Experiment 1: !238Ul = -0.46‰; 

Experiment 2: !238Ul = -0.59‰) determined from the !238U vs. Th/U plot (Figure 6.1), and Fl is 

the fraction of lithogenic U. These two values fall well within a reasonable range when compared 

to published !238U values for bulk continental crust (!238U = -0.28 ‰, Th/U = 3.87; Taylor and 

McLennan, 1995; Tissot and Dauphas, 2015) 

!<=>U = @ABCDEF	$@ABCDG'(IJ)
LFIG

          (6.2) 

Figure 6.1 Th/U vs. !238U for the entire USGS PO#1 Core (Experiment 2). Detrital end-member (orange) was chosen based on 

measured Th/U ratios. Samples with the highest Th/U are assumed to be continentally derived. Symbols: X represents a bentonite 

layer from within the study core. Red circles denote OAE-2 samples. Green circles denote pre OAE-2 samples and the yellow 

diamonds are post OAE-2 samples. Each measured sample defines a point mixing line with the detrital end-member. The y-intercept 

of the mixing line is the seawater-derived !238U value corrected for detrital U for that sample. 

6.3 Uranium isotope data 
 The !238U data for the two separate experiments is displayed in figure 6.2. Slight variations 

in the Th/U ratios between the two experiments can be seen in their respective tables (Table 6.1 

and 6.2) however negligible variation can be found in the !238U values between the two. Due to 

sample volume restriction, Experiment 2 had fewer measurements, as such figure 6.3 contains 

measurements from both experiments. The !238U isotope date can be separated into three distinct 

intervals (Figure 6.3). The lowest interval represents pre-OAE background conditions and is 
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characterized by stable !238U values for both experiments. Experiment 1 (spiking before digestion) 

had a mean !238U value of 0.10 ± 0.06‰, while Experiment 2 (spiking after digestion) had a !238U 

of 0.09 ± 0.02‰. This was interpreted to mean there was no significant fractionation induced by 

the dissolution and storage of the purified U samples that were not spiked at the beginning of the 

purification procedure. The !238U values for the middle interval of the core representing OAE-2 

are shifted to negative values with a men !238U value of -0.48 ± 0.07‰ and -0.52 ±0.04‰, 

respectively, for the two dissolution protocols. The !238U values for the post-OAE-2 upper core 

interval shifts back to pre-OAE-2 baseline values (Experiment 1 = 0.10 ± 0.07‰; Experiment 2 = 

0.12 ± 0.02‰).  Seawater standards were measured to ensure accuracy throughout sample runs 

(Table 6.3). 
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Figure 6.2 Uranium isotopic profile for Experiment 1 and 2. Purple circles denote measured isotopic values; blue circles represent 
corrected !238U values. 
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Figure 6.3 Uranium isotopic record for USGS PO#1 Core. Purple circles denote measured isotopic values; blue triangles represent 

corrected !238U values. Grey box denotes the extent of OAE-2 with the blue box representing the Plenus Cold Event. 



 

 

44 
 

Table 6.1 Geochemical data for experiment 1 from USGS PO #1 Core.  

 
Sample ID Serial Depth (m) U (ppm) Th (ppm) Th/U 

U (ppm) 
δ238U (s.e.) 

Th corrected 
 Lithogenic Authigenic δ238U (‰) 

Post PO 458+26 PO 102 8.75 9.38 3.5 0.37 1.23 8.15 0.07 0.15 
OAE-2 PO 461-10 PO 103 8.20 10.47 6.7 0.64 2.34 8.12 0.12 0.29 

 PO 467+28 PO 106 6.01 11.55 20.4 1.77 7.15 4.40 0.08 0.95 
 PO 469 PO 107 5.80 1.70 1.12 0.66 0.39 1.30 -1.04 -1.21 
 PO 471 PO 109 5.19 1.72 1.3 0.76 0.46 1.26 -0.31 -0.25 
 PO 472.29 PO 110 4.80 1.87 1.4 0.76 0.50 1.37 -0.20 -0.10 
 PO 474+(1-2) PO 111 4.26 4.48 9.1 2.02 3.17 1.30 -0.27 0.20 
 PO 475.98 PO 112 3.67 3.19 2.0 0.62 0.69 2.50 -0.29 -0.25 
 PO 478.13 PO 113 3.16 2.59 1.3 0.51 0.46 2.13 -0.57 -0.59 
 PO 481.42 PO 116 2.15 1.44 0.26 0.18 0.09 1.35 -0.82 -0.84 
 PO 482.71 PO 117 1.76 0.94 0.42 0.45 0.15 0.80 -0.80 -0.86 
OAE-2 PO 484 PO 118 1.54 4.60 5.07 1.10 1.78 2.82 0.07 0.41 
 PO 484.31 PO 119 1.44 2.43 0.91 0.38 0.32 2.11 -0.61 -0.63 
 PO 484+15 PO 120 1.39 2.46 0.70 0.28 0.24 2.21 -1.04 -1.10 
 PO 485+15 PO 121 1.08 2.01 1.53 0.76 0.53 1.48 -0.50 -0.52 
 PO 486.26 PO 122 0.85 0.30 0.29 0.97 0.10 0.20 -1.18 -1.55 
 PO 487.69 PO 124 0.41 0.94 1.40 1.49 0.49 0.45 -0.72 -1.00 
 PO 488.5 PO 125 0.17 8.31 4.67 0.56 1.64 6.67 -0.31 -0.27 
 PO 489 PO 126 0.01 10.46 5.11 0.49 1.79 8.67 0.14 0.26 
 PO 490 PO 127 -0.29 11.56 5.10 0.44 1.79 9.77 0.19 0.31 
 PO 492 PO 129 -0.90 10.79 4.87 0.45 1.71 9.09 0.11 0.22 
 PO 494 PO 131 -1.51 6.80 2.85 0.42 1.00 5.80 0.00 0.08 
 PO 495 PO 132 -1.82 9.99 6.18 0.62 2.16 7.82 0.06 0.21 
Pre PO 498.45 PO 134 -2.87 9.30 5.48 0.59 1.92 7.39 0.17 0.34 
OAE-2 PO 499 PO 135 -3.04 11.21 16.21 1.45 5.68 5.53 0.10 0.67 
 PO 505 PO 138 -4.86 8.96 6.46 0.72 2.26 6.70 0.14 0.34 
 PO 508 PO 139 -5.78 8.92 7.55 0.85 2.64 6.27 0.13 0.38 
 PO 479.2 PO 114 2.87 1.75 5.0 2.84 1.74 0.01 -0.43 -0.60 
 PO 486.7 PO 123 0.71 0.22 0.62 2.87 0.22 0.00 -0.49 -0.60 
 Detrital    Average 2.86  Average -0.46  

a delta values relative to CRM 112a  
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Table 6.2 Geochemical data for experiment 2 from USGS PO #1 Core. 

 
Sample ID Serial Depth (m) U (ppm) Th (ppm) Th/U 

U (ppm) 
δ238U (s.e.) 

Th corrected 
 Lithogenic Authigenic δ238U (‰) 

Post OAE-2 PO 458+26 PO 102 8.75 8.337 3.79 0.45 1.11 7.23 0.07 0.17 
 PO 469 PO 107 5.80 1.507 1.26 0.84 0.37 1.14 -1.00 -1.21 
 PO 471 PO 109 5.19 1.663 1.36 0.82 0.40 1.27 -0.35 -0.28 
 PO 472.29 PO 110 4.80 1.771 1.60 0.90 0.47 1.30 -0.24 -0.12 
 PO 475.98 PO 112 3.67 2.913 2.14 0.74 0.63 2.29 -0.34 -0.27 
 PO 478.13 PO 113 3.16 1.156 1.37 1.19 0.40 0.76 -0.65 -0.68 
 PO 481.42 PO 116 2.15 1.639 0.31 0.19 0.09 1.55 -0.83 -0.84 
OAE-2 PO 482.71 PO 117 1.76 0.987 0.54 0.55 0.16 0.83 -0.89 -0.95 
 PO 484 PO 118 1.54 4.672 5.35 1.15 1.56 3.11 0.04 0.36 
 PO 484.31 PO 119 1.44 2.514 1.11 0.44 0.33 2.19 -0.67 -0.68 
 PO 485+15 PO 121 1.08 2.115 2.06 0.97 0.60 1.12 -0.49 -0.44 
 PO 487.69 PO 124 0.41 0.810 1.55 1.92 0.45 0.36 -0.76 -0.98 
 PO 489 PO 126 0.01 9.840 5.02 0.51 1.47 1.12 0.12 0.25 
 PO 490 PO 127 -0.29 10.872 5.82 0.53 1.70 9.17 0.15 0.29 
 PO 494 PO 131 -1.51 6.751 3.18 0.47 0.93 5.82 0.09 0.20 
 PO 495 PO 132 -1.82 7.592 5.68 0.75 1.66 5.93 0.05 0.23 
Pre OAE-2 PO 498.45 PO 134 -2.87 8.112 5.16 0.64 1.51 6.60 0.05 0.19 
 PO 499 PO 135 -3.04 9.794 6.04 0.62 1.76 8.03 0.12 0.28 
 PO 505 PO 138 -4.86 10.090 7.54 0.75 2.20 7.89 0.11 0.31 
 PO 508 PO 139 -5.78 7.714 8.20 1.06 2.39 5.32 0.12 0.44 
 PO 479.2 PO 114 2.87 1.402 5.01 3.58 1.46 -0.06 -0.49 0.00 
 PO 486.7 PO 123 0.71 0.223 0.73 3.27 0.21 0.01 -0.69 0.00 
 Detrital    Average 3.42  Average -0.59  

a U isotope data corrected to CRM 112a 
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Table 6.3 Seawater !238U measurements 

Sample ID δ238U   s.e. 

OSIL-1 -0.43 0.04 
OSIL-1 -0.30 0.06 
OSIL-1 -0.42 0.09 
OSIL-1 -0.37 0.10 
OSIL-1 -0.48 0.06 
OSIL-1 -0.41 0.03 
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CHAPTER 7 

 Discussion 

The results from the Portland core show a distinct negative !238U excursion that correlates 

with uranium concentrations in the study section, but also with all previous uranium studies on the 

Cenomanian-Turonian OAE (Figure 7.1). The negative shift meets expectation for the behaviour 

of a redox sensitive proxy during a period of increased anoxia in the oceans. Because there is a 

fractionation of U isotopes that occurs during reduction and removal into anoxic marine sediment 

a change in the output flux of U will cause a change in the !238U and U concentration of seawater. 

The direction of the fractionation factor is such that an expansion of anoxic sediment in the oceans 

will preferentially draw down heavy isotopes of U, thus leaving the residual pool of U in seawater 

with a lighter !238U value. Indeed, the studied section shows that there is a shift to lower [U] and 

lighter !238U values at the onset of OAE-2. The negative shift in !238U occurs at the same 

stratigraphic level as the positive shift in !13Corg, which is traditionally taken as marking the 

beginning of OAE-2. The negative excursion in !238U values during OAE-2 is in agreement with 

previously published !238U profiles from two locations in the proto-North Atlantic region 

(Montoya-Pino et al., 2010; Clarkson et al., 2018), but there are differences as well. The main one 

relates to the magnitudes of the excursions (Figure 7.2). The sedimentary !238U profile excursion 

is just 0.15‰ (Montoya-Pino et al., 2010) in the succession of organic-rich black shales at 

Demerara Rise. Clarkson et al. (2018) studied a pelagic carbonate succession at Eastbourne, UK, 

and found a 0.47‰ negative excursion. The negative excursion recorded in the WIS in this study 

is nearly 1.0‰, recorded in a pelagic succession of argillaceous limestone and intercalated shale. 

The !238U excursion in the Portland core is more than 2x the size of excursion in the Eastbourne 

section (Clarkson et al., 2018) and just under 6.5x the size of the !238U excursion in the core 

collected from Demerara Rise (Montoya-Pino et al., 2010). In the following sections, I will discuss 

possible explanations for the different magnitudes of the excursions in the three !238U profiles, 

and the implications for the magnitude of expanded ocean anoxia during OAE-2. 
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Figure 7.1 !13C, !238U, authigenic [U], and 187Os/188Os vs. depth for the Portland core. Grey band defines the OAE-2 interval, while the blue bar denotes the Plenus Cold Event and 

the pink bar the Benthic Oxic Zone. Blue triangles are the corrected !238U values from experiment 2, while the pink circle is the measured !238U values. A systematic shift towards 

negative !238U values occurs at the onset of the positive !13C excursion and negative 187Os/188Os excursion as would be predicted during expansion of marine anoxia. A short re-

oxygenation event and brief return to positive !238U values suggests the !238U profile from the Portland section does capture both the PCE and BOZ. Orbital timescale information 

comes from Sageman et al. (2004) and is indicated by the solid lines. Interpreted dates and timing are indicated by dashed lines. Intervals A through E are estimates based on the 

interpreted time line. Interval A represents 140 kyr long interval and the time from the onset of OAE-2 and the start of the BOZ. Interval B covers the initial rise of !238U values (10 

kyr long). C interval covers the major reoxygenation and positive !238U excursion associated with the PCE (30 kyr). Interval D is the interval after the PCE and the slow return to 

pre-OAE-2 conditions (500 kyr). !13C and 187Os/185Os profiles come from Holmden et al. (2016). 
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Figure 7.2 !238U vs depth profiles for the Portland core, Eastbourne section (Clarkson et al., 2018), and ODP site 1261 (mcd = meters composite depth; Montoya-Pino et al., 2010). 

Grey band represents the OAE-2 interval in the respective core and the blue band represents the PCE interval through each core. Correlations are based on the placement of the OAE-

2 interval in the corresponding publications.
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7.1 Marine redox conditions during the rise and fall of OAE-2 

It is clear that the !238U record from the Portland section records a major change to the 

anoxic sink. It is particularly gratifying to see that the pre-excursion and post-excursion 

background !238U values are very uniform. It is an indication that seawater had a similar !238U 

value before and after OAE-2, and a similar uptake-related U isotope fractionation factor (Figure 

7.1).  However, at the onset of OAE-2, which is denoted by a positive carbon isotope excursion, 

the !238U values plummet well below the pre-OAE-2 average sedimentary !238U value (0.10‰). 

Based on an orbital time scale from Sageman et al. (2004), the drop from pre- OAE-2 !238U values 

took about 140 kyrs or just over a third of one residence time of U in the modern oceans. After the 

initial drop in stage A, there is an almost immediate return to pre OAE-2 like sedimentary !238U 

values (stages B and C), coinciding with the onset of the Plenus Cold Event (PCE) in Europe and 

the Benthic oxic zone (BOZ) in North America. The short-lived positive excursion took about ten 

thousand years to return to the positive !238U values of the pre-OAE-2 baseline. The PCE was 

characterized by two cooler periods punctuated by a brief warming period (Jenkyns et al., 2017; 

see also Chapter 2). The decreased atmospheric temperatures compared to the relatively high 

temperatures at the time were accompanied by a southward movement of well-oxygenated waters 

into the PNAO and the WIS. The injection of oxygenated water back into the PNAO would have 

minimized the effect of the anoxic sink and allowed for the brief return of pre-OAE-2 like 

conditions in the water column. The !238U record displays a two-peaked excursion that aligns well 

with the two pulses of the cooler, more oxygenated, water (Figure 7.1). The [Mo] profile and 

evidence of bioturbation throughout the Bridge Creek Limestone suggest that the transition from 

suboxic conditions characteristic of the Hartland shale water column to one more sustaining of 

benthic life occurred prior to the Benthic Oxic Zone. Oxygenation of the water column prior to the 

to the Benthic Oxic Zone suggests the excursion is not a function of the local re-oxygenation event, 

but rather a representation of the global redox conditions. Continuing up-section, the end of the 

Benthic Oxic Zone is defined by a less extreme drop of the sedimentary !238U values. Considering 

the overall length of the PCE, it would be reasonable to assume that the return to light !238U values 

may also have been controlled by the reworking of anoxic sediments. Re-oxidation of anoxic 

sediment would have released massive amounts of the heavier 238U back into the oceans, quickly 

driving the !238U of seawater to a lighter value. Assuming ocean turnover times were similar to 
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today (~1500 years; Döös et al.2012) then the ten thousand-year reoxygenation event could have 

easily been long enough to allow the new U to become conservatively mixed. Continuing up-

section, the end of the PCE is defined by a less extreme drop of the !238U values. The smaller 

magnitude of the decrease is likely a relict feature of the initial expansion of anoxia. Because the 

size of the anoxic sink is increasing, uranium concentration within the oceans is expected to be 

lower than at the start of the excursion (Figure 7.3). The fourth stage (stage D) is characterized by 

a slow return to pre-OAE-2 conditions.  

Clarkson et al. (2018) offered a similar interpretation of the !238U profile for the Eastbourne 

section. At the onset of the carbon isotope excursion, which defines the start of OAE-2, the !238U 

values decrease, which Clarkson et al. (2018) interpreted to reflect the expansion of ocean anoxia. 

Sedimentary !238U values shift from -0.24 ± 0.09‰ to a minimum of -0.71 ± 0.06‰, which defines 

a –0.47‰ excursion. A similar drop occurs in the redox sensitive trace metal profiles in the two 

other sections studied by these authors (Raia del Pedale and South Ferriby). After the initial decline 

in !238U, the Eastbourne section records a rapid return to more positive !238U values (-0.41 ± 

0.07‰). The shift back to heavier sedimentary !238U values implies that the extent of ocean anoxia 

globally decreased. Clarkson et al. (2018) noted that the shift to heavier more positive values 

occurred during the Plenus Cold Event, which is correlative with the Benthic Oxic Zone in the 

Portland Core. The end of the Plenus Cold Event interval in the Eastbourne section is associated 

with a decrease in !238U values. The tail end of the OAE-2 interval in the Eastbourne section is 

represented by a gradual return to pre-OAE-2 !238U values. Unlike the Eastbourne section, the 

!238U profile for the Portland core records an abrupt rise to pre-OAE-2 sedimentary !238U values. 

Similar measurements of that single data point all fall between the two experiments fall within 

error of each other implying the value is not an anomaly. However, if we remove the single data 

point from the !238U profile, the return to pre- OAE-2 values is much more gradual and similar to 

the Eastbourne section (Clarkson et al., 2018). Clarkson et al. (2018) suggested the gradual return 

may be a lingering effect of the receding anoxia. A possible explanation for the difference may 

then be a result of ocean circulation or even simpler, due to the proximity of the sample site to 

areas of widespread anoxia. 

Organic-rich shales were thought to contain the most promising record of the changing 

redox conditions in the global ocean, at least with regards to the U isotope record (e.g., Montoya-

Pino et al. 2010). Unlike both the Portland core and Eastbourne study, Montoya-Pino et al. (2010) 
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sampled organic-rich siliciclastic sediments from ODP (leg 207) site 1261, at Demerara Rise. 

Demerara Rise is a ~380 km long, ~220 km wide plateau off the coast of modern day Venezuela. 

Water depths are relatively shallow (~700 m) for most of the plateau but the northwest margin 

deepens to 3000 to 4000 m below sea level. Redox sensitive trace element (TE) concentrations for 

the black shale units show considerable enrichment prior to OAE-2, particularly molybdenum 

(Figure 7.4), suggesting the existence of a euxinic depositional environment prior to OAE-2. 

Molybdenum concentrations depict a significant drop in concentrations during OAE-2, signifying 

the drawdown of redox elements from the oceanic reservoir because of the expanding anoxic sink. 

Due to the sensitivity of molybdenum to local redox conditions, the drastic drop in Mo may also 

indicate a change in the redox environment at the local scale. Post-OAE-2 TE concentrations show 

a similar signature to the pre-OAE-2 interval implying the return to an H2S-dominated 

environment. Shelf margins with evidence for intense upwelling, including Demerara Rise 

(Trabucho Alexandre et al., 2010), have the potential to limit bottom water renewal resulting in 

permanently anoxic or euxinic environments. In the case of the Namibian shelf in the modern 

ocean, low dissolved oxygen is not controlled by topographic barriers, such as the Black Sea or 

Cariaco Basin, but rather the combination of intense upwelling and the resulting oxygen demand 

by settling organic matter from high productivity (Algeo and Lyons, 2006). As a result of poor 

bottom water renewal, there is potential for isotopic signatures to be muted. As a result, the !238U 

profile from Montoya-Pino et al. (2010) presents a greater challenge to interpret. It is only recently 

that research focusing on U reduction into anoxic sediments is beginning to understand the 

processes at hand. Montoya-Pino et al. (2010) measured !238U values through a complex redox 

interval, possibly altering the global signal to reflect the local redox environment. The additional 

task of interpreting the !238U profile with few samples and a barely discernable !238U excursion 

(Figure 7.2) challenged the interpretation of global redox conditions. Despite the challenges, the 

!238U excursion recorded still displays a systematic shift towards heavier !238U values and follows 

the expected trend if anoxia did increase during OAE-2. Except, unlike the other two profiles 

above, the !238U profile from Montoya-Pino et al. (2010) does not appear to record the PCE or 

BOZ, even though evidence for a re-population event due to surface-water cooling correlated to 

the PCE exists in other Demerara rise cores (Friedrich et al., 2006). The additional lack of a 

positive !238U excursion during the PCE or BOZ in the Montoya-Pino et al. (2010) study suggests 

the profile may not be as globally significant as the other two profiles. 
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Figure 7.3 Authigenic U concentration profile for the studied section of the Portland core. Grey represents the OAE-2 interval. 

Similar to the !238U profile, the authigenic [U] goes down during the event. This is a result of the increased size of the anoxic sink 

throughout the event. Small increases in authigenic [U] correspond with the PCE (blue bar) and the short return of oxygenated 

waters.  
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Figure 7.4 [Mo] vs. depth profile for ODP Leg 207, site 1258 (Demerara Rise) from Hetzel et al. (2009). Grey band represents the 

OAE-2 interval. 
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7.2 Reconciling the marine !238U profile from the Portland core and Eastbourne section 

Although the interpretations of the sedimentary !238U values for the redox state of the 

oceans during OAE-2 in both the Portland core and the Eastbourne section agree regarding the 

timing of changes in relative anoxia during OAE-2, there is still the difference in the magnitudes 

of the excursions to consider. The Clarkson et al. (2018) !238U profile is based on measurements 

of relatively pure calcium carbonate sediment. Despite the lithological purity, they leached their 

samples in buffered acetic acid to ensure that U from detrital sources would not be dissolved. 

Reeder et al. (2000) determined that the complexation of uranium to either calcite or aragonite was 

not associated with any fractionation, therefore carbonates are able to retain primary seawater 

!238U. This was more recently tested by Romaniello et al. (2013), who measured both carbonate 

sediments and primary carbonate precipitates (PCP). They found the primary carbonate 

precipitates recorded coeval seawater !238U values (Figure 4.2) but that carbonate sediments 

recorded a !238U that was 0.2 to 0.4‰ heavier. Apparently, there is additional uptake of U into 

carbonate after the primary carbonate precipitates are released from their mostly biological 

producers to form a sediment. In other words, there are two sources of U in carbonate sediment. 

First, there is seawater-derived uranium that is sequestered by biological producers of carbonate 

sediment, which has the same !238U as seawater. Second, there is seawater-derived U that diffuses 

into the pore fluids of carbonate sediment if the pore fluids are anoxic. The diffusion-driver is 

reduction of U(VI) to particle reactive U(IV) in the anoxic sedimentary pore fluids. This secondary 

source of seawater-derived U in marine carbonate sediment is fractionated in the manner observed 

by Romaniello et al. (2013), i.e., towards heavier isotope values. Accordingly, carbonate sediment 

!238U values are mixtures of fractionated and unfractionated seawater derived U, with the net result 

being that the seawater-derived U becomes isotopically heavier if the pore fluids are anoxic.   

Clarkson et al. (2018) were concerned that their sedimentary !238U profile from Eastbourne 

may be susceptible to this type of syndepositional diagenesis or perhaps later diagenetic fluids 

during burial, and that the sedimentary record of !238U values deviate from changes in seawater 

!238U during OAE-2 by a constant or variable fractionation factor.  Clarkson et al. (2018) plotted 

!238U vs. Mg/Ca, Sr/Ca, Mn/Ca, and U/Ca (Figure 7.5) to look for potential diagenetic effects. The 

assumption is that the stable low-Mg calcite of pelagic carbonates is resistant to  
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Figure 7.5 !238U vs. Mn/Ca, Sr/Ca, Mg/Ca, and U/Ca for Eastbourne (Clarkson et al., 2018). Plots are used to determine effects of 

diagenesis on carbonate !238U measurements. Unlike the Eastbourne section, the samples of the studied core have a higher clay 

and silt content than a chalk and as a result may affect the ratios. Eastbourne samples were better constrained due to their high 

CaCO3 and low detrital content. 

diagenetic alteration. Therefore, if the samples were altered, then a sample with a lighter or more 

positive !238U value should also have a higher Mg/Ca ratio. They also cite the lack of correlation 

of the !238U values with Sr/Ca and Mn/Ca as evidence of no alteration. Clarkson et al. (2018) also 

measured !238U values from two additional sites and found higher Mg/Ca ratios with heavier !238U 

values in Raia del Pedale, which they present as evidence for carbonate recrystallization in those 

sections. The heavier !238U values for the three high Mg/Ca values are consistent with the negative 

excursion in the Eastbourne section and appear to be unaffected by diagenesis. The lack of 

correlation between high Mg/Ca and !238U values in the highly altered Raia del Pedale section 

confirmed their confidence in the !238U profile of Eastbourne is unaltered by late stage diagenesis. 

However earlier in section 4.3, it was argued that the effects of diagenesis may be less important 

to the interpretation of sedimentary !238U profiles than the syndepositional uptake of fractionated 

U isotopes during diffusion-related uptake of seawater-derived U at the sediment water interface, 
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because the fractionation factor can vary from zero to 0.6‰ depending on the oxygen penetration 

depth into the sediment (Figure 7.6). 

 

Figure 7.6 Schematic diagram depicting the role of pore fluid chemistry on the reduction of U during carbonate deposition. The 

left diagram displays the precipitation of primary carbonates (green circles) retaining seawater !238U. Additional reduction occurs 

when these carbonates are deposited if the pore fluids are reducing, imparting an additional fractionation of 0.2 to 0.4‰ 

(Romaniello et al., 2013). The right side depicts the same carbonate precipitation and deposition, however pore fluids in this 

scenario are oxygenated. This imparts no additional fractionation and extends the reduction pathway, resulting in carbonate 

sediments that retain the primary !238U value of the fluid in which they formed. 
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The !238U of any sediment is controlled by the reduction pathway uranium travels as it 

works its way down into the sediment. In the case of anoxic sediment and an oxic water column, 

reduction of U begins at the sediment water interface. As a result, the effective fractionation factor 

for U reduction in these sediments is ~0.6‰ or about half the full equilibrium isotope fraction 

factor of 1.2‰ based on ab initio modeling  (Fujii et al., 2006; Abe et al., 2008), due to the 

preferential reduction of heavy isotopologues of U(VI) compared to the light isotopologues (Clark 

and Johnson, 2008; Bura-Nakić et al., 2018). However, if the overlying water column is 

oxygenated, and the sediment pore fluids do not become anoxic immediately below the sediment-

water interface, but rather at a deeper level in the sediment column, then the fractionation factor 

decreases until it becomes zero (Clark and Johnson, 2008). This means that sediment with oxygen 

penetration depths deep enough will record the !238U of seawater directly without fractionation. 

Returning to the study of  Romaniello et al. (2013), coupled with the knowledge that sediment 

pore fluids on the Bahamas Bank are characteristically anoxic (Romaniello et al., (2013) the 

heavier-than-seawater !238U values measured in carbonate sediment reflects diffusion-related 

post-depositional uptake of U(VI) from seawater into anoxic pore fluids. 

Differences in oxygen penetration depth offers a way to reconcile the differences in the 

magnitudes of sedimentary !238U excursions recorded in the Eastbourne section, UK, and the 

Colorado core in the Western Interior Seaway reported in this study. Clarkson et al. (2018) 

proposed that the sedimentary !238U profile for the Eastbourne section records seawater, directly, 

without any fractionation, implying that the oxygen penetration depth was deep enough to allow 

no fractionation to occur. I suggest instead, that during OAE-2, pore fluids became anoxic at 

Eastbourne, and as a result the magnitude of the actual change in seawater !238U is larger than the 

shift in the sediment would suggest. By contrast, I interpret the negative !238U excursion in the 

Portland core as being larger than the excursion in seawater because the pre- and post-excursion 

baseline !238U values are too heavy, due to the likelihood of persistent pore fluid anoxia at these 

times.  As a result, applying a net shift of -0.6‰ to the entire !238U profile should account for the 

fractionation of U during reduction in anoxic sediments. Prior to the adjustment, both pre and post 

OAE-2 intervals averaged a !238U of 0.10‰, which is ~0.50‰ heavier than the average for modern 

seawater !238U (-0.41‰). After correction, the pre- and post- OAE-2 !238U values fall more in line 

with the modern seawater average as well as the pre- and post- OAE-2 !238U averages from 

Clarkson et al. (2018) and even the pre and post OAE-2 !238U average from Montoya-Pino et al. 
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(2010). However, the issue of the !238U profile for the OAE-2 interval was not that it was too 

positive compared to the Eastbourne section, instead it was too negative. This means when the 

0.6‰ shift is applied to the OAE-2 interval, the negative most values recorded become -1.78 ± 

0.17‰ and -1.60 ± 0.04‰. However, applying a shift of -0.6‰ to account for reduction into anoxic 

sediments during the OAE-2 interval does not agree with the ichnological data from the Bridge 

Creek limestone (Figure 7.7).  

The OAE-2 interval in the Portland core begins just before the deposition of the Bridge 

Creek limestone. The transition from the lower Hartland shale into the younger Bridge Creek was 

accompanied by a major marine transgression worldwide and an overall shift in bottom water 

oxygen conditions in the WIS. The Hartland shale is documented as a well-laminated calcareous 

shale succession containing up to 10% total organic carbon (TOC) and  interpreted as likely 

deposited under anoxic to low oxygen conditions (Sageman, 1989). Conversely, the younger 

Bridge Creek limestone unit is dominated by highly bioturbated beds within the lowermost section 

(Savrda, 1998), suggesting a significant increase in bottom water oxygenation. Trace element 

profiles of Mo through the Portland core exhibit a systematic shift at the Hartland Shale-Bridge 

Creek contact (Figure 7.2). Additional evidence from ichonological work by Savrda (1998) 

identified Planolites, Chondrites, and Zoophycos trace fossils through the early Bridge Creek 

limestone implying both bottom water sediments were oxygenated. 

 Instead of adjusting the !238U profile for the Portland core, if the same 0.6‰ shift would be 

applied to the Eastbourne section, the two !238U profiles become equally hard to reconcile. 

Therefore, I suggest a combination of adjustments is needed to reconcile the two !238U profiles. It 

appears that a shift of 0.6‰ for both the pre and post-OAE-2 intervals is an appropriate value to 

use. If there is any agreement between all studies focusing on the !238U record in the past, it is that 

the !238U of modern seawater is the best constrained measurement we have. Both Montoya-Pino 

et al. (2010) and Clarkson et al. (2018) refer back to the !238U of modern seawater as the likely 

value for seawater prior to OAE-2. For consistency, the shift of 0.6‰ is then reduced to 0.5‰ to 

reflect the necessary shift required to move both the pre- and post-OAE-2 !238U values of the 

Portland core to modern seawater !238U. This appears to best represent the depositional 

environments and redox conditions during the pre and post interval in the Portland core. The 0.5‰ 

is easily justified for the pre OAE-2 interval due to evidence of a poorly oxygenated water column 
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from TE data, evidence of anoxic pore fluids due to high TOC, and lithological difference to the 

Bridge Creek limestone. The OAE-2 interval is not as easily explained because it occurred within 

the same unit as the OAE and evidence of an overall oxygenated water column come from TE data 

(Figure 7.8). However, Savrda (1998) interpreted oxygenation curve (IOC) for the Bridge Creek 

depicts a decrease in benthic oxygenation following the OAE-2 interval. Additionally, they 

determine an almost 50% decrease in bioturbation occurred throughout the middle Bridge Creek 

and lower yet for the uppermost section. Increased [Mo] after the OAE-2 also interval supports the 

shift to lower levels of bottom water O2 (Figure 7.8). Therefore, it is assumed that the post OAE-

2 interval underwent similar reductive processes as the pre-OAE-2 interval and a shift of 0.50‰ 

is not unreasonable. As for the OAE-2 interval itself, it appears that no shift is needed to reconcile 

the !238U profile of the Portland core, implying that the !238U profile through the OAE-2 interval 

is directly recording the !238U of coeval seawater. TE data and ichnological data from Savrda 

(1998) (Figure 7.7) all suggest bottom water and pore fluid conditions were conducive to capturing 

the !238U of seawater during OAE-2. Evidence for extensive bioturbation within the Bridge Creek 

Limestone (Figure 7.7) supports the possibility of a deeper oxygen penetration depth. As 

discussed, a longer reductive pathway due to deeper oxygen penetration would in theory prevent 

the alteration of the PCP !238U value during deposition.  In addition to bioturbation, the connection 

of the WIS to both the PNAO and to Boreal waters in the north and evidence of increased benthic 

foraminiferal diversity during the OAE suggests the existence of a well-established bottom water 

renewal system during the event (Elderbak and Leckie, 2016), which would not have been 

conducive to allowing anoxic conditions to establish within the water column. Whole rock 

geochemistry also supports the apparent re-oxygenation of the upper Bridge Creek Limestone 

(Figure 7.8) through the interval. Mo concentrations depict a drastic change in the amount of 

available oxygen at the transition shifting from an average [Mo] of 20 ppm through the Hartland 

Shale to an average of 3.7 ppm for the Bridge Creek Limestone. Based on the trend, the [Mo] data 

does appear to exhibit a relative increase of dissolved oxygen within the water column during 

deposition of the Bridge Creek Limestone.  
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Figure 7.7 Maximum burrow diameter (MBD) and interpreted oxygen content (IOC) for the entire Bridge Creek Limestone from 

Savrda (1998). MBD is used as an interpretation of the amount of available oxygen. The larger the burrow diameter, the deeper the 

oxygen penetration zone. As such, evidence of bioturbation and increased burrow diameter suggests deposition of the Bridge Creek 

Limestone occurred under generally well-oxygenated conditions.  IOC is inferred as the level of oxygen required for individual 

ichnocoenoses (ichnofossil communities) to exist. Ichnocoenoses were erected based on interpreted oxygen content (Savrda, 1998). 

Red stars denote sample locations.  
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Figure 7.8 [Mo] profile for the USGS PO #1 Core. Grey box denotes the OAE-2 interval for the core.  
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Despite correcting the two intervals to reflect seawater a difference of -0.64‰ still exists 

between the two !238U profiles. If a correction is applied to the Eastbourne section as well, then 

it is possible to reconcile the two profiles. Adjusting the OAE-2 interval to account for reduction 

due to syndepositional diagenesis (0.2 to 0.4‰; Romaniello et al. 2013) the heaviest !238U value 

shifts somewhere between -1.11‰ and -0.91‰ from an original measurement of -0.71‰. This 

new range of !238U values aligns well within error of the two heaviest !238U values from the 

Portland core (-1.18 ± 0.17 ‰ and -1.00 ± 0.04‰) (Figure 7.9).  

This interpretation is not without complications. Much of the work done on the Eastbourne 

section suggests that the effects of diagenesis are minimal throughout the section. Pearce et al. 

(2009) points to the existence of many bioturbated zones throughout the Eastbourne section and 

low TOC values (<0.2%) as reasons for little to no alteration of the carbonate sediments. Well 

ventilated bottom waters throughout the Anglo-Paris Basin (Gale et al., 2000; Keller et al., 2001) 

and evidence for high concentrations of Mn within the sediments suggested deposition under an 

oxic water column (Jarvis et al., 2001; Clarkson et al., 2018). The lack of proxy evidence for pore 

fluid anoxia within any part of the Eastbourne section poses a problem for this interpretation. 

Although, Gale et al. (2000) and Keller et al. (2001) measured low TOC values for the Eastbourne 

section, Gale et al.’s (2000) TOC profile depicts the highest concentration of organic matter during 

the latest stages of the Plenus Cold Event and upper beds of the Plenus Marls. A slight increase in 

TOC is explained by an increase in paleoproductivity throughout the latter half of the Plenus Cold 

Event by the incursion of well oxygenated boreal waters (Jenkyns et al., 2017). However, it must 

be considered that the organic carbon preserved in sediment is only a fraction of the original carbon 

that was originally deposited, the rest having been re-mineralized at the sediment water interface 

and within the sediment itself (Figure 7.10). 
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Figure 7.9 The adjusted !238U profile for the Portland core. Blue boxes indicate samples that were shifted by -0.50‰ due to 

reduction in anoxic sediments. The grey box in between represents the entire OAE-2 interval in the Portland core and the section 

that is interpreted to be unaffected by reduction under anoxic sediments or by syndepositional diagenesis. The now abnormally 

positive !238U value associated with the peak of the PCE is likely the effect of reoxygenation of anoxic sediments during the event. 

The event would have liberated 238U heavy uranium from the sediment and into the water column driving the !238U of seawater to 

a more positive value. A similar data point can be found in the Eastbourne section during the peak PCE interval. 
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Figure 7.10 Modern U sources and sinks and their associated fractionation factors. Alteration due to diagenesis is accounted for as 

a correction factor (CF). Fractionation factors illustrate the lack of mechanisms available to justify the difference between this 

studies !238U curve and the Eastbourne section. No mechanism, other than adsorption to FeMn under oxygenated waters can shift 

the !238U profile of the Eastbourne section to a more negative value. Values come from Table 6.3 and references within. 

 

7.3 Alternative explanations for the multiple !238U profiles  

 An alternative explanation may come from the rapid removal of uranium from seawater. 

The expectation is that !238U signature of seawater should be uniform throughout. Depending on 

the sediment type and the redox conditions of those sediments, the seawater !238U profile should 

easily be resolved from the measured profiles. The only caveat to that principle is whether or not 

the water the sediment deposited in is reflective of global seawater. Meaning, a !238U profile may 

not be representative of the global oceans, instead it reflects the water from which it is reduced. 

This may explain the differences between all three studies (Figure 7.2). Instead of each capturing 
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seawater !238U, they all reflect a separate reservoir value. It may be possible that global circulation 

models for OAE-2 are wrong and seaways and oceans we understood to be well connected were 

actually more restricted. The negative !238U excursion at the onset of OAE-2 and positive 

excursion during the PCE occurred in 140,000 and 30,000 years, respectively. These timelines are 

significantly shorter than the residence time of U in modern oceans (400,000 years) and may reflect 

limited ocean mixing for the study area. As a result, the difference in the !238U profiles may reflect 

a reservoir effect. 

 

7.4 Implications of OAE-2 ocean redox conditions 

Recently Clarkson et al. (2018) approached the issue of quantifying the extent of the 

increase in anoxia during OAE-2 using the uranium isotope proxy coupled with biogeochemical 

modeling of the C, P, and U cycles, proposing that between 8% and 15% of the global seafloor 

was overlain by anoxic waters during OAE-2. Montoya-Pino et al. (2010) estimated the extent of 

anoxia during OAE-2 was much smaller, around 1 to 2%. Using the same approach as Montoya-

Pino et al. (2010) the !238U excursion from the Portland core can be modelled and an estimate for 

marine anoxia can be calculated.   

Based on the uranium mass balance model presented from Dunk et al. (2002) and the 

assumption that the marine U isotope cycle is in steady state (a system where the total inputs, 

concentration and isotopic signature, are equal to the total outputs of the system) the following 

mass balance equation can be used: 

δ#$%U'( = [(δ#$%U,-./,	123452) + (δ#$%U8	19)] 	− 	∑ ∆#$%U'->? 	J'->?                           (6.3) 

where !238Usw is equal to the predicted !238U seawater value, !238Uriver is equal to the !238U of the 

riverine input, !238Ua is equal to the aeolian input. Friver and Fa are the respective fractions of the 

total flux associated with two inputs. The ∆238Usink is equal to the fractionation factor associated 

with the particular sink (e.g., the anoxic sink has a fractionation factor of 0.60‰), and finally Jsink 

is the flux associated with a particular sink. When modern values are substituted in for the sources 

and sinks, as well as their respective fractionation factors (Table 7.1), a predicted !238U for 

seawater of -0.40‰ is calculated, which matches measured !238U seawater values from around the 

world (-0.41 to -0.39‰). As discussed above, for the Cenomanian-Turonian the !238U of seawater 
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is assumed to be equal to the modern value. 

 Using the Montoya-Pino et al. (2010) equation, it becomes obvious that the measured !238U 

OAE-2 values from this study (i.e., -1.04 ± 0.04‰) are not within the realm of possibility (Table 

7.2). The heaviest !238U value calculated by the model (i.e., -0.83‰) would require complete 

ocean floor anoxia. Not only is this unrealistic for this time period, but also highlights a major 

misstep in previous !238U studies. The uranium mass balance budget is a complicated system that 

still has many unanswered questions. The process of diffusive transport is a perfect example of 

how complicated the U isotope system is and how little is still known about the redox change 

uranium is subjected to during sequestration. Until these details are addressed, it is limiting to 

model !238U excursions. Even the approach taken by Clarkson et al. (2018) is limited in what it 

can achieve, for example, their model benefits from additional constraints put in place by carbon 

and phosphorus cycles. However, this improvement does not explain the larger !238U excursion 

recorded in the Portland section. Nevertheless, results from !238U modeling do seem to guide the 

direction of future research, but at its current state there are several unknowns that reduce the 

reliability of interpretations that come from modeling !238U values. 



 

 68 

 
Table 7.1 Table of variables for both the steady state and non-steady state models. 

Source 
!238U (‰)   

Flux 

(Mmol/yr)1 

(+/-

) 

Fractio

n 

FF x 

Fract. 

Riverine 
-0.242,8 - 42 

14.

5 
96% -0.23 

Aeolian -0.298 - 1.8 1.1 4% -0.01 

Sink 

∆reservoir-SW 

(‰) 

!238U 

(‰) 

Flux 

(Mmol/yr)1 

(+/-

) 

Fractio

n 

FF x 

Fract. 

Anoxic 0.606 0.18 11.6 6 21% 0.13 

Carbonate 0.189 -0.24 13.3 5.6 24% 0.04 

Sub oxic 
0.103,8 

-0.32 
15.3 

10.

6 
28% 0.03 

Hydrothermal 0.257 -0.17 1.9 3.3 3% 0.01 

FeMn -0.242,3,4,8 -0.66 1 0.8 2% 0.00 

Pelagic clays 0.047 -0.38 0.4 0.2 1% 0.00 

Coastal Zone 

retention 
-0.248 

-0.18 
11.2 5.6 20% -0.05 

 

(1) Dunk et al. (2002); (2) Stirling et al. (2007); (3) Weyer et al. (2008); (4) Brennecka et al. 

(2011); (5) Romaniello et al. (2013); (6) Andersen et al. (2014); (7) Andersen et al. (2015); (8) 

Tissot and Dauphas (2015); (9) Chen et al. (2017) 
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Table 7.2 Steady state mass balance model results.  

Modern 
% seafloor 

anoxic 

Anoxic Flux 

(Mmol/yr) 

% Total 

output 

!238Usw 

predicted  

Based on Dunk et al. (2010) 

outputs  
0.35% 11.6 21% -0.40 

Based on Dunk et al. (2010) 

inputs  
0.35% 11.6 27% -0.50 

Montoya-Pino et al. (2010) 
% seafloor 

anoxic 

Anoxic Flux 

(Mmol/yr) 

% Total 

output 

!238Usw 

predicted 

 1.00% 33.1 43% -0.53 
 2.00% 66.2 61% -0.62 

Clarkson et al. (2018) 
% seafloor 

anoxic 

Anoxic Flux 

(Mmol/yr) 

% Total 

output 

!238Usw 

predicted 

  8.00% 265.0 86% -0.76 

 10.00% 331.2 88% -0.78 

 12.00% 397.4 90% -0.79 

 14.00% 463.7 91% -0.79 

 15.00% 496.8 92% -0.80 

Owens et al. (2013) 
% seafloor 

anoxic 

Anoxic Flux 

(Mmol/yr) 

% Total 

output 

!238Usw 

predicted 

 2.50% 82.8 66% -0.65 

 3.00% 99.4 70% -0.67 

 3.50% 115.9 73% -0.69 

 4.00% 132.5 75% -0.70 

 4.50% 149.0 78% -0.72 
 5.00% 165.6 79% -0.73 

This Study 
% seafloor 

anoxic 

Anoxic Flux 

(Mmol/yr) 

% Total 

output 

!238Usw 

predicted 

 
50% 1656 97% -0.83 

 75% 2484 98% -0.83 

  100% 3312 99% -0.83 
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7.5 Implications for the U Isotope Proxy 

 The continued use of the uranium isotope proxy seems promising. It reacts as expected to 

major changes in the redox state of the oceans. As such, it allows the ability for reliable, albeit 

broad scale interpretations to be made. Although the three !238U profiles presented in this paper 

record excursions of differing magnitudes, the somewhat similar profiles of Clarkson et al. (2018) 

and this study suggests we are close to a singular !238U profile for OAE-2. Unlike similar redox 

proxies, such as molybdenum, U appears to be susceptible to minute changes in the redox state of 

a system and it appears to dependably record these changes making it an ideal tool to study the 

complex redox history of the Earth’s oceans. Yet our ability to interpret the !238U record is 

dependent on our capability to quantify the chemical changes uranium is subjected to during 

reductive processes. The work done by Montoya-Pino et al. (2010) and this research highlights the 

difficulties of interpreting the paleo-seawater !238U record. Researching modern environments is 

a huge step towards understanding the uranium isotope system. Establishing how the system 

operates in modern oceans allows us to define a baseline for comparison. Once understood, 

research studying ancient oceans will be more capable of drawing realistic conclusions for how an 

event such as OAE-2 was able to develop and its long-lasting effects. A substantial part of the 

present and ongoing research being produced is looking at the effects of post depositional 

alteration in marine carbonates (Romaniello et al., 2013; Hood et al., 2016; Lau et al., 2017; 

Clarkson et al., 2018; Chen et al., 2017). The differences between the !238U profile for the USGS 

Portland #1 core and the potentially diagenetically unaltered profile from Eastbourne is an example 

of the gap that still exists in our understanding.  
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CHAPTER 8 

Conclusions 

The U isotope proxy is a promising tool to decipher the redox state of the ancient oceans. 

This research analyzed a suite of samples from the Bridge Creek Limestone and Hartland Shale 

located in WIS, deposited during OAE-2 for U isotopes, [U] and [Th]. The data capture the rise 

and fall of OAE-2 within the !238U profile. There are only two publications that investigate the 

effects of an expanding anoxic sink during OAE-2 to the seawater !238U profile; Montoya-Pino et 

al. (2010) and  Clarkson et al. (2018). By analyzing and comparing the !238U profiles of each 

publication to the studied core, it becomes clear that the U isotope system can reliably record 

changes to the relative extent of anoxia in the oceans. 

The Portland core exhibits a large negative !238U excursion equal to 1.19‰ during OAE-

2. An excursion of this magnitude cannot be explained by any one process, but rather it requires 

combining multiple processes to account for the large offset. Considering the depositional 

environment and the redox setting during deposition of the Hartland Shale and Bridge Creek 

Limestone, one can offset the !238U signal by accounting for the magnitude of fractionation 

associated with the different processes making it possible to reduce the size of the excursion. 

Assuming deposition before and after the OAE occurred under more reducing conditions (∆ = +0.5 

to +0.6‰), the !238U seawater average for those times would not be ~ 0.1‰ but rather -0.40‰, or 

similar to the modern seawater !238U value. Lithological evidence, ichnofossil evidence, and other 

research (Clarkson et al., 2018) all support a !238U of seawater for the pre and post-OAE intervals 

to be similar to the modern oceans, leaving the size of the negative !238U excursion in the Portland 

core to be 0.64‰. Adjusting the !238U profile from the Eastbourne section (Clarkson et al., 2018) 

accounts for syndepositional diagenesis due to pore fluid reduction during the OAE-2 interval. 

With this adjustment, it becomes possible to resolve the two differing !238U profiles. As a result, 

the !238U profile for the OAE-2 interval as recorded in the USGS #1 Portland Core is representative 

of the coeval seawater !238U value during the event. 
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8.1 Suggestions for future work 

Deciphering the !238U profile for OAE-2 would benefit from more sampling within the 

WIB. Targeting sample sites along the long axis of the WIS would be an interesting addition to 

the research. It may provide insight on how the !238U profile evolves as the overlying water column 

shifts to reflect the water chemistry of the nearest open water source. It would also confirm one 

way or another the !238U profile from the Portland core. The usefulness of Savrda (1998) IOC 

profiles and field observations to this research suggests future studies should be done in 

conjunction with comprehensive ichnological work. The addition of an experienced ichnologist 

identifying the exact level where the sediments transferred to and from anoxic and oxic conditions 

would add significant value to the research in sediment. Additional suggestions include dealing 

with differences in !238U between samples of carbonate cements, and within different growth 

zones (Hood et al., 2016). Future work would benefit from testing the degree of alteration (e.g., 

petrographic analysis and cathodoluminescence) on a sample by sample basis, as well as, 

considering the use of other well-established geochemical proxies to help contextualize water 

column redox dynamics, possible detrital influences and any other complicating factor as a way of 

improving estimates of diagenetic resets, when working on a smaller scale.   
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APPENDIX Core photographs (Box 45 to 54) of the USGS PO #1 Core from the USGS Core 

Research Center online library. White stars denote sample locations within the core. 
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