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Abstract 

Based on Earth’s climate cycling history of icehouse to greenhouse states and isotopic 

proxies for paleoclimate and environmental conditions, there is a direct relationship between 

volcanism, weathering, ocean circulation, and the carbon perturbations that define these cycles. 

Ocean anoxic events (OAEs) occur during Earth’s greenhouse states. The OAEs are defined as 

periods of increased oxygen depletion (anoxia) in the global ocean and are identified in 

lithostratigraphy as globally traced units of black shale. While geochemical constraints of ocean 

anoxia ​ ​are well documented, the biogeochemical triggers of these anoxic events are not well 

understood. It is theorized that the Cenomanian-Turonian Ocean Anoxic Event 2 (OAE2; ca 94 

Ma) was at least partly triggered by the emplacement of a large igneous province (LIP) based on 

Nd isotope data indicating enhanced nutrient content in seawater from increased hydrothermal 

activity (Eldrett et al., 2014; Jenkyns ​ ​et al., ​ ​2010). The Mid-Cenomanian OAE (MCE; ca 96.5 

Ma) may have been a prelude to OAE2 (Coccioni and Galotti, 2003). Understanding the 

paleoclimate of the MCE would contribute to a better understanding of OAE2 and how OAEs 

may be related. However, there is scarce evidence for the MCE’s environmental conditions. This 

study reconstructs the mid-Cenomanian Cretaceous Western Interior Seaway (KWIS) seawater 

εNd, ​87​Sr​/ ​86​Sr and ​187​Os/ ​188​Os from Shell’s Iona-1 research core of southwest Texas to test the 

role of changes in ocean circulation and the emplacement of a LIP in triggering the MCE. The 

modern ocean ranges in εNd values of -14.34 0.13 to -8.0 0.3 (Flierdt et al., 2016). The± ±  

MCE data from this study show a positive εNd excursion (-4.14 to -0.56) likely as a result of a 

highly radiogenic εNd input from submarine volcanism. The emplacement of the Caribbean 

large igneous province (CLIP; 98.7 Ma) was carried northward into the KWIS by the migration 

 



of the equatorial Atlantic Tethyan water mass during the early Cenomanian (Serrano et al., 2011; 

Eldrett et al., 2017). This northward migration of the Tethyan water mass with high nutrient 

contents from volcanic input may explain the positive εNd excursion and contribute to the onset 

of ocean anoxia observed in the MCE. 
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1. Introduction 

Ocean anoxic events (OAEs) represent large perturbations in the global carbon cycle and 

are recorded in stratigraphy as globally traced units of organic-rich black shales (Jenkyns, 2010). 

The MCE was a relatively short-term occurrence (400 ky) (Coccioni and Galeotti, 2003). Its 

impact on the carbon cycle and the biotic record requires further investigation as it has been 

described as a prelude to OAE2 (Coccioni and Galeotti, 2003). Isotope data obtained from shales 

deposited during this time provide insight into the climate system during ocean anoxia. 

Neodymium (Nd) isotopes have been used to reconstruct ancient ocean circulation patterns, 

which may be used to understand the relationships between water mass movement, ocean anoxia, 

and climate (Martin et al., 2012). Strontium (Sr) isotope values and excursions provide a proxy 

for distinguishing crustal and mantle sources of nutrient inputs into seawater (Jones and Jenkyns, 

2001). Research of ancient ocean anoxia is important in understanding the expansion of anoxic 

water masses present in the oceans today, as well as their relationship to the modern climate and 

the current state of climate change (Jenkyns, 2010).  

OAEs have occurred throughout the geologic past lasting from 250,000 to one million 

years and represent some of the largest biogeochemical and climatic perturbations in Earth’s 

history as they are understood to be a consequence of a warming climate and a rapid increase in 

greenhouse gasses in the atmosphere (Jenkyns, 2010)​. ​As the global climate warms, nutrient 

discharge to the ocean surface increases (Jenkyns, 2010). Greater availability of nutrients results 

in an increase in the flux of organic matter in the ocean basin (Jenkyns, 2010). The rapid growth 

in organic matter is followed by an influx of CO₂ and consumption of all dissolved oxygen by 

organisms, resulting in ocean anoxia (Jenkyns, 2010). Ocean anoxia is accompanied by 

 



continued climate warming, eustatic sea-level rise and epicontinental sea development (Friedrich 

et al., 2009). ​Chemostratigraphic identification of OAEs includes positive carbon isotope 

excursions due to the extensive removal of ¹²C by rapid burial of organic carbon (Corg) (Eldrett 

et al., 2015). Additional isotopes such as Nd, and Sr have been utilized as proxies to better 

reconstruct the paleoclimate and environmental processes. 

The mechanisms to produce such biogeochemical changes in the oceans are not well 

constrained, and further investigation is needed to understand the driving mechanisms leading to 

these global periods of anoxia. Thus, OAE research is directed at understanding the precursing 

climatic events that preconditioned anoxic conditions, and especially the main trigger of an OAE 

itself. Possible triggers of OAEs are associated with enhanced nutrient discharge in oceans by 

increased continental weathering, changes in ocean circulation concerning warm bottom waters, 

and increased hydrothermal input from submarine volcanism (Martin et al., 2012). It is important 

to note that conflicting data have been published regarding the trigger(s) responsible for ocean 

anoxia and continued research is required.  

The MCE (96.5 Ma) is one of the least studied OAEs. Yet, it has been described as a 

prelude to OAE2, a well studied and documented OAE due to its globally traced black shale beds 

and destructive paleoenvironmental impact (Coccioni and Galeotti, 2003). Therefore, 

understanding the biogeochemical processes that led to the occurrence of the MCE would 

provide insight into the driving mechanisms of OAE2. The most commonly used method in 

understanding the biogeochemical processes that lead to OAEs is to obtain chemical signatures 

from isotopes in ancient marine carbonate deposits (Jenkyns, 2010). ​In this study, the first 

reconstruction of KWIS seawater ​εNd and ​87​Sr/​86​Sr ​from shale samples of Shell’s Iona-1 research 

 



core derived from the Eagle Ford Group (Figure 1) is presented. These new data are used as 

environmental proxies to constrain the biogeochemical perturbations of ocean anoxia throughout 

the MCE. 

1.1 Neodymium Isotopes in Black Shales 

The distribution of Nd isotopes within seawater is controlled by inputs of weathered 

continental material as well as submarine magmatic activity (Zheng et al., 2013). Therefore, Nd 

isotopes are used as environmental proxies for weathering, submarine volcanism and ancient 

ocean circulation reconstruction (MacLeod et al., 2008). Seawater ​143​Nd/ ​144​Nd expressed as εNd 

is especially useful in examining OAEs because it provides a proxy that is independent of the 

carbon cycle and is reliable for use in reconstructing ancient ocean circulation patterns (Abbott et 

al., 2016). Additionally, Nd isotopes have been used as a proxy for eustatic changes (Wendler et 

al., 2016). This is important in correlating eustatic sea-level rise with greenhouse climate 

conditions and ocean anoxia. However, this signal may be influenced by the effects of a rapidly 

changing climate and inputs of continental weathering (Wright et al., 2017). Seawater εNd acts 

as a tracer for large water masses, and is useful in the reconstruction of Cretaceous ocean 

circulation (Moiroud et al., 2016). The ocean residence time of Nd of 300 to 600 years is much 

shorter than the ocean mixing time of 1,500 years (Moiroud et al., 2016). Therefore, positive and 

negative εNd excursions signify the movement of bottom water masses over the seafloor 

(Moiroud et al., 2016).  

Neodymium isotopes have also been used as an environmental proxy for increased 

hydrothermal activity on the seafloor (Zhend et al., 2013). Mid-ocean ridge (MOR) basalt has 

notably high radiogenic εNd values of approximately +10 (Zheng et al. 2013). A sudden 

 



positive εNd excursion may indicate intensified hydrothermal activity from increased ocean 

crust production at MORs, or the emplacement of LIPs.  

1.2 Strontium Isotopes in Black Shales 

The ​87​Sr​/ ​86​Sr ratios in marine sedimentary rocks record perturbations of the global carbon 

cycle. The ​87​Sr​/ ​86​Sr ratios in carbonates and their resulting shifts from radiogenic to 

non-radiogenic values provide proxies for continental weathering and hydrothermal activity 

(Jones and Jenkyns, 2001). Amplified hydrothermal activity, notably from increased ocean-crust 

production at MORs and LIPs, may produce up to gigatons of CO₂ outgassing and can 

contribute to global warming (Jones and Jenkyns 2001). The increased hydrothermal input 

increases nutrient addition and surface water biological production, preconditioning factors to 

ocean anoxia (Jones and Jenkyns 2001). Increased hydrothermal activity is identified in seawater 

as an excursion to lower ​87​Sr​/​86​Sr ratios (Jones and Jenkyns 2001). A positive ​87​Sr​/​86​Sr excursion 

to more radiogenic values is interpreted to be a result of increased continental crustal runoff into 

the global ocean as a consequence of amplified weathering (Blättler et al., 2011). 

1.3 Ocean Circulation and OAEs 

The reconstruction of paleocirculation patterns during periods of anoxia provides insight 

into changes in paleoclimate (Zheng et al., 2013). Ocean circulation plays a key role in global 

heat transport and nutrient delivery, therefore changes in ocean circulation are associated with 

changes in climate conditions (Zheng et al., 2014). For example, the acceleration of the 

hydrological cycle is accompanied by global warming (Martin et al., 2012). Changes in 

circulation patterns impact both climate and carbon cycling (Martin et al., 2012). If changes in 

ocean circulation patterns result in higher nutrient concentrations and promote surface 

 



productivity, then changing circulation may trigger ocean anoxia (MacLeod et al., 2008). The 

reconstruction of ocean circulation is based on understanding that water masses are marked by 

signature Nd isotopes from surrounding continental plates (Zheng et al., 2013). These Nd isotope 

signatures remain constant during circulation and allow for the tracing of water masses (Zheng et 

al., 2013). 

1.4 Large Igneous Provinces and OAEs 

Large igneous provinces do not originate from traditional tectonic-related seafloor 

spreading. The LIPs are a result of mantle plumes that produce magmas that make submarine 

flood basalts and ocean plateaus (Snow et al., 2005). The associated eruptions may only last days 

to decades, however, the erupted volcanic gasses and magmas are explosive, destructive and 

occur in massive volumes (Coffin and Eldholm, 1994). Neodymium and Os are commonly used 

as environmental proxies to trace LIP involvement in global carbon perturbations such as OAEs. 

Positive εNd excursions are either the result of terrigenous volcanic debris runoff or the 

emplacement of LIPs as discussed previously. The ​187​Os/​188​Os ratios of marine sediments records 

a negative excursion in chemostratigraphy as a result of LIP involvement.  

Both the High Arctic LIP (HALIP) and the Caribbean LIP (CLIP) (Figure 2) have been 

proposed as triggers responsible for the onset of OAE2 (Deegan et al., 2016; Snow et al., 2005). 

However, due to the lack of accurate geochronology for both the HALIP and the CLIP, there is 

uncertainty in the timing of the emplacement of each LIP and the duration of associated 

eruptions. The timing of LIP eruptions has been constrained by ​40​Ar -​39​Ar analysis of basalts. 

Published data show a variety of dates. For example, the HALIP eruptions have been dated to 

range from 130-120 Ma (Deegan et al., 2016), and 93-60 Ma (Schroder et al., 2019). This 

 



inconsistency in the dates of LIP activity creates a challenge in concluding LIP involvement with 

the onset of an OAE.  

 

Figure 1: Star indicating the Iona-1 core location during the mid-Cenomanian (Eldrett et al., 2015).  

 

Figure 2: Map showing a paleogeographic reconstruction of the Proto-Atlantic Ocean and surroundings ca 

96.5 Ma. The approximate locations of the Caribbean Large Igneous Province, High Arctic Large Igneous 

 



Province, Iona-1 core and Eastbourne section are indicated. (map modified by Lauker (2018) from 

http://www.odsn.de/odsn/services/paleomap/paleomap.html​) 

2. Materials and Methods 

2.1 The Iona-1 Core 

Samples used in this study consist of organic-rich marls and carbonates from Shell’s 

Iona-1 research core drilled at ​29 13.510N, 100 44.490W from the ​Eagle Ford Group in West 

Texas (Figure 1). The Eagle Ford group was deposited under the KWIS from 98 to 90 Ma within 

the Cenomanian to Turonian (Minisini et al., 2018). The core encompasses marine sediments of 

the MCE as well as OAE2 (Eldrett et al., 2017). Litho- and chemo- stratigraphic analysis of the 

Iona-1 core by Eldrett et al. (2014) identified the MCE as a 5 meter long section of mudstone 

with high organic matter content, and a characteristic double-peak δ13C excursion. The 

analysis of the Eagle Ford group indicates that the MCE portion of the Iona-1 core was deposited 

distally (>500 km) from the shoreline, in a sediment-starved foreland basin in relatively shallow 

waters (30 m) during a period of long-term KWIS transgression and local tectonic inactivity 

(Eldrett et al. 2017). These environmental conditions made for the ideal conditions for successful 

mudstone deposition (Minisini et al., 2018). The Iona-1 core sample contain two positive 

δ¹³Corg excursions as well as high total organic carbon (TOC) during the MCE (Eldrett et al., 

2017). 

2.2. Sample decomposition for Nd and Sr 

Eighteen samples were hand crushed and processed for high-precision ​143​Nd/ ​144​Nd and 

87​Sr​/ ​86​Sr analysis. From 0.2 to 0.5 gram of each sample was weighed and added to clean 50ml 

teflon beakers, followed by 5ml of ammonium acetate solution for cation exchange. All samples 

were leached to remove the clay components of the samples through ion exchange, leaving only 
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the carbonate component. After 12 hours, the acetate was decanted and the samples were rinsed 

three times with ​18.2Ω Millipore water. The samples were then dissolved in about 2ml 1N acetic 

acid for about 1 hour. The samples were centrifuged, and the supernatant was carefully decanted 

into teflon beakers and dried. The samples were then redissolved in a few ml of 6 N HNO3 and 

refluxed overnight to convert the acetate to nitrate form. The residues were dissolved in 0.5N 

HNO3 and transferred to new, pre-weighed, acid-cleaned 50 ml centrifuge tubes. Five ml 

solutions were aliquoted for elemental analysis at the University of Houston ICP analytical lab 

for determination of the major and trace element concentrations. Aliquots with a total of​ ​200 ng 

of Nd were taken for high precision ​143​Nd/​144​Nd​ analysis and 300 ng of Sr for ​87​Sr​/​86​Sr analysis.  

2.3 Sm - Nd separation and TIMS analysis 

A mixed ​150​Nd-​148​Sm spike was added to the Nd aliquots for obtaining Sm and Nd 

concentrations. ​Fractions containing approximately 200 ng of Nd were purified using an LN spec 

column. All 18 samples processed for Nd and two blanks (spike with no dissolved rock sample) 

underwent cation column chemistry using various molarities of HCL to isolate rare earth 

elements (REEs). The collected REE samples were dissolved in a weak acid (0.16N HCL) and 

passed through LN-spec resin to separate Nd and Sm. Purified solutions of Sm and Nd were 

collected and dried slowly at 30℃ for 36 hours.  

The purified Nd and Sm fractions were dissolved in 1.5 𝜇L of 2N HCL and loaded onto 

degassed double Re-filaments. The double Re-filament consists of two filaments, one for 

ionization and one for evaporation. The evaporation filament receives the sample load. Before 

loading the sample, the filament surface is prepared with a 1.5 𝜇L of 0.7M H₃PO₄ activator. The 

Nd isotope measurements were carried out on a Thermo Fisher Triton Plus thermal ionization 

 



mass spectrometer (TIMS) at the Radiogenic Isotope Laboratory in the University of Houston 

(UH). Isotope analysis included the use of​ a 3 line multi-static technique adapted from a method 

for high precision Nd isotope analyses (McLeod et al., 2014). ​Spiked aliquots were measured on 

the TIMS with beam intensities of 0.2-0.5 V over 180-360 cycles. Nd isotope compositions were 

corrected for mass fractionation using the exponential law with ​143​Nd/​144​Nd ​= 0.7219. 

2.4 Sr isolation and TIMS analysis 

The 18 samples and 2 blanks processed for Sr were passed through Sr Spec resin columns 

to isolate the Sr fractions. The samples were collected and dried slowly to prepare for filament 

loading and TIMS analysis. Dried samples were dissolved in 3 𝜇L of concentrated HNO3, and 

1.2 𝜇L of the dissolved sample was loaded onto a single degassed Re-filament with ​TaF​5 ​and 

H​3​PO​4​. Strontium isotope measurements were carried out at the Radiogenic Isotope Laboratory 

at UH using a ​Thermo Fisher Triton Plus ​TIMS. ​ Based on replicate measurements of the SRM 

987 Sr standard, the external precision on the ​87​Sr​/​86​Sr ​ ratios is ≤ ±5 ppm (2​σ​).  

3. Results  

Trace metals and REEs were measured by Laukner (2018) using an Agilent 8900 QQQ 

ICP-MS at the University of Houston​. ​Calculated element concentrations of trace metals and 

REEs are presented in table 1. The Sm, Nd and Sr abundances in table 1 were used in 

comparison to the recorded abundances by the TIMS.  ​The calculated ​87​Sr​/​86​Sr and ​143​Nd/ ​144​Nd 

isotope ratios (Table 2) and δ¹³Corg are shown versus stratigraphic height for the Iona-1 core 

(Figure 3). The shaded region defines the duration of the MCE based on the distinguished double 

peak positive shift of δ¹³Corg values relative to the background values. In figure 3, ​87​Sr​/​86​Sr 

ratios show a positive excursion followed by a negative excursion followed by an additional 

 



positive excursion. These excursions are minor, occurring over relatively short durations (5 to 10 

ka) and showing a quick recovery to pre-excursion ​87​Sr​/​86​Sr ratios. Minor excursions of ​87​Sr​/​86​Sr 

are significant because the long-term ocean residence time of Sr (several million years) is 

expected to result in less rapid shifts over a short amount of time (Jones and Jenkyns, 2001). 

 There is a distinguished outlier in the εNd data that can be interpreted in one of two 

ways. Either the outlier is a true data point, and represents a rapid positive shift to more 

radiogenic εNd seawater values, or the outlier is the result of an error in the data collection 

process. The best way to distinguish the difference is to re-run the Nd and Sm data for this 

particular sample as well as other samples immediately above and below this sample’s 

stratigraphic height. In figure 3, the first positive shift from -27.88 to -24.98 in δ¹³Corg 

represents the onset of the MCE. The εNd shows constant values of ~ -3.4 during the pre-MCE 

interval, and begins to increase rapidly from -4.14 to -0.56 alongside the initial δ¹³Corg rise. 

Following this maximum, εNd rapidly declines to -2.84 at the same time δ¹³Corg reaches a 

minimum following the first maximum. The second δ¹³Corg maximum corresponds with a 

minor εNd maximum. 

Distinct increases in εNd values have been theorized to indicate intense submarine 

volcanism. In figure 3, the positive excursion ​in ​187​Os/ ​188​Os ​ from 0.892 to 1.262 corresponds 

with the first maximum in ​δ¹³Corg.​ The ​187​Os/​188​Os​ positive excursion indicates increased 

radiogenic input from continental weathering. The positive ​187​Os/​188​Os ​ excursion ​occurs shortly 

after the positive ​εNd excursion (5 Ky) and shows opposing environmental indications. These 

opposing indications are further investigated in the discussion section of this study. ​A negative 

 



187​Os/ ​188​Os ​ excursion occurs after the both of the peaks in ​δ¹³Corg and may indicate a delayed 

signal of submarine volcanic activity. 

 

Figure 3: Plot showing δ¹³Corganic (Eldrett et al., 2014), εNd, ​87​Sr​/​86​Sr, and ​187​Os/​188​Os (Lauckner, 2018) for the Iona-1 

research core. The grey shading indicates the δ¹³C excursion that defines the extent of the Mid-Cenomanian Event. See 

text for discussion. 

 

Table 1: Heavy metal elements and REEs abundances corrected for mass fractionation reported as 

parts-per-billion (ppb) concentrations. 

 



 

Table 2: Summary of εNd and ​87​Sr​/​86​Sr, isotope ratios corrected to initial values. 

4. Discussion 

4.1 The mid-Cenomanian Glaciation Hypothesis  

Evidence from clay assemblages investigated for paleoclimate in the Aquitaine Basin, 

France, strongly indicate that the Cenomanian climate was hot and humid (Giraud et al., 2013). 

Additionally, the Cenomanian has been documented as an episode of eustatic sea-level rise, 

evidenced by ​187​Os/ ​188​Os and ​143​Nd/ ​144​Nd isotope ratios (Jarvis et al., 2018). Although the entire 

Cretaceous period is highlighted by a greenhouse climate, the ​δ¹³C ​and δ​18​O​ isotope records 

indicate the upper Cretaceous may have been highlighted by glacial-interglacial cycles (Stoll and 

Schrag, 2000). Chemostratigraphic identification of sea-level regression caused by glaciation 

includes positive δ​18​O​ excursions (Stoll and Schrag, 2000). Carbonate data from Italy indicate 

cyclic global cooling and sea-level regression from multiple positive δ​18​O​ excursions 

throughout the Cenomanian (Stoll and Schrag, 2000). This indication runs counter to the theory 

that OAEs are associated with periods of hot climates, eustatic sea-level rise, no glaciation and 

marine regression. 

 



Results from this study disagree with the mid-Cenomanian glaciation hypothesis where 

there is a relationship between glacial periods and sea-level regression. Early glacial phases are 

marked by periods of marine regression and are recognized by negative εNd excursions 

(Holmden et al., 2013). These negative excursions are associated with falling sea-levels exposing 

greater areas of continental crust that can be weathered. Continental crustal runoff into the 

oceans produces low radiogenic εNd values in the associated seawater (MacLeod et al., 2008). 

In contrast, εNd tends to increase in radiogenic values during interglacial stages of marine 

highstand (Theiling et al., 2012). If the data from this study were to correspond with the positive 

δ​18​O​ records from Stoll and Schrag (2000), then a negative εNd excursion would be predicted 

on the lower end of the chemostratigraphic column presented in figure 3. However, the lower 

interval of figure 3 contains relatively stable εNd ratios followed by a rapid positive excursion. 

The εNd data presented in this study not only disagrees with low sea-level and glaciation, it 

suggests the opposite. 

 Thus the Nd isotope data from this study does not agree with the positive δ​18​O 

excursions recorded by Stoll and Schrag (2000). Despite the dissimilarity, it should be noted that 

the difference in geography and the distribution of isotope signals throughout the global oceans 

are not always correlatable (Thomas and Tilgham, 2013). The Cenomanian is well documented 

as a period of marine transgression, eustatic sea-level rise and epicontinental sea development 

(Jarvis et al., 2018). However, a study revisiting eustasy throughout the Cretaceous concludes 

that the true eustatic shift cannot be observed from one single location due to variations in 

dynamic topography (Haq, 2014). Sea-level measurements from one single location are 

representative of eurybatic (local/regional) change, not eustatic (Haq, 2014). Therefore, sea-level 

 



rise documented within the KWIS throughout the MCE may not be the same within the Tethyan 

ocean (Minisinsi et al., 2018). Additionally, the carbonates collected in Italy were significantly 

closer to the northern polar region and may have experienced different climatic effects than the 

Eagle Ford formation which existed closer to the equator during the Mid-Cenomanian (Figure 2). 

Lastly, the Cenomanian occurred over a period of ~7.4 Ma and Milankovitch cycles occur over 

short time scales of ~20 - 400 ka (Gabdullin et al., 2014). Therefore, Milankovitch cycles such as 

eccentricity may have resulted in small scale glacial periods at the poles during the Cenomanian. 

4.2 The Ocean Circulation Hypothesis 

Paleoclimate studies have credited changes in climate to coincide with changes in ocean 

circulation patterns (Dera et al., 2015). However, few studies have reconstructed paleocirculation 

patterns of the Late Cretaceous epoch to observe the relationship between changes in 

paleocirculation, greenhouse climate, and ocean anoxia (Martin et al., 2002). As noted above, Nd 

isotopes can be used in reconstructing paleocirculation including the origin, strength and flow 

direction of paleocurrents (Frank, 2002). The ocean residence time of Nd is significantly shorter 

than the ocean mixing time, therefore the shifting isotope composition of Nd within ancient 

seafloor deposits is likely a result of paleocirculation changes (Frank, 2002). Strontium is well 

mixed within the ocean and has a relatively long residence time of several million years, 

consequently, the resulting isotope composition in seawater is not representative of changes in 

paleocirculation (Frank, 2002; Jones and Jenkyns, 2001). 

Positive and negative εNd excursions have been interpreted as changes in ocean 

circulation patterns (Martin et al., 2012). A positive excursion may be the result of nutrient-rich, 

radiogenic εNd signature bottom waters upwelling to the surface and promoting primary 

 



productivity and eventually initiating local anoxia (Arther and Sageman, 1994). A positive 

seawater εNd shift may also be indicative of warm surface currents from equatorial based 

oceans moving into the location of study and promoting a warmer climate and primary 

productivity within the region (Dera et al., 2015). Additionally, shifting ocean circulation may 

result in a local negative εNd excursion from unradiogenic water masses migration (Dera et al., 

2015). A negative εNd excursion may be an indicator of continental material eroding and 

depositing into local, low latitude water mass formations (Martin et al., 2012). This indicator is 

relevant to the carbonates used in this study, which were deposited under a shallow 

epicontinental seaway.  

Unusually low εNd background values as seen from Demerara Rise have been 

interpreted to be the result of warm saline bottom waters (WSBW) originating from shallow 

epicontinental sea shelves sinking beneath other water masses due to density differences (Martin 

et al., 2012; Berrocoso et al., 2010). Sinking of WSBW beneath other water masses is 

hypothesized to contribute to the longevity of OAE2 (500 ka) (Berrocoso et al., 2010; Zheng et 

al., 2016). This hypothesis is based on WSBW creating a dynamic nutrient trap through a 

positive feedback loop of nutrient-rich WSBW feeding the surface water mass, and promoting 

productivity followed by deoxygenation, and the continuation of a greenhouse climate 

(Berrocoso et al., 2010). Martin et al. (2012) concluded that the positive εNd excursion reflects 

the movement of warm, saline, nutrient rich bottom waters into the study area, however, the 

source of the nutrient supply was not determined. Therefore, the source of nutrients and 

radiogenic Nd to the bottom waters could have been submarine volcanism (Zheng et al., 2013). 

 



Data from this study does not include unusually low εNd background values, therefore the 

nutrient trap hypothesis does not correspond with the MCE as it does with OAE2 (Figure 4).  

The εNd data representing OAE2 from Demerara Rise has a similar pattern to the εNd 

data from this study in terms of positive and negative excursions (Figure 4) (Martin et al., 2012). 

Martin et al., (2012) determines that the positive shift observed in Demerara Rise data cannot be 

the result of volcanism and instead indicates a transition from WSBW to εNd enriched North 

Atlantic bottom waters due to changing ocean circulation. The εNd data from this study and 

from Martin et al., (2012) indicates a positive shift in εNd values just before the first positive 

peak in δ¹³Corg (Figure 4). Martin et. al. (2012) argues that volcanic Nd cannot be transported 

in oxic bottom waters due to the immediate removal of Nd by precipitation of Fe-Mn oxides. 

Additionally, the onset of the δ¹³Corg peak indicates the beginning of bottom water anoxia, 

therefore the volcanic input marked by the positive εNd excursion cannot pre-date the δ¹³Corg 

peak (Martin et al., 2012). However, the δ¹³Corg data used to compare the εNd from 

Demerara Rise is not derived from the same samples but is sourced from older δ¹³C studies 

(Martin et al., 2012; Erbacher et al., 2005). Thomas and Tilgham (2013) strongly express the 

significance of regional triggers for anoxia rather than one single global trigger due to isotope 

signal variations across different geographic locations. Therefore, the true local δ¹³Corg peak 

could have predated the global one. In addition, the rise in δ¹³Corg indicates the initiation of 

ocean anoxia at all depths (especially surface waters) and not explicitly anoxia of bottom waters 

(Zheng et al., 2013). These implications resurface the possibility of radiogenic Nd input from a 

volcanic source resulting in the high εNd values observed at Demerara Rise and the Iona-1 core 

(Zheng et al., 2013). 

 



 

Figure 4: εNd data from this study (left figure) compared to εNd data encompassing OAE2 from Demerara 

rise (right three figures) (Martin et al., 2012).  

4.3 Emplacement of a Large Igneous Province Hypothesis 

Submarine volcanism deposits massive amounts of CO₂ into the oceans and atmosphere, 

rapidly introducing gigatons of isotopically light carbon into the global carbon cycle, and is 

theorized to result in an initial negative δ¹³Corg excursion (Kuroda et al., 2007; Percival et al., 

2016). This massive CO₂ input disturbs the carbon cycle and produces a greenhouse climate, 

setting the stage for ocean anoxia and the subsequent δ¹³Corg positive excursion associated 

with enhanced organic carbon burial on the seafloor. If volcanism is involved in the induction of 

anoxia, then a negative δ¹³Corg excursion will predate the positive peak in δ¹³Corg. The 

δ¹³Corg data collected by Eldrett et al. (2014) in figure 3 plots a negative excursion just before 

the following double peak, indicating potential for volcanic involvement in the induction of 

ocean anoxia. Additionally, a subtle εNd negative excursion occurs immediately above the 

 



δ¹³Corg negative excursion and is likely a result of increased continental weathering associated 

with the onset of greenhouse climate conditions and beginnings of ocean anoxic conditions 

(Theiling et al., 2012). 

Distinct increases in εNd values have been interpreted in geochemical analyses to be the 

result of submarine volcanism depositing high εNd bearing basalts (εNd ~ +10) into the ocean 

basin, leaving a distinct isotopic signal in seawater deposits (MacLeod et al., 2008). The εNd 

values from volcanic sources in the modern oxic ocean is rapidly removed by the precipitation of 

oxides surrounding the hydrothermal source, however, it is possible that this isotopic signature 

remains intact if submarine volcanism occurs in an anoxic environment where the precipitation 

of these oxides is impossible (Frank, 2002; Martin et al., 2012). The εNd positive excursion in 

figure 3 occurs approximately 10 ky before the δ¹³Corg negative excursion. The emplacement 

of an LIP may be responsible for the initial negative δ¹³Corg excursion, followed by massive 

eruptions depositing radiogenic Nd and producing the later positive εNd signal. Additionally, if 

the εNd signal was initially produced by submarine volcanism in a different geographic 

location than the deposited source rock, the εNd signal may appear delayed in time as 

compared to the δ¹³Corg signal, as is observed in this data.  

If the emplacement of a LIP is responsible for the transition to ocean anoxic conditions, 

then the ​εNd data is expected to trend towards more radiogenic values, and the ​187​Os/ ​188​Os ​ data 

is expected to trend towards non-radiogenic values (Zheng et al., 2012; Bottini et al., 2012). The 

εNd data from this study does exhibit this positive excursion, however, the​ ​187​Os/ ​188​Os data 

(Lauckner, 2018) trends towards more radiogenic values (Figure 3). The expected 

non-radiogenic ​187​Os/ ​188​Os​ signal may have been overprinted by intense local inputs of 

 



continental weathering. This is a reasonable assumption given the hot and humid climate that 

dominated the MCE in addition to the shallow epicontinental sea depositional environment of the 

Iona-1 core (Figure 2). There may also be more than one trigger involved in the induction of 

local anoxia, including both increased continental weathering and submarine volcanism.  

If the MCE was triggered by the emplacement of a LIP, then the date of the associated 

LIP flood basalts must be consistent with the onset of the MCE. There are two potential LIPs that 

may be responsible for the isotope signals discussed previously, the HALIP, and the CLIP. The 

lack of available and datable HALIP and CLIP basalt outcrops creates a challenge in crediting 

LIP involvement with OAEs. Nonetheless, the HALIP has been concluded as a trigger for OAE2 

and the early Aptian OAE (OAE 1.a; 120 Ma) (Zheng et al., 2013; Deegan et al., 2016). HALIP 

basalt production has been described to occur in two pulses, the first dated between 130-120 Ma, 

and the second pulse between 93-60 Ma (Deegan et al., 2016; Schroder et al., 2019). The first 

pulse predates the MCE and corresponds with OAE 1.a and the later pulse postdates the MCE 

and corresponds with OAE2. Estrada et al. (2016) determined a whole rock age of HALIP basalt 

to be 96.4 1.6 Ma by use of ​40​Ar -​39​Aranalysis. If this date is accurate, there is potential for the±  

positive εNd excursion to be a result of the HALIP migrating to the Iona-1 via southern moving 

arctic water masses. However, if the HALIP was responsible for triggering the MCE, then the 

resulting εNd and ​187​Os/​188​Os signal would likely be delayed and diluted due to the tectonic 

placement of continental plates (Figure 2). Data from this study does not record this delay, 

therefore it is suggested here that the emplacement of the HALIP is not represented.  

Two studies have dated CLIP igneous activity using ​40​Ar -​39​Ar analysis and recovered the 

following ages; 87 - 95 Ma (Snow et al., 2005) and 98.7 7.7 - 64.5 5 Ma (Serrano et al.,± ±  

 



2011). The later and more recently dated results by Serrano et al. (2011) encompass the MCE. If 

the CLIP is responsible for the positive εNd excursion, water masses would be required to 

move northward from the CLIP to the Iona-1 location in the KWIS (Figure 2). Eldrett et al. 

(2017) used total organic carbon (TOC) and major, minor and trace element geochemical 

analyses to interpret water mass evolution within the KWIS throughout the Late Cretaceous 

Epoch. Results from Eldrett et al. (2017) conclude that Tethyan water masses moved north into 

the KWIS from 98-95 Ma. This conclusion corresponds with the proposed timing of CLIP 

activity by Serrano et al. (2011) and the εNd data from this study.  

4.4 OAEs: Single Global Trigger, or Multiple Regional Triggers. 

Although εNd data from the Iona-1 core is consistent with the conclusion that the MCE 

was triggered by the emplacement of the CLIP, this data was collected from only one location. In 

addition, the MCE is a notably smaller OAE in terms of the δ¹³C excursion being about half that 

of OAE2 (Zheng et al., 2016). The MCE records a 0.7‰ positive shift in the carbon isotope 

values whereas OAE2 records a >2‰ positive shift (Coccioni and Galeotti, 2003; Zheng et al., 

2016). Given the size of the MCE, it is impractical to assume that one trigger alone produced 

deoxygenation of the global ocean. The MCE resulted in more regional effects of deoxygenation 

rather than global, therefore the regional effects may also be the result of regional-scale triggers 

(Zheng et al., 2016). Consequently, published papers speculating the trigger of the MCE have 

different results, depending on their geographic location. For example, MCE deposits from the 

UK revealed a strongly negative εNd excursion, deemed to be the result of an increase in the 

amount of boreal seawater moving into the European epicontinental seaway (Zheng et al., 2016). 

The negative εNd excursion provides evidence for changing ocean circulation affecting the 

 



climate and regional deoxygenation, as opposed to other regions crediting LIPs to the onset of 

anoxia based on εNd positive excursions (Percival et al., 2015). As opposed to a single 

large-scale trigger, an OAE could be the result of multiple, regional environmental triggers 

contributing to a global greenhouse climate and enhanced ocean productivity. These individual 

triggers are ambiguous as they are based on environmental proxies from different isotope data. 

More regional data constraining the MCE would strengthen this hypothesis.  

5. Conclusions 

The reconstruction of mid-Cenomanian εNd, ​87​Sr​/​86​Sr, and ​187​Os/ ​188​Os KWIS seawater is 

presented in this study. The relationship between the positive and negative excursions of εNd 

and δ¹³Corg corresponds with the timing of the CLIP magmatism and northern flowing ocean 

circulation patterns in the KWIS. Thus, the highly radiogenic εNd signal recovered from the 

Iona-1 core is a result of the southward emplacement of the CLIP which then migrated 

northward into the KWIS by way of the northern-flowing equatorial Atlantic Tethyan water mass 

during the mid-Cenomanian (Serrano et al., 2011; Eldrett et al., 2017). CLIP magmatic activity is 

therefore at least regionally responsible for the positive δ¹³Corg excursion defining the onset of 

the MCE. Increased local continental weathering rates derived by the positive ​187​Os/ ​188​Os 

excursion indicates an additional trigger contributing to ocean anoxic conditions.  
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