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ABSTRACT 
 
 
 

 Paleoclimatic data show that patterns in the natural climate system of the Earth 

have changed dramatically many times in the past.  These climate changes have been 

closely linked to changes in the ocean and its biogeochemical cycles.  In this sense, past 

signatures of climate change, and research during greenhouse periods allows us to assess 

these signatures to factors such as warming/cooling, and sea level change. Among past 

warm climates, the Cretaceous is an excellent interval to study that is widely agreed to be 

a time of high atmospheric CO2 levels and warm temperatures.  

 Late Cretaceous, greenhouse conditions started to wane after the Cenomanian and 

a long term cooling trend is observed up to the end of the Cretaceous.  This cooling trend 

was included by a significant event in the Maastrichtian that is marked by several 

paleobiological and paleoceanographic perturbations. Significant climate differences 

among ocean basins during the Maastrichtian are observed around the same time. 

Notably, North Atlantic basin shows a 3 million years warming trend of approximately 

6°C whereas the other basins showed cooling. To explain these Maastrichtian events, 

changes in the intermediate and/or deep water sources have been invoked.  Details vary 
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among study sites with primary differences residing in source regions for intermediate 

and deep waters as well as cause and effects relationships. .   

 This research attempts to address these questions by trying to constrain evolution 

of Maastrichtian surface to deep ocean circulation in the North Atlantic. First to 

investigate the unusual surface warming trend observed in the subtropical North Atlantic 

we analyzed planktonic foraminifera δ 13C and δ 18O isotopes signatures, foraminifera 

species assemblages, and their correlation to Milankovitch cyclic variation during the 

Maastrichtian. Results, demonstrate the evolution and development of a well-established 

western boundary current through out the Maastrichtian, that had migrated laterally long 

and short time scales.   

 Second, we concentrated on the Nd isotopic record at Demerara Rise in the 

tropical North Atlantic and previous implications on deep/intermediate water formation at 

low latitudes during the Maastrichtian. Results showed that between the early 

Maastrichtian and mid Danian, εNd(t) values of fish debris from three sites on Demerara 

Rise shift by ~6 units from  -17 to -11.  The shift that begins in the Maastrichtian, is 

gradual within the sites, is diachronous among the sites, and provides the most direct 

evidence yet presented for reorganization of ocean circulation patterns during the 

Maastrichtian.   

 Finally, we took a multiregional approach that will allows us to begin tracking 

deepwater circulation in the North Atlantic basin through the Late Cretaceous (with an 

emphasis on the Maastrichtian) from bathyal to abyssal depths. Results indicate that 

during the Late Cretaceous the North Atlantic exhibits different εNd(t) signatures at 
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different latitudes indicating the presence of multiple water masses whose distribution 

change through time. Nonetheless, sometime between the Maastrichtian and the Danian, 

converge on values of ∼- 11 indicating an homogenization of the deep water source after 

the Cretaceous. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

Some of the most important earth science questions of our time relate to 

understanding how human activities may be modifying current and future climates. 

Increasing levels of CO2 in the atmosphere over the past century are thought to be a cause 

for global warming (Hansen et al, 2008; IPCC, 2008) and the geologic record of 

greenhouse times provides a critical perspective on how the Earth system (atmosphere, 

biosphere, and hydrosphere) might respond (Royer et al, 2007).  

In the modern time, climate in many regions is strongly influenced by oceanic 

deep and/or surface water circulation, and one of the most important aspects of the global 

ocean system is the transport of excess radiative heat absorbed in the tropics to high 

latitudes (Macdonald et al, 2001). Deep water formation today is dominated by cooling 

and salinitization in high latitude surface waters (D'Hondt and Arthur, 2002; Marshall 

and Plumb, 2006).  The main sources of deep water are the North Atlantic (North 

Atlantic Deep Water NADW) and the Southern Ocean (Antarctic Bottom water AABW). 

NADW transports cold water southward at depth towards the Antarctic circumpolar 

current; this process is compensated by northward transport of heat from the south in 

surface and shallow waters. This Atlantic overturning cell is a dynamic element of the 

oceanic thermohaline circulation (THC).  Moreover, sea-air interaction plays an 

important role in surface currents dynamics and heat transport. For instance, the cold 
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Humboldt Current off South America and the warm Gulf Stream in the North Atlantic 

both effectively exchange heat between low and high latitudes (Marshall and Plumb, 

2006).  

Paleoclimatic data show that patterns in the natural climate system of the Earth 

have changed dramatically many times in the past (Hodell et al, 1985; Sarnthein, 1994; 

MacLeod and Huber, 1996; Barrera et al, 1997; Erbacher et al, 2001; Pearson, 2001; 

Kravtsov and Dewar, 2003; Nisancioglu et al, 2003; Scher and Martin, 2006; Gutiérrez et 

al, 2008; Wagner et al, 2008; Ishizaki et al, 2009). These climate changes have been 

closely linked to changes in the ocean and its biogeochemical cycles (Sarmiento et al, 

1998; Joos et al, 1999; Bopp et al, 2001; D'Hondt and Arthur, 2002; Behrenfeld et al, 

2006). Past signatures of climate change, and research during greenhouse periods allow 

us to assess these signatures to factors such as warming/cooling, and sea level change. 

Therefore, understanding greenhouse climate patterns on a local and regional scale may 

hold the key to improve our understanding of climate variability and biotic responses in 

modern time.  

Among past warm climates the Cretaceous is an excellent interval to study. It was 

a greenhouse period with a relatively complete, accessible, and well-preserved 

stratigraphic record. It is also widely agreed to be a time of high atmospheric CO2 levels 

and warm temperatures (Jenkyns, 1994; Huber et al, 2002; MacLeod et al, 2005; Royer, 

2006). Substantial evidence for warmth includes δ18O-based bathyal temperatures 

reaching 20°C in the subtropical North Atlantic (Norris and Wilson, 1998; Huber et al, 

1999), upper ocean isotopic paleotemperatures of 22-28°C at southern high latitude sites 
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(Huber et al, 1995), tropical sea surface temperatures of 33 to 34°C (Norris et al, 2002), 

and fauna intolerant of freezing conditions discovered at 71°N (Tarduno et al, 1998). 

Conditions however, were not continuously hot during this interval. A Progressive 

warming starting in the Aptian (Huber et al, 2002) reached peak conditions during the 

Mid-Cretaceous (Cenomanian/Turonian boundary) (Clarke and Jenkyns, 1999; Forster et 

al, 2007) when globally average surface temperatures were up to 14°C higher than today 

(Tarduno et al, 1998; Wilson et al, 2002; Forster et al, 2007).  Associated with this peak, 

a significant δ13C excursion related to widespread deposition of organic carbon rich 

sediments (black shales) and labeled OAE2 (oceanic anoxic even 2) is observed 

(Schlanger, 1976; Jenkyns, 1980; Arthur et al, 1988; Kuypers et al, 2002). Despite the 

warming, several cooling trends have been reported during this interval. Ando et al 

(2009), reported a cooling episode during Mid Cenomanian Event 1, represented by a 

δ18O positive excursion in benthic foraminifera that the authors associated with changes 

in the deep water source.  Furthermore, glaciations have even been invoked during the 

Mid Cenomanian Event (MCE) and the Maastrichtian (Stoll and Schrag, 2000; Miller et 

al, 2003; Miller et al, 2005).  Greenhouse conditions started to wane after the 

Cenomanian and a long term cooling trend is observed up to the end of the Cretaceous 

(Huber et al, 1995; Pucéat et al, 2003; Voigt et al, 2004; Forster et al, 2007; Bornemann 

et al, 2008).   

Despite agreement on broad trends, there is uncertainty as to how much warming 

or cooling occurred in the Late Cretaceous, especially in the tropics. Based on δ18O 

analyses of planktonic foraminifers D'Hondt and Arthur (1996) proposed that the 
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Maastrichtian was characterized by cool tropical sea surface temperatures (SSTs) (20°-

21°C).  However, Wilson and Opdyke (1996) measured δ18O values on rudist aragonite 

and magnesian calcite cements recovered from Pacific guyots and concluded that tropical 

SSTs in the same interval were extremely warm (between 27° and 32°C).  More recent 

studies in pristine planktonic foraminifera (Pearson, 2001) suggest Maastrichtian tropical 

temperatures of up to 32°, and Bice et al (2006) reported that the temperature of the 

Atlantic equatorial region (Demarara Rise) may have been as warm as 42°C in the late 

Turonian.  

Furthermore, the Late Cretaceous cooling trend from the late Campanian- 

Maastrichtian (85-65 Ma) was punctuated by a significant event in the Maastrichtian that 

is marked by several paleobiological and paleoceanographic perturbations, such as the 

extinction among inoceramid bivalve (Kauffman, 1986; MacLeod, 1994; MacLeod and 

Huber, 1996) and rudist bivalves (Johnson et al, 1996; Johnson, 2002; Steuber et al, 

2002). Significant climate differences among ocean basins during the Maastrichtian are 

observed around the same time. Notably, the North Atlantic basin shows a 3 million year 

warming trend of approximately 6°C whereas other basins (South Atlantic, Pacific, and 

Indian Ocean) showed cooling (MacLeod et al, 2005; Isaza-Londoño et al, 2006).  

To explain these Maastrichtian events, changes in the intermediate and/or deep 

water sources have been invoked (MacLeod and Huber, 1996; Barrera et al, 1997; Frank 

and Arthur, 1999).  Details vary among studies with primary differences residing in the 

proposed source regions for intermediate and deep waters as well as cause and effect 

relationships.  However, all models agree that there was a significant Maastrichtian 
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reorganization in ocean circulation.  Potential regional controls that could cause this 

reorganization can be projected from the present time but the appropriateness of the 

extrapolations are difficult to evaluate for Cretaceous greenhouse interval.  In order to 

discriminate among alternatives we need a better control on temporal and spatial changes 

from surface to deep/intermediate processes and sources for deep water formation during 

greenhouse intervals. 

This research attempts to address these questions by trying to constrain the 

evolution of Maastrichtian surface to deep ocean circulation in the North Atlantic. The 

North Atlantic is targeted because it was a growing basin (geographically and 

bathymetrically) with connections to the Tethys, South Atlantic, and Pacific Oceans.  

Further, previous studies have suggested that changing circulation in this basin may have 

controlled the timing and nature of global climate change for the Maastrichtian (MacLeod 

and Huber, 1996; Frank and Arthur, 1999; Poulsen et al, 2003; MacLeod et al, 2005; 

Isaza-Londoño et al, 2006).   

This dissertation is divided into three studies (chapters 2-4) that address 

circulation at surface, intermediate, and deep-water depths.  Chapter 2 considers surface 

water gradients between two closely spaced sites in the subtropical North Atlantic at the 

end of the Maastrichtian (MacLeod et al, 2005; Isaza-Londoño et al, 2006).  We will test 

whether variations in runoff and/or upwelling or migrations of surface water masses are 

responsible for temperature and foraminifera assemblages cyclic variations (MacLeod et 

al, 2001; Watkins and Self-Trail, 2005).  In order to do so, we analyzed planktonic 

foraminifera species assemblages and foraminifera δ13C and δ18O isotope signatures, and 
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their correlation to Milankovitch cyclic variation. Foraminifera population dynamics 

from this study demonstrate the evolution and development of a well established western 

boundary current throughout the Maastrichtian that migrated laterally over both long and 

short time scales. 

Chapter three concentrates on the Nd isotopic record at Demerara Rise in the 

tropical North Atlantic and its implication for deep/intermediate water formation at low 

latitudes during the Maastrichtian.  MacLeod et al (2008) reported extremely low εNd(t)   

(~ -16) values for the Demerara Rise throughout most of the Cretaceous compared to 

other basins in the same period.  They proposed that the values observed are the signature 

of a distinct bottom water mass they called “Demerara bottom water mass” (DBWM) 

indicative of regional (low latitude) sinking of surface waters.  These low εNd(t) isotopic 

values were associated with black shales but continued into Campanian and 

Maastrichtian chalks suggesting that the source of the DBWM was constant for most of 

the Late Cretaceous.  On the other hand, low-resolution data from Bourbon (2008) 

showed a shift to values of -11 by the middle Paleocene, but at only one site and with five 

million year resolution.  The objective of chapter three was to acquire a high-resolution 

record from multiple sites for the Maastrichtian in the Demerara Rise that will document 

the timing and pattern of the shift in time and depth. Results show that εNd(t) values of fish 

debris from three sites on Demerara Rise shift by ~6 units from  -17 to -11 between the 

early Maastrichtian and mid Danian.  The shift begins in the Maastrichtian is gradual 

within the sites, is diachronous among the sites, and provides the most direct evidence yet 

presented for reorganization of ocean circulation patterns during the Maastrichtian.   
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Finally, in chapter four, we took a multiregional approach that allow us to begin 

tracking deep water circulation from bathyal to abyssal depths in the North Atlantic basin 

through the Late Cretaceous (with an emphasis on the Maastrichtian). First, by extending 

the Demerara transect to true deep depths in the Cape Verde Basin, we can test the 

evolution of the DBWM and the significance of low latitude deep-water formation during 

the Maastrichtian.  Second, by studying a similar depth transect in the Subtropical North 

Atlantic from the Blake Nose (bathyal) to the Bermuda Rise (abyssal), we can provide 

new insights and a more complete view of deep-water circulation patterns and test 

hypotheses regarding deep-water sources and patterns. Results indicate that the Late 

Cretaceous North Atlantic exhibits different εNd(t)  signatures at different latitudes 

indicating the presence of multiple water masses whose distribution changes through 

time. Nonetheless, sometime between the Maastrichtian and the Danian, they converge 

on values of ∼-11 indicating homogenization of the deep water source after the 

Cretaceous. 

1.1.  SCIENTIFIC BACKGROUND 

These studies employ paleontological and several geochemical techniques to infer 

paleoceanographic conditions and circulation patterns.  Within each chapter is a brief 

description of the techniques used. Below we provide a more expanded and general 

background of these methods. 

1.1.1.   DEEP CIRCULATION AND NEODYMIUM ISOTOPES 

The most commonly applied geochemical proxies to reconstruct past deep water 
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circulation have been the stable carbon isotope composition (δ13C) given in per mil (Curry 

and Lohmann, 1983; Curry et al, 1988; Woodruff and Savin, 1989; Ravelo and 

Andreasen, 2000) and the Cd/Ca ratio (Boyle, 1988) in benthic foraminifera.  In general 

the oceanic record of δ13C in planktonic and benthic foraminifera at any site always 

reflects at least three components: 1) the δ13C values of total dissolved carbonate in the 

oceans; 2) the local primary productivity; 3) the global pattern of deep-sea circulation 

(Rohling and Cooke, 1999).  Carbon moves through oceanic reservoirs as inorganic and 

organic carbon, and the biological pump is key in this process. During primary 

productivity, 12C preferentially goes into organic matter, and then is released in the deep 

water as this organic matter is remineralized.  As this bottom water circulates, 

progressive addition of remineralized organic carbon causes bottom water δ13C to 

decrease. Thus, gradients in δ13C values within a water mass can indicate flow patterns 

(Frank, 2002).  However, these water masses all start out in equilibrium with the 

atmosphere, meaning they start with about the same δ13C value.  Further, they evolve in 

the same direction as they move though the ocean.  So determining flow without prior 

knowledge of the distribution of water masses is difficult.  Also, nonconservative effects 

of temperature, nutrient availability, and variability in carbonate ion concentration are 

potentially confounding factors (Broecker and Peng, 1982; Spero et al, 1997; Frank, 

2002). 

A second technique that uses Cd/Ca from benthic foraminifera was developed in 

parallel with the carbon isotope method. Cadmium concentrations in seawater follow a 

nutrient-like (phosphate, nitrate) distribution.  Benthic foraminifera incorporate cadmium 
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and calcium into their shells in proportion to their abundance in seawater, which allows 

for the reconstruction of deep-water cadmium (and thus macronutrient) gradients (Frank, 

2002).  This knowledge could allow the distinction between low-nutrient (such as 

NADW) and high-nutrient deep waters (such as in the North Pacific) in the past. 

However, it is difficult to make quantitative estimates of mixing between water masses 

on the basis of Cd/Ca or δ13C data because neither of the two proxies may exclusively 

mirror the nutrient content of ambient deep water (Frank, 2002). For  Cd/Ca, problems 

also arise from thermodynamic effects (Boyle, 1988; Frank, 2002). Consequently, 

applying these methods requires a large set of data that not only follows the flow path 

across significant distances, but also samples different depths so you know inferences are 

being made from data representing the same water mass.  

Recent studies have demonstrated that neodymium (Nd) isotopes are a powerful 

proxy for past water mass structure and mixing that could help constrain major 

circulation changes in the past without the complications of δ13C and Ca/Cd. The 

residence time of Nd in the ocean is about ~600-1000 years (Tachikawa et al, 1999), 

which is shorter than the total mixing time of the oceans (~1500 years) (Broecker et al, 

1960).  Because of this Nd isotopes can be used to track deep water masses (Stille and 

Shields, 1997).  However, Nd is considered a quasi-conservative element because the 

signal of the water masses can be altered by weathering inputs within the basin (Frank, 

2002).  Even so, Nd provides a more direct means of tracking water masses than δ13C or 

Ca/Cd in benthic foraminifera. In addition, because the isotopic distinction associates 

with mass aging among water masses is large relative to measurement uncertainty or 
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changes, records of Nd isotopes can be used to infer source regions of contemporary 

bottom waters and connections between seaways, as well as mixing of water masses 

(Piepgras and Wasserburg, 1982, 1987; Piepgras and Jacobsen, 1988; Albaréde et al, 

1997; Jeandel et al, 1998; Goldstein and Hemming, 2004).  

To determine the Nd values of seawater in the past, we need to find a physical 

archive that incorporates the seawater signature and that is not altered by burial or 

diagenesis, and it also must be datable.  Archives for Nd include, ferromanganese (Fe-

Mn) oxide crusts and nodules, biogenic phosphates, and Fe-Mn coatings (Thomas, 2005).  

Early studies showed that as inorganic host of Nd, Fe-Mn crusts and nodules were an 

effective archive, and they are still widely used.  However, their slow growth makes 

dating them very hard, limiting temporal resolution, and their rarity limits geographic 

coverage (Martin, 2000).  In general, they provide good record of long term trends of 

ocean circulation. 

In contrast, phosphates, especially apatite in the form of conodonts and fossil fish 

teeth, have proven to be useful archives of Nd isotopes  for higher resolution 

paleoceanographic studies (Elderfield and Pagett, 1986; Martin and Scher, 2004; 

MacLeod et al, 2008). The Nd is incorporated into teeth and other fish debris (bioapatite) 

from bottom waters during early diagenesis at the seafloor (Elderfield and Pagget, 1986; 

Martin and Scher, 2004) and this value is relatively insensitive to later diagenetic 

alteration (Martin and Sher, 2004).  Unlike crusts, teeth can be dated easily using 

biostratigraphy, orbital cyclostratigraphy, chemostratigraphy and paleomagnetism applied 

to sediments in which they occur.  For this reason, relatively high resolution records can 
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be produced.   

 Samarium (Sm) and neodymium are closely related rare earth elements. 143Nd is a 

radiogenic daughter product of 147Sm produced by alpha decay with a half-life of 

approximately 106 billion years. Sm is relatively concentrated in the crust and Nd is 

relatively concentrated in the mantle (Stille et al, 1992).  Both Sm and Nd occur as trace 

constituents in seawater. The Sm/Nd ratio of sea water is about 0.20, which is about the 

same as that of average crustal rock or of average suspended loads (Stille et al, 1992). 

The 143Nd/144Nd ratio is measured in a sample and commonly reported as εNd.  This 

expression allows small, but significant, variations in the isotopic ratio to be reported in 

whole numbers relative to a bulk Earth value (DePaolo and Wasserburg, 1976).  Nd 

isotopic measures in sea water have shown that major oceanic basins differ in their Nd 

compositions (Piepgras et al, 1979; Piepgras and Wasserburg, 1980, 1982) and these 

differences (within and/or among the basins) reflect the changes in the isotopic 

compositions of the Nd sources (Stille et al, 1992). High εNd values (more radiogenic) in 

general reflect contributions from younger rocks (mantle derived basaltic, volcanic, and 

juvenile crust), while low εNd values (less radiogenic) result from the contribution of old 

continental blocks (cratons).  

The reference values of 143Nd/144Nd are those that would be found in a reservoir 

that has a Sm/Nd ratio equal to that of the average chondritic reservoir meteorite for all 

time (DePaolo, 1988).  This standard reservoir is referred as CHUR (Chondritic Uniform 

Reservoir) and its 143Nd/144Nd ratio at any time (T) into the past is given by:
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where λ is the half life (6.54x10-12 y-1) of 147Sm and 143Nd/144NdCHUR(0)  and 

147Sm/144NdCHUR(0) are the values of CHUR today (0.512638 and 0.1967 respectively) (De 

Paolo and Wasserburg, 1976).  The 143Nd/144Nd ratio of any rock sample at T=0 is 

represented by the parameter εNd(0) defined as: 
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The 147Sm/144NdSample(0) varies depending on the material analyzed.  For this 

research the material was fish debris on whose small variations among the different 

basins were observed. When εNd(t) was calculated, the 147Sm/144NdSample(0) used was 0.125 

for fish from Demerara Rise and Blake Nose,  0.147 for fish from Bermuda Rise, and 

0.130 for fish from Cape Verde.   

1.1.2.  δ18O VALUES IN FORAMINIFERA 

 Analyzing the oxygen isotopic composition of carbonate in microorganisms allows 

us to deduce the temperature at which the calcite was precipitated. The empirically 

determined temperature equation that is used most often in work with deep sea 

carbonates is:  

 toC = 16.9 - 4.2 (δc -δw) + 0.13 (δc -δw) 2 (modified by Craig 1965). 

in which toC is the temperature in degrees Celsius, δc is the oxygen isotopic composition 

of calcite compared with the PDB standard, and δw the oxygen isotopic composition of 

the water from which it was precipitated compared to the Standard Mean Ocean Water 

(SMOW).  

However, we can use this method to determine the temperature at which calcite 

was precipitated only if we know the isotopic composition of the water in which the 

calcite formed.  This value is not easy to determine because δ18O values are related to 

salinity, and because the isotopic composition of oxygen in the ocean as a whole depends 

on the amount of water stored in the continents in the form of glaciers.  Nonetheless, by 

knowing the present ocean mean δ18O and calculating the effect of maximum glaciations, 
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we can make reasonable assumptions about δ18O seawater values for the geologic past.  

For this study we assume that the Maastrichtian was an ice free interval where the δw is -

1‰ (Shackleton, 1965).  

The combination of oxygen isotopes values stored in the tests of planktonic and 

benthic foraminifera allows the determination of temperatures in surface and deep waters.  

Furthermore, planktonic species live at different depths (thus at different temperatures) in 

the water column. Isotopic signals of different species within one sample differ according 

to their depth-habitat and these differences allow us to get a close look at the water 

column structure.  

1.1.3.  δ13C VALUES IN PLANKTONIC FORAMINIFERA 

 Carbon exists in two main reservoirs: organic matter and sedimentary carbonates.  

In the modern ocean, the distribution of 13C is mainly controlled by the biological pump.  

CO2 from the atmosphere dissolves into the ocean and this inorganic carbon can be 

converted into organic matter by photosynthesis (Rohling and Cooke, 1999). Marine 

foraminifera shells serve as an archive for inorganic carbon throughout the geologic 

record. Carbon isotopes are fractionated during photosynthesis where 12C is preferentially 

incorporated into photosynthate.  This fractionation shifts the δ13C value of organic 

matter toward lower (relatively 12C enriched) values compared to that of inorganic carbon 

(Goodney et al, 1980) and leaves the residual inorganic pool with higher δ13C values.  

The organic matter sinks and is remineralized resulting in a gradient in dissolved 

inorganic carbon from high value at the surface to low values at depth.  As a result, local 
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increases in productivity are reflected as increases in this gradient and vice versa.  Net 

global increases or decreases in carbon burial on the other hand, result in a shift of all 

reservoirs towards higher (or lower) δ13C values.   Complications that result in δ13C 

foraminiferal disequilibrium can include 1) utilization of metabolic CO2 during shell 

formation, 2) photosynthetic activity of symbionts, 3) growth rate, and 4) variation in 

carbonate ion concentrations in ambient waters (Spero, 1987; Spero and Deniro, 1987; 

Spero, 1993, 1996; Spero and Lea, 1996; Spero, 1997; Spero et al, 1997). Still the basic 

pattern of foraminiferal δ13C variation with water column depth facilitates the 

reconstruction of fossil foraminiferal depth habitats based on the relative stable isotope 

offsets between species in an assemblage and enable us to track changes in the water 

column structure (Pearson et al, 1997; Spero, 1998; Sexton et al, 2006a; Sexton et al, 

2006b).  

1.1.4.  FORAMINIFERA ASSEMBLAGES 

 Planktonic foraminifera live under a variety of environmental conditions in the 

upper ocean, and they reflect environmental parameters such as water temperature, 

salinity, food availability, and water mass structure in their assemblages and individual 

tests (Abramovich et al, 2003; Coxall et al, 2007). Depth distributions of Cretaceous 

planktonic foraminifera are belived to have been similar to modern analogs, where 

large/heavy ornamented morphotypes inhabit “deeper” waters while small, globular, less 

ornamented morphotypes inhabit surface waters (Kucera, 1997; Fraile et al, 2008). In 

addition, given that foraminifera are relatively abundant and have short reproductive 

cycles (∼20 days) (Bijma et al, 1990) foraminifera are a primary contributors of biogenic 
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calcite to ocean marine sediments (Spero, 1998).  All of these factors combined makes 

planktonic foraminifera an ideal tool for reconstructing paleoenviroments. Nonetheless, 

the isotope record often contradicts the expected paleoecological signal. Therefore, a 

better approach (used in this research) combines multiple proxies (assemblages and 

isotopic signatures) to better understand the depth habitat of Maastrichtian foraminifera 

and their variation in response to changes in ocean circulation or water stratification. 
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CHAPTER 2 

 

FORAMINIFERAL ASSEMBLAGE EVIDENCE FOR A WESTERN 
BOUNDARY CURRENT WITH SECULAR VARIATION AND SHORT 

TIME SCALE LATERAL MIGRATION DURING THE 
MAASTRICHTIAN (BLAKE NOSE, WESTERN NORTH ATLANTIC) 

 

 

ABSTRACT 

 Maastrichtian foraminiferal assemblages at two Ocean Drilling Program (ODP) 

sites separated by ~ 40 km on Blake Nose (western North Atlantic) show similar 

temporal trends with consistent differences between correlative samples. Both sites show 

decreasing fine fraction δ18O values upsection consistent with warming through the 

Maastrichtian. Also, at both sites the genera Globotruncana and Heterohelix dominate all 

assemblages (25%-70%).  However, while their relative proportion change through time, 

in correlative samples Globotruncana spp. are more abundant and Heterohelix spp. are 

less abundant in the offshore, deeper Site (1050) than in the more inshore, shallower Site 

(1052). A number of other taxa show consistently higher relative abundances in either the 

nearshore (e.g., Archeoglobigerina spp.) or offshore (Rugoglobigerina spp.) site. Finally, 

both sites also exhibit short-term (decimeter to meter scale) variation that range from 

dramatic red-green color cycles in portions of Hole 1050C to subtle light-dark alteration 

in Hole 1052E that are paralleled by stable isotopic and foraminiferal changes.  

Combined with previously documented onshore-offshore trends among nannofossil taxa, 

these observations both confirm the presence of a well defined water mass boundary 
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(consistent with a well developed western boundary current) throughout the 

Maastrichtian North Atlantic and also allow its position to be mapped on long (million 

year) time scales and short (thousand years) time scales.  

2.1.  INTRODUCTION 

Increasing levels of CO2 in the atmosphere over the past century are believe have 

caused global warming, and the geologic record of greenhouse times provides a critical 

perspective on how the Earth system (atmosphere, biosphere, and hydrosphere) might 

respond to continued increases in atmospheric CO2 levels. The ocean’s role in 

distributing heat is an important part of the equation.  In modern oceans, surface 

circulation is not symmetric about the center of ocean basins.  Trade winds and the 

Coriolis effect result in relatively narrow, poleward flowing western boundary currents 

(e.g. the North Atlantic Gulf Stream) that are important engines for transporting tropical 

warmth poleward and separating water masses.  What is poorly constrained is how 

western boundary currents behaved during greenhouse climates characterized by global 

warmth and reduced latitudinal thermal gradients.    

Among past warm climates, the Maastrichtian (65.5-71.3 Ma) is an excellent 

interval to study because it has a relatively complete, accessible, and well-preserved 

stratigraphic record.  Previous studies have documented several paleoceanographic (e.g, 

different temperatures among ocean basin, and changes in water column structure) and 

paleobiological changes (e.g, inoceramid bivalve extinction, rudist bivalves extinction, 

and diversity and abundance changes among planktic and benthic foraminifera) through 

the age (Johnson et al, 1996; Johnson and Kauffman, 1996; Kauffman and Hart, 1996; 
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MacLeod and Huber, 1996; Huber et al, 2002; Johnson, 2002; Steuber et al, 2002; Isaza-

Londoño et al, 2006). The Maastrichtian was an interval bracketed by extremely warm 

climates earlier in the Late Cretaceous and in the Early Eocene (Barrera et al, 1987; 

Frank and Arthur, 1999; MacLeod and Huber, 2001). Even though the Maastrichtian 

exhibited typical greenhouse features, it has been recognized as a time of global cooling 

(Douglas and Savin, 1978; Boersma, 1981; Barrera et al, 1987; MacLeod and Huber, 

2001; MacLeod et al, 2005) with pCO2 levels two to three times higher than preindustrial 

values (Berner, 1994; Upchurch Jr, 1998; Berner and Kothavala, 2001).  This estimate is 

within the ranges reported by the intergovernmental Panel on Climate Change (IPCC, 

2008) of expected carbon dioxide concentrations by 2100.   

This study addresses samples from two sites on Blake Nose in the subtropical 

North Atlantic (figure 2.1) for which two alternative models have been proposed to 

explain microfossil distribution and isotopic trends. The first model (regional forcing 

model) invokes changes in continental runoff and or/upwelling intensity (MacLeod et al, 

2001), whereas the second model (local control model) invokes an onshore-offshore 

gradient and the development of a proto-Gulf Stream (Watkins and Self-Trail, 2005). By 

parallel examination of stable isotopic signals and abundance patterns in planktonic 

foraminifera throughout the Maastrichtian, we empirically evaluated these models and 

thus provide constraints on surface circulation in the region. If the observed patterns 

resulted from regional changes, then variation in planktonic foraminifera realm should 

show similar variations at both sites.  On the other hand, if the observed patterns reflect 

the position of a site relative to the position of a water mass boundary, then the sites 

might exhibit different patterns with steep gradient between them. 
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2.2.  AREA OF STUDY 

 Ocean Drilling Program (ODP) Leg 171b Holes 1050C (offshore) and 1052E 

(onshore) are located on the crest of Blake Nose (figure 2.1) which is a gently sloping 

topographic high that extends eastward from the Blake Plateau (MacLeod and Huber, 

2001).  The distance between the two sites is approximately 40 km.  Modern water depths 

along Blake Nose range from 1000 m to 2700 m water depth. The sedimentary record at 

Blake Nose consists of Eocene carbonate ooze and chalk that overlies Paleocene 

claystone as well as Maastrichtian and upper Campanian chalk (Norris et al, 2001).  

 During Maastrichtian time Blake Nose was located at the northwestern boundary of 

the Tethys Seaway at a paleolatitude of ~30ºN. The Maastrichtian in the Blake Nose is 

represented by 75 m (Site 1050) and 185 m (Site 1052) sections that consist mostly of 

gray nannofossil ooze or chalk containing abundant well preserved foraminifera (Norris 

et al, 1998). Slumping locally disturbs the Maastrichtian sequence at both sites.   These 

slumps have been attributed to a large-magnitude earthquake produced by the Chicxulub 

impact (Klaus et al, 2000; Norris et al, 2000).  However, 87Sr/86Sr results and 

sedimentological observations (MacLeod et al, 2003) suggest that pelagic deposition 

punctuated by gravity flows during the Maastrichtian better explain the record at Blake 

Nose. The latter interpretation is supported an integrated bio-, magneto-, and 

chemostratigraphic study, which also provides the age models used in this study (Huber 

et al, 2008).  

Site 1050 contains the most complete Campanian-Maastrichtian record at the 

Blake Nose, with a sedimentation rate of ∼18m/m.y for most of the interval (Huber et al, 
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2008). At the offshore Site 1052, sedimentation rates during the Maastrichtian vary from 

38 m/m.y (late Maastrichtian) to 50 m/m.y. (early Maastrichtian) (Huber et al, 2008). 

Major slumps occur during the early Maastrichtian at both sites and strontium analysis in 

Site 1052 suggested that the slumped material includes material older than the subjacent 

hemipelagic interval (MacLeod et al, 2003). These slumps add uncertainty to the age 

model.  For example, Sr-based dates for the youngest sediment below the late 

Campanian/early Maastrichtian slump at Site 1052E would be 0.5 m.y. older than those 

ages estimated biostratigraphically, whereas the early Maastrichtian slump (470 meter 

below sea floor mbsf) in Hole 1050C could be up to 0.5 to 1.0 m.y. younger than those 

estimated from fossils (Huber et al, 2008). These complications notwithstanding, the 

Maastrichtian biostratigraphic sequence is still relatively complete and observations can 

be tied with confidence to relative age estimates. 

During this research, high resolution Maastrichtian samples were examined from 

three roughly correlative levels at Sites 1050 and 1052.  Biostratigraphically these 

sections are located within the Abathomphalus mayaroensis zone (late Maastrichtian: 

Hole 1050C section 13R-5 and Hole 1052E section 21R), near the top of the 

Racemiguembelina fructicosa zone (mid Maastrichtian: Hole 1050C section 16R-2 (after 

Macleod et al, 2001) and Hole 1052E section 26R), and in the top of the Gansserina 

gansseri zone (Hole 1050C section 18R-2 and Hole 1052E section 29R).  

Sites 1050 and 1052 both show centimeter to meter-thick rhythmic alterations in 

color (chroma and hue according to Munsell scale) and magnetic susceptibility that likely 

represent ∼20 Kyr Milankovitch precessional cycle but are variably expressed.  They are 
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generally stronger at Site 1050 than Site 1052 (MacLeod et al, 2001).  In section 1050C-

16R-2, all three variables show high amplitude cyclic variations and the color sediments 

varies between red and green (figure 2.2).  Detailed analysis of this section (MacLeod et 

al, 2001) suggests that the color (degree of saturation and hue) may reflect %CaCO3, and 

that magnetic susceptibility varies as a function of terrigenous input.   Section 1050C-

13R-5 exhibits moderate cyclicity in chroma, while changes in hue and magnetic 

susceptibility are minor (figure 2.2). Similarly, section 1050C-18R-2 presents moderate 

chroma cyclicity but values are more saturated than in 1050C-13R-5. However, opposite 

to patterns observed in sections 1050C-16R-2 and 1050C-13R-5 the small variation in 

hue in section 1050C-18R-2 shows redder hues associated with intervals of less saturated 

colors (figure 2.2). 

Site 1052 represents half the paleodepth (Site 1052: middle bathyal (600m – 

1000m); Site 1050: lower bathyal (1000m – 2000m)), and about twice the sedimentation 

rate of Site 1050 (Norris et al, 1998) implying more shoreward conditions with greater 

terrigenous input than Site 1050. Where present, cycles are less evident in Hole 1052E 

than in Hole 1050C, but chroma still shows significant variation that allows inferences 

about possible cyclic intervals.  No significant change is observed in the magnetic 

susceptibility in any of the Hole 1052E sections, and moderate hue variability is only 

observed on the lowest section (1052E-29R) (figure 2.3).  In addition, hue shows a trend 

toward green shades upsection through the Maastrichtian in Hole 1052E.  
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2.3.  PREVIOUS WORK 

Even though the Cretaceous/Tertiary (K/T) boundary has been the center of 

attention for most of Maastrichtian studies, recent research has recognized the importance 

of paleoceanographic and climatic changes several millions years before the boundary. 

Important differences among the climatic signatures of the ocean basins and significant 

coeval variations in the paleoceanographic and paleobiological record during this period 

have been observed.   Extinction of deep-sea inoceramid bivalves (Kauffman, 1986; 

MacLeod, 1994; MacLeod and Huber, 1996) and tropical rudist bivalves (Johnson et al, 

1996; Johnson and Kauffman, 1996, 2001; Steuber et al, 2002) occurred during the mid 

Maastrichtian at the same time as geochemical shifts in deep-sea biogenic carbonates and 

a possible cooling of surface waters (MacLeod and Huber, 1996; MacLeod and Bergen, 

2004; Frank et al, 2005).  Diverse data from Southern and Pacific Oceans support the 

idea of widespread cooling during the Maastrichtian (Barrera and Savin, 1999; Frank and 

Arthur, 1999; Francis and Poole, 2002; MacLeod and Bergen, 2004).  However, at the 

same time, several lines of evidence (leaf physiognomy, foraminifera stable isotopes, and 

bulk carbonate isotopes) show warming in the North Atlantic and Tethys (Corfield and 

Norris, 1996; Barrera and Savin, 1999; Frank and Arthur, 1999; Isaza-Londoño et al, 

2006).  

Superimposed on the long-term Maastrichtian trends, the subtropical North 

Atlantic exhibits short term geochemical and paleobiological changes.  In order to 

explain these variations two different models (MacLeod et al, 2001) have been 

developed.  A regional forcing model was constructed based on high amplitude cycles 
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observed on the Blake Nose Hole 1050C core-section 16R-2 by MacLeod et al (2001), 

where correlative changes among foraminiferal populations, stable isotopic values of 

foraminifera, relative abundance of different minerals, and elemental abundances were 

observed (figure 2.4).  The authors suggested that lighter colored (green) intervals were 

apparently deposited during times of relatively high productivity and relatively cool 

temperatures and contain higher relative abundances of Heterohelix spp. and 

Globigerinelloides spp.  On the other hand, darker intervals (red) seemed to represent 

deposition during warm/low productivity intervals and contain high relative abundances 

of Globotruncana spp. and Pseudoguembelina spp.  In order to explain the variations the 

authors invoked regional changes in continental runoff and/or upwelling intensity.  

Addressing geographic trends, Watkins and Self-Trail (2005) analyzed upper 

Maastrichtian calcareous nannofossil assemblages from continental/onshore sites (eight 

cores in the South Carolina coastal plain) and ocean/offshore sites (Blake Nose Holes 

1050C and 1052E and mid Atlantic ridge deep sea drilling project (DSDP) site 10).  

Based on correlation and principal component analysis applied to the data set, and 

temperature index derived from published paleobiogeographic information, they found a 

strong separation of the samples into onshore and offshore sets, with the latter inferred to 

represent significantly warmer temperatures. They proposed the presence of a local, 

stable proto-Gulf Stream during the Maastrichtian as a plausible explanation for their 

results.  

It is clear that the Maastrichtian exhibited differences among sites and through 

time.  The models (regional/local) invoked though, have quite different implications for 
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North Atlantic oceanography.  Therefore, testing the models during this greenhouse 

interval could be important for our understanding of greenhouse oceans. If the regional 

forcing model is correct, temporal variability should be expressed in similar ways in both 

sites. In contrast, if the local model is correct, then the occurrence of a western boundary 

current (WBC) will generate a temperature contrast in the subtropical North Atlantic 

similar to what we see in the modern Gulf Stream.  Therefore, conditions and 

foraminifera assemblages at each site will be strongly influenced by their position relative 

to the WBC and steep gradients might exist between sites. 

2.4.  MATERIALS AND METHODS 

High resolution samples representing a portion of the early, middle and late 

Maastrichtian at Holes 1050C and 1052E were examined for this project.  We analyzed 

162 samples for stable isotopes (fine fraction, and individual species) and foraminifera 

abundances (appendix 1). Coring gaps and sedimentological complications (e.g. slumps) 

prevent precise correlation among individual samples or suites of samples (e.g. Huber et 

al, 2008), yet this uncertainty does not compromise our ability to compare patterns within 

and between sites.  Sample spacing and size was based on identification of possible peak 

intervals from visual analysis of the correlation between chroma and magnetic 

susceptibility.  

Bulk samples were dried (50°C), weighed, and disaggregated using kerosene and 

a mild soap solution before being washed on a 63 µm sieve (after MacLeod and Orr, 

1993).  The wash water with the < 63 µm fraction was collected and allowed to settle 

before being decanted. The coarse fraction (> 63 µm) was sonicated in distilled water and 
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methanol to remove any adhering fine particles and then decanted.  All separates were 

dried (<50°C) and weighed.  

Foraminifera abundances were counted for a total of 65 samples.  For each sample 

the >63µm fraction was dried and sieved on a 125 µm screen (sometimes this residue was 

sonicated and dried again in order to acquire better sample quality).  This fraction was 

divided using a sediment microsplitter until a separate containing approximately 300 to 

500 foraminifera remained.  The sample was spread on a gridded picking tray and all 

individuals were counted and glued to a micropaleontological slide as an archive. Counts 

from Hole 1050C section 16R-2 are from MacLeod et al (2001). 

The < 63 µm fraction from 162 samples were analyzed for δ18O and δ13C stable 

isotopes.  In addition, foraminifera from 21 samples in Hole 1050C section 13R-5 were 

selected for species specific isotope analysis. Because isotopic signatures of planktonic 

forams can vary as a function of size, a consistent size interval was picked, and different 

numbers of individuals per species were analyzed for each taxon. Planktics: 

Globigerinelloides subcarinatus and Heterohelix globulosa (∼15 individuals per sample); 

Rugoglobigerina rugosa and Pseudoguembelina palpebra (3 individuals per sample); 

Benthics: Gavellinella beccariformis and Nutalloides truempyi (3-5 individuals per 

sample).  

 Samples for isotope analysis were reacted with three drops of 100% phosphoric 

acid at 70ºC in a Kiel III carbonate device.  The δ13C and δ18O values of the resultant 

CO2 were measured online in a Thermo Finnegan Delta Plus mass spectrometer in the 

Biogeochemistry Isotope Laboratory at the University of Missouri, Columbia.  Results 
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are expressed in δ-notation relative to the Vienna Pee Dee Belemnite standard (V-PDB).  

The mass spectrometer was calibrated for each run based on the average of multiple 

analyses of NBS-19 standard.  The precision of the instrument for this study was <0.03‰ 

and <0.05‰ for δ13C and δ18O values, respectively (1σ, standard deviation).   

2.5.  RESULTS 

2.5.1.   STABLE ISOTOPES 

Approximately 189 species-specific isotope analyses were conducted on section 

13R-5 Hole 1050C (appendix 1). Relative to previous results from section 16R-2 in Hole 

1050C (figure 2.4) both the color and isotopic variability are greatly subdued in Hole 

1050C-13R-5.  However, sediment color and isotopic values generally seem to co-vary.  

Benthic and planktic foraminifera show relatively small cyclic variation for δ13C and 

δ18O values.  Cyclicity within the δ18O values is more evident for G. subcarinatus, H. 

globulosa and R. rugosa, while benthic foraminifera and P. palpebra show no apparent 

cyclicity.   Lighter color (shifts to the right in the color bar) intervals are associated with 

higher δ18O values (relatively cool time), while darker color (shifts to the left in the color 

bar) intervals are associated with lower δ18O values (times of relative warmth). The 

difference in δ18O of almost ∼0.7‰ in G. subcarinatus suggests temperature changes 

across the cycles of up to 3°C (figure 2.5).  

 In general, low variability in δ13C values characterizes all the samples. P. palpebra 

shows quite high variability in δ13C values, while subtle cyclicity is observed on the fine 

fraction and the rest of the foraminifera species. The P. palpebra results likely reflect 
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high variability between individuals that is not averaged out due to the small number of 

individuals per analysis (figure 2.5). 

At the other four intervals studied (Hole 1050C-18R, Hole 1052E-21R, Hole 

1052E-26R, and Hole 1052E-29R), only fine fraction isotopic data have been generated.  

With the exception of the highest interval in Hole 1052E (core 21R), δ18O values seem to 

track variability in chroma (figure 2.6, 2.7).  Variability in each Hole (1050C and 1052E) 

and within each section (Hole 1050C-13R-5, Hole 1050C-18R-2, Hole 1052E-21R, Hole 

1052E-26R, and Hole 1052E-29R) is proportional to the amplitude of the color cycles. 

Variability on Hole 1050C’s sections is generally about 0.7‰, and variability on Hole 

1052E’s sections about 0.3‰.  In both Hole 1050C and Hole 1052E there is a long-term 

δ18O negative shift throughout the Maastrichtian (figure 2.6, 2.7).  However, there is a 

consistent offset in δ18O values between sites, with signatures in the onshore Hole 

(1052E) ~0.25‰ lower than in correlative samples in Hole 1050C.  Carbon isotopes 

values of the fine sediments are similar at both sites and maintain a general value of about 

2.25‰ throughout the Maastrichtian (figure 2.6, 2.7).  

2.5.2.  FORAMINIFERA ABUNDANCES 

Approximately 16500 planktic individuals distributed among forty-nine species 

were identified (appendix 1). Faunal abundance at both sites is dominated by species of 

Heterohelix and Globotruncana.  A number of other taxa show consistently higher 

relative abundances in either the nearshore site (e.g., Archeoglobigerina spp.) or offshore 

site (Rugoglobigerina spp). In addition, changes in distribution and percentages are 

observed between sites and through the sections (figure 2.6, and figure 2.7).  
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Cyclic changes in foraminifera abundances associated with chroma variability are 

observed in all sections in Hole 1050C (figure 2.6). For the most part, Heterohelix spp. 

peak abundances are associated with lighter colored intervals which, by analogy to core 

16R-2 in Hole 1050C (MacLeod et al, 2001) represent relative carbonate rich intervals. 

Globotruncana spp. are more prominent on the darker intervals, presumably less 

carbonate rich intervals.   Unlike results in site 1050, none of the sections in Hole 1052E 

show any apparent cyclicity within the faunal abundances (figure 2.7).  

Differences through time in the relative abundances of the dominant species are 

also observed in Hole 1050C. Section 18R-2 (early Maastrichtian) assemblage is strongly 

dominated by Globotruncana spp. (averaging 70%), followed by Heterohelix spp. (15%), 

and the remaining 15% is distributed among the rest of the taxa (figure 2.6, appendix 1).  

Species abundances from MacLeod and Huber (2001) show that Heterohelix spp. make 

up approximately 40% of the population in the mid Maastrichtian samples (16R-2), 

followed by Globotruncana spp. with a 25% (figure 2.6).  Faunal abundance in late 

Maastrichtian samples (13R-5) is co-dominated by Globotruncana (35%) and 

Heterohelix (35%) with the remaining 30% of the population represented by a number of 

relatively evenly distributed taxa (figure 2.6) including a number of taxa whose first 

appearance in the region occurs during the late Maastrichtian (MacLeod et al, 2001). 

 Results from Hole 1052E show a long trend through time towards increasing 

dominance by Heterohelix spp..  Faunal abundance in the early Maastrichtian section 

(29R) is comprised of ∼45% Globotruncana spp., followed by ∼30% of Heterohelix spp., 

and 9% of Archeoglobigerina (figure 2.7). The mid Maastrichtian section (26R) is 
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dominated by Heterohelix spp.  making up 40% of the population, followed by 

Globotruncana spp. with 25% and Archeoglobigerina spp. with 7% (figure 2.7). Finally, 

late Maastrichtian population percentages in section 21R are 55% and 25% for 

Heterohelix spp. and Globotruncana spp., respectively.  Deviations in these percentages 

are observed throughout but no apparent cyclicity is observed (figure 2.7). 

2.6.  DISCUSSION 

Through parallel examination of planktonic foraminifera assemblages data from 

the studied intervals in the Maastrichtian ODP Sites1050 and 1052, we can empirically 

test the regional climate model (MacLeod et al, 2001) and the local water mass model 

(Watkins and Self-Trail, 2005). If the cyclicity observed in 1050C is the result of regional 

forcing, foraminifera assemblages in Hole 1052E should change more or less in parallel 

to what is observed in Hole 1050C.  On the other hand, if the local water mass model is 

correct the position of a western boundary current (WBC) should be evident in the 

foraminifera distribution when comparing sites.  Assuming that an ecological gradient is 

generated by the WBC that acts in similar ways to the modern Gulf Stream, then the 

onshore Hole (1052E) should present faunal characteristics typical of the green/cooler 

intervals (after MacLeod et al, 2001) including dominance by Heterohelix spp.  On the 

contrary, the offshore Hole (1050C) should exhibit faunal characteristic typical of the 

red/warmer intervals and show higher relative abundance of Globotruncana spp.  

Results for early Maastrichtian samples show clear differences between the sites. 

Offshore section 1050C-18R-2 is strongly dominated by Globotruncana spp. and exhibits 

relatively weak cyclicity associated with chroma (figure 2.6). By comparison, 
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foraminifera populations in onshore section 1052E-29-R is slightly dominated by 

Globotruncana spp. followed by Heterohelix spp. Note, though, that in this interval 

Globotruncana spp. reach their highest abundance in Hole 1052E samples studied.   

Further, this interval is the only interval at Site 1052 that shows any suggestion of cyclic 

variations in relative abundances (figure 2.7), and stable isotopes results show that 

Globotruncana spp. are more abundant in the potentially warmer and dark part of the 

cycles.  Under the regional-forcing model, these conditions would represent a time of 

generally warmer waters and little upwelling, but the steep faunal gradient between the 

sites is difficult to explain.  Under the local control model, both sites show 

Globotruncana spp. (an hypothesized offshore indicator) has relatively high abundance. 

Therefore, during deposition of these samples the position of the WBC would be close to 

or inboard of the onshore site. 

Mid Maastrichtian section 16R-2 from Hole 1050C was studied in detail by 

MacLeod et al (2001) where a high degree of cyclicity is observed in the foraminifera 

populations and isotopic data (figure 2.4).  The corresponding section (1052E-26R) in the 

onshore site shows possible cyclicity in chroma; but no significant variability is observed 

within the foraminifera population or fine fraction isotopic values.  Comparing the mid-

Maastrichtian sites shows higher relative abundances of Heterohelix spp. in most samples  

than in the early Maastrichtian intervals.  Cyclicity is only prominent in the offshore site. 

Whereas the average increase in Heterohelix spp. relative abundances is similar between 

the sites, lack of cyclicity in Hole 1052E paired with dramatic cyclicity in Hole 1050C is 

inconsistent with the regional forcing model. Under the local control model the 

differences among the sites would be explained by having the WBC close to the offshore 
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site, with the strong cyclicity in section 1050C-16R-2 explained by short term migrations 

across the position of Site 1050.  

In the late Maastrichtian samples, Globotruncana spp. again are more abundant in 

the offshore site than the onshore site, whereas Heterohelix spp. reach their highest 

relative abundance in the late Maastrichtian sample suite at Site 1052. Cyclicity is again 

observed only in the offshore section 1050C-13R-5.  The abundances of Heterohelix spp. 

and Globotruncana spp. and the δ18O values of several planktic foraminifera show cyclic 

variations that track dark-light color cycles in the section (figure 2.5).  However, the 

magnitude of these variations is lower in core-section 1050C-13R-5 (low amplitude color 

cycles) than in core-section 1050C-16R-2 (high amplitude cycles).  As expected, 

Heterohelix spp. are relatively abundant in the light intervals and Globotruncana spp. are 

relatively abundant in the dark intervals.  In addition, δ18O values of G. subcarinatus, H. 

globulosa and R. rugosa all suggest that paleotemperatures were relatively cool in the 

light color intervals and relatively warm in the darker intervals, confirming 

paleoecological observations from MacLeod et al (2001).  As above, though the 

differences between sites do not match simple predictions of the regional forcing model, 

but can be explained by the local control model if the WBC was between the two sites. 

Given the small horizontal distance separating the two sites (~40 Km), they show 

remarkable and consistent differences including steep faunal gradients throughout the ~6 

million years of the Maastrichtian interval. Specifically, in correlative samples, 

Globotruncana spp. are consistently more abundant in the offshore than the onshore site 

whereas Heterohelix spp. are more abundant at the onshore site.  Cyclicity is always more 
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strongly expressed in the offshore site. All combined, these observations favor a local 

control model where the contemporary position of a WBC explains well most aspects of 

the data set with short time lateral migration controlling the cyclicity.  

During the early Maastrichtian, we suggest that this WBC was located towards 

the onshore Site (1052) (figure 2.8) and variation in the abundances of Globotruncana 

spp. and Heterohelix spp. are explained by short time-scale lateral migrations of the 

current.  In contrast, Site 1050 was always on the ocean side of the WBC explaining 

during this same time, which explains the dominance of Globotruncana spp. (figure 2.8).  

During the mid-Maastrichtian, the WBC was apparently close to Site 1050 (figure 2.8), 

and dramatic cyclicity is explained by a sharp WBC with short time-scale lateral 

migration of the water mass boundary across Site 1050.  When Site 1050 was on the 

ocean side of the boundary, the sediment deposited was characteristic of the red cycles 

(warm/high abundance of Globotruncana spp.).  When this water mass boundary 

migrates oceanward, Site 1050 was on the continent side and green cycles (cooler/high 

abundance of Heterohelix spp.) were deposited.  There is no correlative cyclicity at Site 

1052 because it was on the onshore side of the boundary (figure 2.8).  Finally for the late 

Maastrichtian, the western boundary current would have been located between the two 

sites explaining not only the lower magnitude of cyclicity and the lack of difference in 

the abundance between Globotruncana spp. or Heterohelix spp. at the offshore Site 1050 

but also the high dominance of Heterohelix spp. in onshore samples from Site 1052 

(figure 2.8). 
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What is not explained entirely by the local control model are trends throughout 

the Maastrichtian.  For example, the degree of dominance by Heterohelix spp. on the 

proposed shoreward side of the water mass boundary varies through time.  In addition, a 

number of new taxa first appear in the late Maastrichtian (MacLeod et al, 2001) 

(appendix 1). Based on differences among isotopic signatures of fine sediments and on 

species specific planktonic foraminifera isotope data from Site 1050C sections 13R-5 and 

16R-2, we inferred a long term warming trend evidenced by a negative excursion of 

approximately 1.5‰ on δ18O values at site 1050C that correspond to an increase of 

temperature of ∼6°C over the Maastrichtian (MacLeod et al, 2005., Isaza-Londoño et al, 

2006).  We believe these changes reflect long-term evolution of global climate and North 

Atlantic circulation patterns (Chapter 3, and Chapter 4).  Yet, throughout the 

Maastrichtian a strong gradient existed between Sites 1052 and 1050 supporting the 

presence of a relatively sharp water mass boundary.  

2.7.  CONCLUSIONS 

Foraminifera population dynamics from this study demonstrate the evolution and 

development of a well established WBC throughout the Maastrichtian. In addition, this 

current migrated laterally both on long and short term scales.  The presence of a WBC 

provides a new line of evidence that can be added to the numerous intriguing 

observations for the North Atlantic ocean during the Maastrichtian and raises questions 

regarding ocean circulation during the Late Cretaceous.  Given the importance of the 

modern Gulf Stream in the North Atlantic Ocean, findings from this research establishing 

evidence of a similar feature, a WBC, back in the Maastrichtian and constraining such 
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surface circulation patterns are key to improving our understanding of the climate 

dynamics during greenhouse intervals. 
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Figure 2.1.  A) Location of Blake Nose with position relative to southeastern 
North America. Inset shows the seismic line with the drilling site (bathymetry 
is in meters)  B) Schematic interpretation of MCS Line TD-5 showing major 
reflectors, their interpreted ages, and locations of Leg 171B sites. (Modified 
from Norris et al, 1998) 
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Figure 2.2.  Shipboard color (Munsell chroma and hue) and magnetic susceptibility data  
plotted against depth for the Maastrichtian in Hole 1050C. Enlargements show nature  
of cyclic alternations and the study intervals from this site.   
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Figure 2.3.  Shipboard color (Munsell chroma and hue) and magnetic susceptibility data  
plotted against depth for the Maastrichtian in Hole 1052E. Enlargements show nature  
of cyclic alternations and the study intervals from this site.   
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Figure 2.4.  Variations of color, geochemical, and foraminifera abundances across mid 
Maastrichtian interval 16R-2, at site 1050C.  (MacLeod et al, 2001) 
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Figure 2.5. Sediment color variation and stable δ13C and δ18O isotopes for fine fraction, 
and selected planktonic and benthic foraminifera for late Maastrichtian interval at site 
1050C. 
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Figure 2.6. Foraminifera population assemblages, Munsell (chroma and hue) and Magnetic 
susceptibility, and fine fraction stable δ18O and δ13C isotopes, from early Maastrichtian to 
late Maastrichtian intervals at site 1050C. 
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Figure 2.7. Foraminifera population assemblages, Munsell (chroma and hue) and Magnetic 
susceptibility, and fine fraction stable δ18O and δ13C isotopes, from early Maastrichtian to 
late Maastrichtian intervals at site 1052E.  
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Figure 2.8.  Evolution of the WBC during 
the Maastrichtian.  A) During the early 
Maastrichtian, we suggest that this WBC was 
located towards the onshore Site (1052) and 
variation in the abundances of 
Globotruncana spp. and Heterohelix spp. are 
explained by short time scale lateral 
migrations of the current.  In contrast, for this 
same time span, Site 1050 was always on the 
ocean side of the WBC explaining the 
dominance of Globotruncana spp. B) During 
the mid-Maastrichtian, the WBC was 
apparently close to Site 1050, and dramatic 
cyclicity is explained by a sharp WBC with 
short time scale lateral migration of the water 
mass boundary.  C) Late Maastrichtian, the 
western boundary current would have been 
located between the two sites explaining not 
only the lower magnitude of cyclicity and the 
lack of difference in the abundance between 
Globotruncana spp. or Heterohelix spp. on 
the offshore Site 1050 but also the high 
dominance of Heterohelix spp. on onshore 
samples in Site 1052. 
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CHAPTER 3 

 

DEEP TO SHALLOW MAASTRICHTIAN TIME TRANSGRESSIVE 
SHIFT IN THE SOURCE OF BOTTOM WATERS ON DEMERARA RISE 

INFERRED FROM NEODYMIUM ISOTOPES IN FISH DEBRIS 

 

 

ABSTRACT 

 Between the early Maastrichtian and mid Danian, εNd(t) values of fish debris from 

three sites on Demerara Rise shift by ~6 units from  -17 to -11.  Extremely low values 

during the early Maastrichtian are similar to most other Late Cretaceous values for 

Demerara Rise and suggest intermediate to deep water formation in the tropical North 

Atlantic.  The shift that begins in the Maastrichtian is gradual within the sites, is 

diachronous among the sites, and provides the most direct evidence yet presented for 

reorganization of ocean circulation patterns during the Maastrichtian.  Although results 

are only from one region, the εNd pattern is consistent with previous suggestions that mid 

Maastrichtian paleontological and paleoclimate shifts are related to initiation or 

intensification of deep water formation at high latitudes.  

3.1. INTRODUCTION 

The Late Cretaceous is well established as a greenhouse climate interval with a 

rich sedimentological archive that allows us to acquire a high resolution records of biotic 

and paleoceanographic responses to climate change during extreme climatic conditions. 

In general, the Late Cretaceous is characterized by high temperatures and atmospheric 
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CO2 concentrations 3 to 16 times greater than the modern values(Jenkyns, 1994; 

Abramovich et al, 1998; Huber et al, 2002; Royer, 2006).  Substantial evidence for 

warmth includes δ18O bathyal temperatures reaching 20°C in the subtropical North 

Atlantic (Norris, 1998; Fassell and Bralower, 1999; Huber et al, 1999), upper ocean 

isotopic paleotemperatures of 22-28°C at southern high latitude sites (Huber et al, 1995), 

tropical sea surface  temperatures of 33 to 34°C (Norris et al, 2002), and fauna intolerant 

of freezing conditions discovered at 71°N (Tarduno et al, 1998). 

However, conditions were not uniformly hot during this 35 million year time 

span.  Progressive warming starting in the Aptian (Huber et al, 1995) reached peak values 

during the Cenomanian/Turonian interval and early Turonian when globally averaged 

surface temperatures were up to 14°C higher than today and persisted into the early 

Campanian (Tarduno et al, 1998; Huber et al, 2002; Wilson et al, 2002; Forster et al, 

2007).  Short term cooling episodes have been documented during this interval of 

extreme warmth including the possibility of greenhouse glaciers (Barrera et al, 1987; 

Miller et al, 1999; Voigt et al, 2004; Forster et al, 2007; Bornemann et al, 2008; Ando et 

al, 2009).  Long term cooling started during the Campanian and continued to the end of 

the Cretaceous (Huber et al, 2002).   While the Maastrichtian was relatively cool it still 

was warmer than the present (Pearson, 2001).  The Maastrichtian age also includes well 

documented paleobiological and paleoceanographic perturbations, such as the extinction 

of inoceramid bivalves (MacLeod and Huber, 1996; MacLeod et al, 2000) and rudist 

bivalves (Johnson et al, 1996; Johnson and Kauffman, 1996, 2001; Steuber et al, 2002).   
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The inoceramid extinction is well documented in all ocean basins during late 

Campanian-Maastrichtian.  However, at mid-low latitude sites like the Blake Nose in the 

North Atlantic, the extinction occurs later than in mid to high southern latitudes 

(MacLeod and Huber, 1996; MacLeod et al, 2000; MacLeod et al, 2001).  This 

diachronous behavior is difficult to explain with a single trigger but could be explained 

by progressive changes in intermediate and deep water sources and circulation patterns 

(MacLeod and Huber, 1996). Moreover, significant climate differences are observed 

among ocean basins during the Maastrichtian. Specifically, during the late Maastrichtian 

in the North Atlantic basin shows a 3 million year warming trend of approximately 6°C 

(MacLeod et al, 2005; Isaza-Londoño et al, 2006) at the same time other basins show 

cooling of the same magnitude (D'Hondt and Lindinger, 1994; Barrera and Savin, 1999; 

Frank and Arthur, 1999).  During regional warming, some species of planktonic 

foraminifera in the subtropical North Atlantic show isotopic divergence and a trend to 

increase size, which could be indicative of changes in the water column structure in the 

basin (Kucera, 1998; MacLeod et al, 2005; Isaza-Londoño et al, 2006).  Finally, a 

negative excursion in the δ13C values of benthic foraminifera during the Maastrichtian 

has been interpreted as the record of changes in the intermediate and/or deep water 

sources (from low to high latitude) (Kucera and Malmgren, 1996; MacLeod and Huber, 

1996; Barrera et al, 1997; Frank and Arthur, 1999).   

If these conclusions are correct, the mid to late Maastrichtian could be a time 

where reorganization in circulation on ocean basin scales influenced by regional heat 

distributions could have played an important role in global cooling. Demonstrating this 

correlation would advance our understanding of Cretaceous paleoceanographic evolution 
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and provide key tests for numerical models attempting to simulate greenhouse climate 

(which have not predicted such changes).   

The most often used approach for water mass reconstructions is based on the 

oxygen and carbon isotopic composition and the Cd/Ca ratio of calcite tests in 

foraminifera.  It is generally agreed that there is a linear correlation between the δ13CΣCO2 

values and nutrient contents of deep water masses because the distribution of both is 

controlled by biological uptake in the surface and decomposition in bottom waters. This 

δ13C and Cd/Ca signal is recorded in benthic foraminifera and used as a nutrient proxy to 

track deep water circulation.  As water masses circulate or “age” they accumulate 

remineralized nutrients from decaying plankton depleted in 13C.  As a result younger/ 

nutrient depleted waters have higher δ13C, while the opposite is true for older waters.  

Similarly, cadmium concentrations in seawater follow a nutrient-like (phosphate, nitrate) 

distribution. Benthic foraminifera incorporate cadmium and calcium into their shells in 

proportion to their relative abundance in seawater, which allows for the reconstruction of 

deep-water cadmium (and thus macronutrient) concentrations (Frank, 2002). However, it 

is difficult to make quantitative estimates of mixing between water masses on the basis of 

Cd/Ca or δ13C data because neither of the two proxies exclusively mirrors the nutrient 

content of ambient deep water (Frank, 2002).  

Neodymium (Nd) isotopes are a powerful alternative proxy for past water mass 

structure and mixing that could help constrain major circulation changes in the past. The 

143Nd/144Nd ratio (expressed as εNd) of sea water is a quasi-conservative water mass tracer 

(Goldstein and Hemming, 2004). The residence time of Nd in the ocean is about 600 -
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1000 years (Tachikawa et al, 1999), which is shorter than the total mixing time of the 

oceans (~1500 years) (Broecker et al, 1960).  Water mass εNd(t) signatures reflect the 

surrounding geology of their source region, with considerable differences among water 

masses. Therefore, source region and mixing of different water masses can be inferred 

from the εNd(t)  signatures (Stille and Shields, 1997). Furthermore the εNd(t) of a water 

mass is recorded by fish teeth, scale, bones (herein fish debris) during early diagenesis at 

the seafloor (Elderfield and Pagett, 1986; Martin and Scher, 2004) and this signature is 

quite resistant to later alteration (Martin and Scher, 2004). Therefore, stratigraphic trends 

in the εNd(t)  of fish debris should record changes in local bottom εNd(t)  values through 

time.  

Applications of this proxy have been used to determine the isotopic composition 

and mixing of modern water masses, and their evolution through time.  For instance, 

neodymium profiles in the North Atlantic showed εNd(t)  values for North Atlantic Deep 

Water (NADW) of -13 (Piepgras and Wasserburg, 1987) and the isotopic composition of 

Nd in modern deep waters of the central and northeastern Atlantic Ocean is thought to 

reflect mixing of North Atlantic with Antarctic Bottom Water (ABW). Furthermore, 

Frank et al (2003) demonstrated that the isotopic εNd signature for the NADW has 

changed from -10 to -13 over the last 33 million years.  

This study provides a high resolution εNd(t) record from multiple sites for the 

Maastrichtian in the Demerara Rise.  Demerara Rise is located in the western tropical 

North Atlantic (figure 3.1) where MacLeod et al (2008) reported extremely low εNd(t) 

values (~ -16) throughout most of the Late Cretaceous and proposed to represent a 
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distinct bottom water mass (that they called “Demerara bottom water mass” (DBWM)) 

indicative of regional low latitude sinking.  These low values were associated with black 

shale deposition but continued into chalks. Data at one Demerara site showed a shift to    

-11 between the Maastrichtian and Danian (Bourbon, 2008) but sampling resolution was 

low.  If a reorganization of intermediate and/or deep water circulation was part of the mid 

Maastrichtian paleoceanographic evolution, any εNd(t)  shift should begin at that time. The 

data generated in this research will test this prediction. 

3.2.  MATERIAL AND METHODS 

 Demerara Rise is a submarine plateau located off the coasts of Suriname and 

French Guyana at ~9°N (Figure 3.1).  It was drilled during Ocean Drilling Program 

(ODP) leg 207.  During this expedition five sites were cored on the northern margin of 

Demerara Rise, three of which are examined during this study: 1258 (3192.2 m), 1260 

(2549 m) and 1261 (1899 m).  Late Cretaceous paleodepths for these sites range from 

1500m to 600m (Friedrich et al, 2008).  

 Maastrichtian and Danian sediments recovered from Demerara Rise are composed 

of nannofossil chalk with foraminifers, clay and zeolitic nannofossil claystone. Some 

sections display apparent cyclic color banding between light greenish gray and greenish 

gray on a decimeter scale, and there are more dramatic reddish intervals in some core 

sections (Erbacher et al, 2004). The Maastrichtian sequence varies in thickness from 75m 

to 25m, and the Danian from 90m to 20m among the three study sites. Age estimates are 

based on shipboard biostratigraphy (Erbacher et al, 2004).   The Maastrichtian at all sites 

was subdivided by the presence of key species from biozones KS31 (Abathomphalus 
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mayaroensis), KS30a (Racemiguembelina fructicosa/ Contusotruncana contusa) and 

upper KS30b (Gansserina gansseri).   Among the three sites discussed in this paper, sites 

1258 and 1260 contain an apparently complete Cretaceous/Tertiary (K/T) interval with 

ejecta layer (MacLeod et al, 2007; Schulte et al, 2009).  At site 1261, a 4 m.y. hiatus that 

includes the basal Danian and K/T boundary is reported; also in this location the 

Maastrichtian section is condensed and presents the lowest sedimentation rate among the 

sites is observed (Erbacher et al, 2004). Where present, the K/T boundary occurs in an 

interval of pelagic sediment and is placed at the contact between the Plummerita 

hantkeninoides foraminiferal zone (upper part of the Abathomphalus mayaroensis zone) 

and the lowest Paleogene P0 foraminiferal zone (MacLeod et al, 2007).  The ejecta layer 

is characterized by normal graded green spherules with an approximate thickness of 1.7-

1.9 cm (Erbacher et al, 2004). 

Forty-five samples covering the Maastrichtian/Danian were selected from all 

three sites (two to three per core). Fish debris was present and relatively common (100s 

of fragments per sample) in most samples (figure 3.2).  Bulk dried samples of 

approximately 10 cm3 were disaggregated by soaking them first in kerosene, then in 

Calgon solution before washing them on a 63 µm screen. To increase picking efficiency, 

foraminifera and other carbonate grains were dissolved using a buffered 10% acetic acid 

solution.  The insoluble residue was thoroughly rinsed and washed again in a 63 µm 

screen.  Approximately 100 µg of fish debris was picked from this residue and analyzed 

for Nd isotopes using a Nu Plasma Multi-Collector-Inductively Coupled Plasma-Mass 

Spectrometer (MC-ICP-MS) at University of Florida Isotope laboratory in the Geology 

department. JNdi-1 standard was run every 6 samples to obtain a daily average for the 
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standard.  This average was compared to the long-term running average of the JNdi-1 

standard from the TIMS (Micromass Sector 54 Thermal Ionization Mass Spectrometer) 

of ~0.512103 (± 0.000012, 2σ) in order to determine a correction factor for all samples 

run on that day. The long term error for the Nd MC-ISP-MS is determined by comparing 

the corrected JNdi-1 values. The calculated 2σ error varies on a daily basis, but the long-

term 2σ error is ~0.3 εNd units. 

3.3.  RESULTS 

At all three sites εNd(T) values of fish debris shift by ~ 4-6 units from  ∼-17 to ∼-11 

between the early Maastrichtian and mid Danian (Figure 3.3) (Appendix 2). In addition, 

at the two deeper sites the shift begins near the base of the Maastrichtian Abathomphalus 

mayaroensis planktonic foraminifera zone and values increase over an interval 

representing several million years of deposition. In the shallow site, on the other hand, 

εNd(t) values remain low (<-16) through the highest Cretaceous samples measured, which 

are from near the end of the A. mayaroensis Zone. In samples of mid-Danian or younger 

age, εNd(t) values are around -11, with no difference observed among sites. In contrast, 

during the Campanian and early Maastrichtian, the two deeper sites have consistently 

higher (~-15 to ~-16) values than the shallower site (~-16 to ~-17). Finally, superimposed 

on the long term shift are one or two short-term reversals at the deeper sites that bracket 

the K/T boundary and are associated with reddish colored sediment.  
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3.4.  DISCUSSION 

The similar shift at all three sites suggests that a change in the source region for 

local bottom waters occurred during the Maastrichtian at Demerara Rise.  Further, 

time/depth trends show that low values (<-15) persisted for several million years longer 

at the shallower site than at the deeper sites. From the middle Danian on, samples at all 

three sites show consistent, similar εNd(t) values of -11 (figure 3.3) indicating that by this 

time all three sites were under the influence of a water mass that had consistent εNd(t)  

values similar to those found widely in the Cenozoic North Atlantic (Piepgras and 

Wasserburg, 1987; Frank et al, 2003; Thomas, 2005).  

In contrast, low radiogenic values (-15 to -17) observed for upper Campanian and 

Early Maastrichtian samples (∼80 Ma to ∼68 Ma) are similar to those seen in older 

samples at site 1258 (MacLeod et al, 2008) and very different from other Cretaceous-

Modern values (Frank et al, 2003; Pucéat et al, 2005; Thomas, 2005; Soudry et al, 2006).  

These low values are interpreted as the signature of an intermediate/deep water mass 

being formed at low latitudes during most of the Late Cretaceous. Demerara sites are 

close to Brazil’s Guyana shield and Goldstein (1997) determined that sediment in rivers 

draining the shield have εNd(t)  values as low as -30. Therefore, water masses formed in 

proximity to these rocks would be imprinted with low radiogenic εNd(t) values.  Because 

of the latitude of formation for this water mass, it is implicit that this water mass will be 

warm (which is consistent with δ18O values, Bornemann et al, 2008) and salty (MacLeod 

et al, 2008). 
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An intriguing detail of the early Maastrichtian samples is that the deeper sites 

have slightly but consistently higher values (-15 to -16) than the shallower site (-16 to -

17). One possible explanation for this pattern is to invoke a model based on 

Mediterranean Intermediate Water. Mediterranean water reaches neutral buoyancy at a 

depth of ∼1000m (Garrett et al, 1993) partially due to entraining some of the waters 

through which is moving. If a similar process occurred with the DBWM, the low 

radiogenic values observed on the three sites could be a reflection of the source (Guayana 

shield) with the depth gradient in εNd(t) being a reflection of mixing. That Site 1261 has 

the lowest values could indicate the site was situated at the least mixed core of this water 

mass. 

The two deepest sites show a gradual increase in εNd(t) starting at the base of the 

Abathomphalus mayaroensis biozone, providing new evidence supporting circulation as 

an important variable in mid Maastrichtian change. Other studies have revealed different 

changes at the same time as this εNd(t) shift. For instance, geochemical studies at two 

Indian Ocean sites revealed changes in the rank order of δ18O in benthic and deep 

dwelling planktic foraminifera that suggest that bottom waters became cooler and/or less 

salty (MacLeod and Huber, 1996).  Frank and Arthur (1999) suggested a Maastrichtian 

reorganization on ocean circulation driven by the final breaching of the Walvis Ridge and 

Rio Grande Rise at the same time and Barrera and Savin (1999) invoke the correlation of 

a mid Maastrichtian regression (Haq et al, 1987; Hallam, 1992; Elder and Kirkland, 

1994) with a negative δ13C of oceanic total dissolved carbon (TDC) as an indication of 

changes in the source of deep waters for that time. 
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During this interval, the North Atlantic samples exhibit a negative δ18O trend of 

∼1.5‰, which would correspond to an increase in temperature of approximately 6°C over 

the last 3 million years of the late Maastrichtian (MacLeod et al, 2005; Isaza-Londoño et 

al, 2006) accompanied by an increase in diversification and a δ13C divergence in 

planktonic foraminifera.  These observations suggest changes in the structure of the water 

column.  Previous studies have suggested that the North Atlantic became an intermediate 

or deep-water source during the Maastrichtian (MacLeod and Huber, 1996; Barrera and 

Savin, 1999; Frank and Arthur, 1999; D'Hondt and Arthur, 2002).  Import of heat from 

the South Atlantic basin into the North Atlantic would warm the mid latitude ocean and 

this could explain the δ18O negative trend.  Moreover, foraminifera observations (Isaza-

Londoño et al, 2006) suggest increased stratification of the water column with a more 

strongly developed thermocline. This stratification could result from an intensification of 

the North Atlantic polar front. A stronger polar front would not only contribute to 

reinforce heating in the North Atlantic but also would lead to arctic cooling and North 

Atlantic downwelling.  

Short term reversal of the εNd(t) values observed at the two deepest sites bracketing 

the Cretaceous/Tertiary boundary (K/T) (figure 3.3) demonstrates that the long term trend 

is not monotonic and local/ short term effects are recorded in the Nd signatures. Similar 

rapid shifts have been observed during the mid Cenomanian (Jiménez Berrocoso et al, 

2009) and Cenomanian/Turonian (MacLeod et al, 2008).  However, the Maastrichtian-

Danian shifts differ from the older ones in that they represent reversals during long-term 

gradual trends.   The shifts are not closely tied to the K/T event bed, but their cause 

cannot be uniquely determined. 
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Uncertainty notwithstanding, these shifts suggest short term variability.  Rapid 

changes in the neodymium signatures could be explained by high frequency variation in 

continental inputs, related to increased weathering or a sudden increase in volcanism that 

could rapidly change the sea water εNd(t).  The volcanic explanation is an intriguing 

possibility because of Deccan volcanism at this time.  Direct basalts inputs would change 

seawater εNd(t) towards higher values (opposite in sign to the short-term reversal from 

sites 1258 and 1260) and it is unclear why only the deeper sites would be affected. 

Predicted indirect effect of large Deccan scale volcanic eruptions, though, is addition of 

carbon dioxide and sulfur oxides on the atmosphere.  Resulting warming and acid rain 

could accelerate the rate of continental weathering (Wilf et al, 2003) leading to negative 

εNd(t)  excursions.  

 Recent K/Ar, 40Ar/39Ar and Re/Os geochronology coupled with palaeomagnetic 

and palaeontological studies, it has been suggested, that the Deccan Traps erupted around 

the KT boundary 65.5 Myr ago (Courtillot et al, 1988; Allégre et al, 1999; Courtillot et al, 

1999).  Major eruptions were apparently quite short on a geological time scale, spanning 

less than 1 Myr, within the ranges of the short term εNd(t) shifts are the results of Deccan-

forced weathering, we should also see evidence of increase continental input in other 

basins, not only in the neodymium signatures but also in other geochemical markers. An 

alternative possibility is the correlation of pulses of DBWM with red layers (figure 3.4), 

which suggests a circulation-benthic-O2 link.  Ongoing work is focused on studying more 

red layers.  Regardless, it is important to note that these short-term shifts do not obscure 

the importance and significance of the long term trends. 
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Based on the long term signatures, we believe that the 6 unit εNd(t)  shift from the 

base of the A. mayaroensis zone up to the mid Danian is evidence that a reversal in the 

location of sources for deep water formation occurred  (from low latitude to high 

latitude).  Perhaps as greenhouse conditions waned through the Maastrichtian the rates of 

evaporation decreased, leading to a reduction in the strength of the DBWM.  

Alternatively, cooling in high latitudes could have resulted in initiation/intensification of 

formation of high latitude deep water masses that displaced overlaying waters explaining.  

This would explain why the shift is observed first at the two deeper sites (figure 3.5).  

Moreover, displacement of the DBWM could result in changes in surface waters 

elsewhere, like the regional expressions observed in the North Atlantic region such as 

warming and increased stratification (MacLeod et al, 2005., Isaza-Londoño et al, 2006).  

Furthermore, cooling at high latitudes will increase latitudinal thermal gradients and 

promote the development of features characteristic of an ocean where deep water is 

formed at high latitudes. 

3.5.  IMPLICATIONS 

High-resolution εNd(t) data presented in this study demonstrate that deep ocean 

circulation changes in the North Atlantic were happening at shorter time scales than 

originally assumed for greenhouse intervals and that local changes in the 

intermediate/deep water formation sources were having an effect on greater regional 

scales than originally believed for Late Cretaceous studies. The shift to higher εNd(t) 

values beginning in the mid Maastrichtian at sites 1258 and 1260 provides a new line of 

evidence supporting a role for intermediate/deep water circulation patterns  in explaining 
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climate evolution at the end of the Cretaceous. In addition, this study confirms that low 

εNd values characteristic of most of the Late Cretaceous on Demerara Rise are the 

signature of a locally formed intermediate water mass (DBWM) and demonstrate that 

main ocean intermediate to deep water masses were being formed at low latitudes.  
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Figure 3.1.  Location and modern bathymetry of study sites 1258, 1260 and 
1261.  Inset show the regional location map, where the boxed area represents 
the approximate location of sites drilled during ODP Leg 207 (modified after 
Erbacher et al, 2004). 
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Figure 3.2.  Typical fish teeth and fish debris 
fragments found in samples from the study 
sites. 
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Figure 3.3.  Campanian-early Eocene neodymium isotopic values for three sites at the 
Demerara Rise (Campanian data are from Bourbon, 2008). All sites show a large positive 
shift across the interval studied, but the shift starts earlier and seems more gradual at the 
deeper two sites than at the shallower site. Calculations for age model were made based on 
biostratigraphy analysis and identification of Late Cretaceous nannofossil and foraminifera 
index taxa in Erbacher et al (2004). Variable sedimentation rates are observed between the 
points, but in general there is a decrease in sedimentation rate from deep to shallow and 
through time. Some datums for index fossils and boundaries, were modified following the 
chronostratigraphy/biostratigraphy on Time Scale creator professional (2008).  
Abbreviations are: T (Tertiary), K (Cretaceous), Pa (Paleocene), Eo (Eocene). 
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Figure 3.4. Shipboard core photographs, showing some of the core intervals in Site 1258, 
where the red layers are present, accompanied by the estimated age and εNd(t)  value for 
specific red layer samples. 
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Figure 3.5.  Simplified model of ocean circulation evolution during the Maastrichtian at Demerara 
rise.  During the early Maastrichtian all sites were under the influence of the DBWM (Demerara 
bottom water mass).  Greenhouse conditions were high therefore it is possible that strength of this 
water mass was intensified during this time interval and boundary conditions between DBWM and 
surrounding waters were more well defined.  By the mid Maastrichtian, several lines of evidence 
including neodymium isotopes (this study) demonstrate that a dramatic reorganization in ocean 
circulation was initiated.  It is probable that an increase in deep water formation at high latitude took 
place, with newly formed water masses exhibiting isotopic characteristics similar to modern NADW 
(North Atlantic Deep Water).   As greenhouse conditions started to wane the DBWM shrank (less 
evaporation, therefore less weathering of craton with low radiogenic values) boundary conditions 
between the DBWM and newly formed North Atlantic (NA) type water was less defined. 
Furthermore, this NA mass could have a displacing effect on DBWM, this process continues up to 
late Maastrichtian until mid Danian, where any evidence of DBWM has disappeared and Demerara 
Basin looks homogenous with isotopes values typical of the NA. 



  80 

CHAPTER 4 

 

MAASTRICHTIAN NORTH ATLANTIC EVOLUTION FROM ABBYSAL 
TO BATHYAL DEPTHS 

 

 

ABSTRACT 

Sources and circulation patterns of intermediate and deep water masses are a 

much discussed but poorly constrained aspect of Late Cretaceous paleoceanography. To 

address this problem we measured Nd isotopes, a quasi-conservative water mass tracer, in 

Maastrichtian through Danian samples from four regions throughout the North Atlantic 

that represent different latitudes and different depths. Results demonstrate that during the 

Cenomanian-Campanian interval, deep water was dominated by a water mass with εNd(t) 

values of around -9, and that a likely source for this water was the Tethyan region. 

During the early/mid Maastrichtian abyssal waters in the tropical transect shift to very 

non-radiogenic values that can be linked to a deep/intermediate water mass (Demerara 

Bottom Water Mass) that reached true deep water depths.  Finally, between the mid 

Maastrichtian and Danian all sites show a shift towards radiogenic values between -9 to   

-11, indicating that sometime during this interval a dramatic reorganization of deepwater 

formation took place, resulting in patterns similar to the modern ocean circulation.    

4.1.  INTRODUCTION 

Deep-water circulation is a key control on the distribution of nutrients and heat in 

the Earth’s ocean, and changes in its patterns can affect climatic conditions.  The 
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International Panel on Climate Change (IPCC, 2008) recognized that global warming 

could have a dramatic effect on the intermediate and deep water thermohaline circulation.  

As we move towards a new greenhouse world it is important to understand how ocean 

circulation might respond to warming.  Warm intervals in the geologic past provide the 

only empirical record of ocean circulation during greenhouse conditions. 

The Late Cretaceous has been widely recognized as a time of extreme high 

temperatures and high CO2 levels (Jenkyns et al, 1994; Huber et al, 2002; MacLeod et al, 

2004; Royer, 2006).  Late Cretaceous thermal gradients (horizontal and vertical) were 

different from what we see in modern times (Barron and Peterson, 1989; Bice et al, 1997; 

Poulsen et al, 1998; Barrera and Savin, 1999), but whether ocean circulation patterns 

changed to a world with a low latitude source of deep waters as a result has been debated 

for over 100 years (Chamberlin, 1906; Brass et al, 1982; Barrera and Savin, 1987; 

Barrera and Keller, 1990; Stott and Kennett, 1990; Corfield and Norris, 1996; MacLeod 

and Huber, 1996; Brady et al, 1998; Frank and Arthur, 1999; Bice and Marotzke, 2001; 

Bice and Norris, 2002; Friedrich et al, 2008; MacLeod et al, 2008).  To date, ocean 

circulation studies during this interval have relied on indirect inferences of 

paleoceanographic proxies based on theory or analysis of calcareous microorganisms. 

Beyond uncertainties in the proxies (chapter 3), interpretations are limited because true 

deep water data are absent as these sites were deposited below the carbon compensation 

depth (CCD) and, thus, lack calcareous microfossils.  

A solution lies in exploiting a geochemical water-mass tracer such as the 

neodymium (Nd) isotopic composition of seawater. This proxy provides a relatively 
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direct way to track water masses and paleocirculation patterns (Frank et al, 2003; 

Goldstein and Hemming, 2003). Neodymium is supplied to the oceans mainly via 

continental weathering and runoff of dissolved and particulate fluxes (Bertram and 

Elderfield, 1993; Frank, 2002; Goldstein and Hemming, 2003). The residence time of Nd 

in the modern oceans is ~1000 years (Elderfield and Greaves, 1982; Piepgras and 

Wasserburg, 1985; Jeandel et al, 1995; Tachikawa et al, 1999; Tachikawa et al, 2003), 

which is shorter than the total mixing time of the ocean ~1500 years (Broecker and Peng, 

1982). Nd isotopes are quasi-conservative tracers of water mass that reflect the Nd 

signature of the source region and are only slightly modified by weathering inputs along 

the flow path.  Among the archives for Nd in the geologic record, fish remains have 

proven to be effective for paleoceanographic studies (Elderfield and Pagett, 1986; Martin, 

2000; Thomas, 2003; Martin and Scher, 2004; Thomas, 2005).  Nd is incorporated into 

fossil fish remains during early diagenesis when they are still often in contact with deep 

ocean water (Elderfield and Pagett, 1986; Martin and Haley, 2000).  Moreover, fossil 

teeth are found in all ocean basins so they can record detailed variations in the deep water 

signal through time and they can be dated based on the surrounding sediment using 

biostratigraphic, magnetostratigraphic and chemostratigraphic data. 

The 143Nd/144Nd is measured in samples and commonly reported as εNd.  This 

expression allows small, but significant, variation in the isotopic ratio to be reported in 

whole numbers relative to a bulk Earth value (DePaolo and Wasserburg, 1976) and is 

obtained by the following equation:   
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The use of this proxy during the Late Cretaceous is still in its early stages and 

most of the existing Nd data from this interval are limited to shallow water masses and 

single localities (Frank et al, 2005; Pucéat et al, 2005; Soudry et al, 2006; Pucéat et al, 

2007; MacLeod et al, 2008).  In chapter 3 we used Nd isotopes to examine bottom water 

sources along a depth transect in Demerara Rise in the western tropical North Atlantic 

and found evidence for deep to intermediate water formation at low latitudes during the 

Campanian- early Maastrichtian.  Furthermore, we found evidence for a dramatic 

reorganization in ocean circulation that took place between the mid Maastrichtian and the 

Danian.  The changes are consistent with a switch from downwelling at low latitudes to a 

more Tertiary pattern with high latitude water formation by mid-Danian. While exciting, 

those observations only represent conditions in a small region from a relatively narrow 

depth range. 

The objective of this study is to expand the coverage of the data geographically 

and bathymetrically. A multisite approach (figure 4.1) is designed to try to track 

intermediate and deep water circulation in the North Atlantic from bathyal to abyssal 

depths during the Maastrichtian. First, by extending the Demerara transect to abyssal 

depths in the Cape Verde Site (367) we can possibly test the downstream fate of the 

Demerara Bottom Water Mass (DBWM) (MacLeod et al, 2008) and, thus, the possibility 

of low latitude deep-water formation during the Maastrichtian.  Second, by studying a 

similar depth transect in the Subtropical North Atlantic in the Blake Nose Site 1050C 

CHUR (Chondritic uniform reservoir): equivalent 
to the bulk Earth 143Nd/144Nd ratio (~0.512638) 
(DePaolo and Wasserburg, 1976) 
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(bathyal) and Bermuda Rise Sites 386-387 (abyssal), we can provide new insights into 

deep water circulation patterns during a greenhouse interval and test our hypothesis for a 

dramatic reorganization of deep water circulation during the Maastrichtian.  

4.2.  AREA OF STUDY 

4.2.1. NORTHERN (SUBTROPICAL) TRANSECT 

The shallow end of our northern transect is Site 1050.  It was drilled during ODP 

leg 171B at the intermediate Site in the Blake Nose transect. Blake Nose is in the western 

North Atlantic (figure 4.1). During Maastrichtian time, Blake Nose was located at bathyal 

paleodepths in the northwestern boundary of the Tethys Seaway at a paleolatitude of 

~30ºN.  The Maastrichtian at this site is comprised of an 85 m section with a 

sedimentation rate of ∼18 m/m.y. for most of the interval (Huber et al, 2008). The section 

consists mostly of gray nannofossil ooze or chalk containing abundant well preserved 

foraminifera (Norris et al, 1998).  Fish debris is present in low abundances in most 

samples. There are subtle meter-scale alternations between lighter and darker intervals in 

the section that have been attributed to a ∼20 Kyr Milankovitch precessional cycle 

(MacLeod et al, 2001) (chapter 2). Hiatuses and slumping disturb the Maastrichtian 

sequence in places.  Nonetheless, the Maastrichtian sequence is relatively complete and 

age estimates above and below these features are continuous (Huber et al, 2008). There 

are two working hypotheses regarding the slumping. The first one attributes the slumps to 

a large-magnitude earthquake produced by the Chicxulub impact (Klaus et al, 2000; 

Norris et al, 2000).  The second one invokes pelagic deposition punctuated by gravity 

flows supported by an increase in 87Sr/86Sr throughout the Maastrichtian and the presence 
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of burrows in the surface of the slumps (MacLeod et al, 2003).    

The Maastrichtian is subdivided biostratigraphically by recognition of the key 

species that define the Abathomphalus mayaroensis Partial-range Zone, 

Racemiguembelina fructicosa Partial-range Zone, Gansserina gansseri Partial-range 

Zone, and Pseudoguembelina palpebra Partial-range Zone (Huber et al, 2008). An 

incomplete Cretaceous/Tertiary boundary (K/T) was recovered in Hole 1050C core 10R-

2, 36 cm (405.93 Mbsf); the top most Maastrichtian Micula prinsii nannofossil zone is 

present, as is the early Paleocene Pα foraminifera zone. The ejecta layer was not 

recovered probably due to some combination of bioturbation, coring gaps, and slumping 

(Norris et al, 1998).   In addition, Huber et al (2008) developed a high resolution age 

model of the Blake Nose which is used for the relative age characterization of the Blake 

Nose samples in this project.  

Deep Sea Drilling Project (DSDP) Sites 386 and 387 are the deep end of the 

northern transect and extend the transect to abyssal depths.  Both sites were drilled during 

DSDP leg 41.  They are located on the central Bermuda Rise and are 700 km and 1200 

km offshore of the continental escarpment respectively (Norris and Firth, 2002) (figure 

4.1).  The Maastrichtian in Sites 386 and 387 is represented by ∼100 m and ∼35 m thick 

sections, respectively, with similar sedimentation rates of 16 m/m.y, and similar 

lithological features (Tucholke and Vogt, 1979).  

The lower to middle Maastrichtian interval is characterized by multicolored red 

claystone that has been interpreted as being deposited below the carbonate compensation 

depth (CCD) (Tucholke and Vogt, 1979).  The upper Maastrichtian interval is 
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characterized by an homogeneous olive to light olive-gray marly chalk with minor 

greenish gray calcareous claystone, that generally has been interpreted as a pelagic 

sediment that accumulated during a brief episode of increased depth of the CCD 

(Tucholke and Vogt, 1979).  An alternative view, based on sedimentary structures, fossil 

contents, and geochemistry interpreted the chalk interval as a mass-wasting deposit 

derived from the North Atlantic margin (Norris and Firth, 2002). At both sites, the upper 

boundary of the chalk with the overlying lithology has been tied to the K/T boundary, but 

only at Site 386 is an ejecta layer present.  It is a green spherule-rich layer that shows a 

Pt/Ir signature, which strongly supports an impact origin and a K/T age for the sequence 

(Norris and Firth, 2002). 

Calcareous microfossils are rare to absent, but fish debris is quite abundant.  

Nonetheless, the presence of some key nannofossil and agglutinated benthic foraminifera 

allowed for a low-resolution biozonation of some of the Late Cretaceous horizons (Okada 

and Thierstein, 1979; Kuhnt, 1992; Norris and Firth, 2002).  At Site 386, an upper 

Cenomanian/ early Turonian age was assigned between ∼738 mbsf (meters below sea 

floor) and ∼724 mbsf based on the recognition of Oceanic Anoxic Event 2 (OAE2) 

(Jiménez Berrocoso et al, 2009) and the first occurrence (FO) of agglutinated 

foraminifera Uvigerinammina jankoi above the Cenomanian/Turonian boundary (Kuhnt 

and Moullade, 1991).  Based on the last occurrence (LO) of U. jankoi (Kuhnt et al, 1992) 

a Turonian/mid Campanian age is assigned between ∼724 mbsf and ∼642 mbsf.  

Mid/upper Maastrichtian is present between ∼639 mbsf ∼636 mbsf based on shipboard 

identification of calcareous nannofossils Micula mura and Lithraphidites quadratus 
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(Okada and Thierstein, 1979) and lithologic interpretation of the K/T boundary (Norris 

and Firth, 2002). Above this level, samples are assumed to be Paleocene in age.  At Site 

387, between ∼474 mbsf and ∼471 mbsf, the FO of Tetralithus trifidus (Okada and 

Thierstein, 1979) suggests an age of upper Campanian/ early Maastrichtian.  From  ∼471 

mbsf to ∼445 mbsf, we assigned an early Maastrichtian/ late Maastrichtian age based on 

the identification of FO of M. micura (Okada and Thierstein, 1979) and the lithological 

characterization of the K/T boundary (Norris and Firth, 2002). Superjacent the K/T 

boundary, samples are assumed to be Paleocene in age. 

4.2.2.  SOUTHERN (TROPICAL) TRANSECT 

The Demerara Rise described in chapter 3 represents the shallow end of the 

southern transect.  Site 367 represents the abyssal end of our tropical transect.  It was 

drilled during Deep Sea Drilling Program (DSDP) leg 41 and is located at the base of the 

continental rise, in the Cape Verde Basin (figure 4.1).  The Upper Cretaceous was spot 

cored; therefore, specific details about thickness, gaps, and sedimentation rates are 

difficult to estimate. The Maastrichtian is assumed to be contained within a unit 

dominated by multicolored silty clay with sharp boundaries that was deposited below the 

CCD (Lancelot and Seibold, 1977).  A relatively low resolution age model was 

constructed based on biostratigraphic observations of calcareous nannofossils, 

agglutinated benthic foraminifera, and identifications of critical intervals such as Oceanic 

Anoxic Event 2 (OAE2).  (Cepek, 1978; Holbourn et al, 1999; Forster et al, 2007; 

Jiménez Berrocoso et al, 2009).  A Turonian/Campanian age is assigned between ∼636 

mbsf and ∼548 mbsf based on the recognition of OAE2 (Jiménez Berrocoso et al, 2009) 
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and the presence of U. jankoi (Houlborn et al, 1999).  Early Campanian/ mid Campanian 

is identified between ∼548 mbsf and ∼479 mbs based on the LO of U. jankoi (Houlborn 

et al, 1999).  Between ∼479 mbsf and ∼474 mbsf the presence of Caudammina 

(Hormosina) gigantea (Houlborn et al, 1999) allows us to assign a mid Campanian-

Maastrichtian age to this interval. Cepek (1978) identified the base of nannofossil 

biozone NP12 at ∼378 mbsf; therefore higher samples are assigned a Paleocene age. The 

K/T boundary occurs in an approximately 85 m thick coring gap between cores 14 and 

15.  

4.3.  MATERIALS AND METHODS 

New samples for this study concentrated on Maastrichtian and Danian intervals 

with the goal of getting the same degree of resolution that was acquired for Demerara 

Rise (where available) and extending the record to abyssal depths.  

A total of thirty-nine samples (25 from Blake Nose, 5 from Bermuda Rise, and 9 

from Cape Verde) were selected for the development of this study. Additionally, values 

from Bourbon (2008), MacLeod et al (2008), and (Jiménez Berrocoso et al, 2009) 

Jiménez Berrocoso et al (2009) were added to the pool data in order to get a more 

complete representation of North Atlantic intermediate and deep water evolution. 

Samples were obtained from the Integrated Ocean Drilling Program (IODP) core 

repository and were approximately 10 cm3 each.  The bulk sediment was dried overnight 

in an oven at 50°C, then disaggregated by soaking overnight in a beaker containing 

kerosene, followed by decanting and adding Calgon solution.  The resulting slurry was 

washed on a 63 µm screen. To increase picking efficiency, where present, foraminifera 
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and other carbonates grains were dissolved using a buffered 10% acetic acid.  The 

insoluble residue was thoroughly rinsed and washed again in a 63 µm screen. Fish debris 

was relatively common in all sample residues and approximately 0.5 mg of fish debris 

was used for analysis. 

Nd isotopes were analyzed using a Nu Plasma Multi-Collector-Inductively 

Coupled Plasma-Mass Spectrometer (MC-ICP-MS) at the University of Florida Isotope 

laboratory in the Geology department. The samples were dissolved in 0.3 ml of 2% 

optima HNO3 then 10µl was pipetted out and placed in a sampling beaker and diluted 

with 0.99 ml of 2% optima HNO3. Samples were then scanned on the MC-ICP-MS.  

JNdi-1 standard was run every 6 samples to obtain a daily average for the standard 

(Bourbon, 2008). This average was compared to the long-term running average of the 

JNdi-1 standard from the TIMS (Micromass Sector 54 Thermal Ionization Mass 

Spectrometer) of ~0.512103 (± 0.000012, 2σ) in order to determine a correction factor for 

all samples run on that day. The long term error for the Nd MC-ISP-MS is determined by 

comparing the corrected JNdi-1 values. The calculated 2σ error varies on a daily basis, 

but the long-term 2σ error is ~0.3 ε units (Bourbon, 2008). 

As mentioned previously, age models for the Maastrichtian at Blake Nose are 

well resolved.  However, in the abyssal sites, ages are difficult to constrain because 

coring gaps introduced considerable uncertainty in the precise depth of the few available 

datums. As a result, neodymium data are presented against depth (meters below sea 

floor), but the plots are annotated with the low resolution age estimates in order to 

compare our results to previous isotopic data from other ocean basins. 
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Most importantly, conclusions regarding εNd(t) isotopic trends through the sections 

on all sites are not dependent on the age model. That is, association of data and depth to 

relative ages are more than enough to test observations regarding North Atlantic 

evolution during the Maastrichtian.  

4.4.  RESULTS 

 Samples from the upper bathyal Site 1050C in the Blake Nose exhibit a gradual 

increase to more radiogenic values with εNd(t)  ranging from ~-6.5 (Cenomanian),  ~-8.6 

(Mid Campanian) to ~-7.5 (close to the K/T boundary).  After the Cretaceous/Tertiary 

interval εNd(t) values decrease to mid Danian where we observe low radiogenic signatures 

of -9.7.  A tendency toward more radiogenic signatures is again observed in the highest 

samples analyzed (figure 4.2) (Appendix 3).  

 Sites 386 and 387 extend the Blake Nose to abyssal depths.  Despite poor age 

control, both sites show that in the abyssal depths in the subtropical North Atlantic, εNd(t)  

values maintain a range between -8 to -7 units through most of the Late Cretaceous, but 

somewhere between the Upper Maastrichtian and Danian there is a sharp shift to less 

radiogenic values of -11 (figure 4.3) (appendix 3) similar to the post K/T shift in the 

Blake Nose (figure 4.2).  

Demerara Rise values (chapter 3) (figure 4.4) showed that between the early 

Maastrichtian and mid Danian, εNd(t) values of fish debris from three sites shift by ~6 

units from  -17 to -11,   where the extremely low values during the early Maastrichtian 

are similar to most other Late Cretaceous values for Demerara Rise and suggest 
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intermediate to deep water formation, the post mid Maastrichtian values suggest a switch 

in the source of the deep/intermediate water.  

The Cape Verde Site 367 is the abyssal end member of our tropical transect in the 

tropical Atlantic and extends the Demerara Rise values to true deep depth. Age resolution 

is poor due to extensive coring gaps and minimum biostratigraphic control, but as noted 

combined data from Bourbon (2008), Jiménez Berrocoso et al (2009), and this study 

show that between the Cenomanian and Campanian/Maastrichtian the basin exhibits εNd(t)  

values between -8 to -10.  Then, during the Campanian-Maastrichtian the basin shows a 

shift towards very low radiogenic values (-13 to -15) that return to more radiogenic (-9.5 

to -11) by the Paleocene (figure 4.5) (appendix 3).  

4.5.  DISCUSSION 

Neodymium records derived from the four study sites representing different 

regions and different depths of the North Atlantic demonstrate large differences among 

the sites and within the sites through time.  Some trends are observed to be parallel 

between bathyal and abyssal sites, whereas at other times trends are distinct. These 

differences suggest multiple water masses were present during the Late Cretaceous and 

their distribution changed through time.  Although considerable uncertainty remains, 

these records greatly increase controls on the source and circulation patterns of 

intermediate and deep water masses in the Late Cretaceous North Atlantic. 

During the Cenomanian, in the subtropical transect, the deep Bermuda Rise site 

has εNd(t) values between -8 and -9 while the shallow Blake Nose site exhibits a more 
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radiogenic signature of -6, suggesting at least two water masses separated at depth.  

Following the Cenomanian, similar values (-9) are observed at both sites, suggesting 

homogenization with respect to its source from the Cenomanian on.  Values of εNd(t) of  -7 

to -9 have been reported for fish debris and other phosphates from shelf deposits of the 

Northwestern Tethys (Pucéat et al, 2005)and central Tethys (Soudry et al, 2006).  Similar 

values of -8.5 to -9 have been reported from the South Atlantic (Robinson and Vance, 

2009) whereas, contemporary central Pacific εNd(t) values range from -2.5 to -5.5 (Frank 

et al, 2005).  These low Pacific values mixed with Tethyan or South Atlantic waters 

could explain low values at Site 1050C during the Cenomanian.  The lower values at the 

Bermuda Rise though, suggest the deep subtropical North Atlantic basin may have been 

dominated by a water mass that originated in the Tethyan or South Atlantic region. 

Because paleogeographic reconstructions show that connections between the North 

Atlantic and South Atlantic were very restricted during the Cenomanian and the Bermuda 

Rise was closer to the Tethys than to the South Atlantic, we think that Bermuda Rise 

deep waters were more likely sourced largely within the North Atlantic-Tethyan region 

(figure 4.6).  By the Campanian this deep water mass seems to have expanded into 

bathyal depths with one possible cause being the restriction of the gateway between 

North and South America, which coincides with the time where “cool” greenhouse 

conditions started (Huber et al, 2002). 

In the tropical sites, values between bathyal (Demerara) and abyssal (Cape Verde) 

are different for most of the Cenomanian-Campanian interval, and only converge during 

the Campanian-Maastrichtian. The only exception to this pattern is that both sites exhibit 

a positive excursion to εNd(t) values of  ∼-8 at the level of OAE2 event (MacLeod et al, 



  93 

2008; Jiménez Berrocoso et al, 2009).  During the Cenomanian-Campanian interval, the 

Cape Verde site εNd(t) values are about -9, similar to those at Bermuda Rise and raising the 

possibility of a Tethyan source for deep waters at this site. At the same time Demerara 

Rise sites show an unusually non-radiogenic signature (-16 to -17) that has been 

interpreted as evidence of a locally formed intermediate water mass “Demerara Bottom 

Water Maas” (DBWM), that persisted in the region until at least mid Maastrichtian time 

(MacLeod et al, 2008, Chapter 3).   

Addition of the Cape Verde abyssal data to the North Atlantic data set show that 

very low radiogenic values were also present at >3 km depth during the Campanian-

Maastrichtian (figure 4.5).  Cape Verde is the extension of the Demerara transect to 

abyssal depth, therefore the shift could demonstrate that the DBWM reached true deep- 

water depths during this time period. A second possibility would be a different water 

mass with similar isotopic characteristics to those in DBWM filled the Cape Verde Basin.   

Many features and sedimentary sequences show strong parallels on the African 

and South American side of the North Atlantic.  In particular Cape Verde Site 367 

presents similar succession of Mesozoic facies to those described in the western North 

Atlantic (Hollister et al, 1972; Lancelot and Seibold, 1978), and river particles from the 

western margin of Africa exhibit εNd(t) values that varied from -27 to -19 similar to those 

sourced on the Guayana shield (Jeandel et al, 2007).  That is, if there was a water mass 

formed due to excess evaporation in African seaways, it might be characterized by very 

non radiogenic values similar to the ones suggested for the DBWM.  Either way, the fact 

that these very low radiogenic signatures are observed from bathyal to abyssal depths in 
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the tropical North Atlantic suggests rather directly that deep water formation at low 

latitudes was active during the Late Cretaceous (Chamberlin, 1906; Brass et al, 1982; 

MacLeod and Huber, 1996) contrary to the conclusions of modeling studies (D'Hondt and 

Arthur, 1996; Bice and Marotzke, 2001; D'Hondt and Arthur, 2002). 

The most interesting aspect of this research is observed during the Maastrichtian/ 

Danian interval, where all sites at both transects shift towards εNd values between  -9 to -

11. These results fall near the εNd North Atlantic Deep Water (NADW) values (-10 to -13) 

established by Frank et al (2003) for the last 33 million years.  Therefore, we believe that 

this multisite shift provides the first direct line of evidence for the timing of the 

reorganization of deep water circulation from a Cretaceous type to a Cenozoic type 

(figure 4.6)  

4.6. IMPLICATIONS 

Neodymium data from two depths transects in the subtropical and tropical North 

Atlantic from bathyal to abyssal depths demonstrate that during most of the Late 

Cretaceous the main source of intermediate/deep water was likely the Tethyan region and 

the Demerara Region. The data also support the much debated hypothesis first proposed 

by Chamberlin (1906) that greenhouse ocean circulation could have been driven in part 

by low latitude intermediate/deep water formation.  These results also suggest dynamic 

and active patterns of intermediate and deep water circulation contrary to the idea for a 

sluggish Late Cretaceous ocean.  
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Figure 4.1.  Approximate location of the study sites.  Tropical transect Site 1050C (Blake 
Nose) and Sites 386-387 (Bermuda Rise.  Subtropical transect Sites 1258-1260-1261 
(Demerara Rise), and Site 367 (Cape Verde). 
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Figure 4.2. Evolution of the εNd(t) signature in the Subtropical bathyal site 1050C, in the 
Blake Nose. εNd(t)  ranging from ~-6.5 (Cenomanian) to ~-8.6 (Mid Campanian) to ~-7.5 
(close to the K/T boundary).  After the Cretaceous/Tertiary interval εNd(t)  values decrease to 
mid Danian where we observe low radiogenic signatures of -9.3.  (see discussion for 
interpretations) 
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Figure 4.3. Evolution of the εNd(t) signature in the Subtropical abyssal sites 386-387 in the 
Bermuda Rise. εNd(t) values maintain a range between -8 to -7 units through most of the Late 
Cretaceous, but somewhere between the Upper Maastrichtian and Danian there is a sharp 
shift to less radiogenic values of -11 similar to the post K/T shift in the Blake Nose.  (see 
discussion for interpretations) 
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Figure 4.4. Evolution of the εNd(t) signature in the Tropical bathyal site 1258, in the 
Demerara Rise.  εNd(t) values showed that between the early Maastrichtian and mid Danian, 
εNd(T) values of fish debris from three sites shift by ~6 units from  -17 to -11 (chapter 3).  
Where the extremely low values during the early Maastrichtian are similar to most other 
Late Cretaceous values for Demerara Rise and suggest intermediate to deep water 
formation.  The post mid Maastrichtian values suggest a switch in the source of the 
deep/intermediate water.  Even though there are interesting differences among the sites in 
the Demerara Rise (Chapter 3) the general trend is expressed in similar ways at the three 
sites.  Therefore, for purpose of generalization only site 1258 is showed. 
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Figure 4.5. Evolution of the εNd(t) signature in the Tropical abyssal site 376, in Cape Verde. 
Between the Cenomanian and Campanian-Maastrichtian the basin exhibits εNd(t)  values 
between -9 to -10.  Then, during the Campanian-Maastrichtian the basin shows a shift 
towards very low radiogenic values (-13 to -15), then returns to more radiogenic (-9.5 to      
-11) by the Paleocene (see discussion for interpretations) 
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Figure 4.6. Circulation Model for the North Atlantic Basin during the Late Cretaceous 
based on εNd(t)  isotopes.  A) During the Cenomanian-Campanian main sources for 
deep/intermediate water formation were the Tethys Ocean and the tropical North Atlantic 
(Demerara).  Both abyssal sites are dominated by a Tethys component.  Bathyal Blake 
Nose is dominated by a mixture of Pacific and Tethys waters, and Demerara sites are 
dominated by DBWM. B) During the Campanian-Maastrichtian, water at the abyssal and 
bathyal sites in the Subtropical transect becomes homogenized with respect to its source 
(Tethyan Ocean).  In the tropical transect, εNd(t) values in the abyssal site become less 
radiogenic, indicating the possibility of DBWM reaching deep depths.  C) Sometime 
between the Maastrichtian-Danian all sites at all depth switch to radiogenic values typical 
of North Atlantic water, suggesting a switch in the sources of deep/intermediate water 
from a Cretaceous type (low latitude formation) to a Tertiary type (high latitude 
formation). 

A) 

B) 

C) 
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CHAPTER 5 

 

IMPLICATIONS 

 

 

 Knowledge of past climates can provide important lessons about current and 

future climate evolution. Knowledge of climate evolution is a particularly pressing issue 

in light of the current debate about climatic change in our immediate future. Furthermore, 

global climate changes may be rapid or slow, and different components of the climate 

system could dampen or amplify the signals on either regional or global scales. Because 

of these uncertainties, it is important to recognize and to separate both global and 

regional components (oceanic and atmospheric) in order to understand the sensitivity of 

the climate system. The Intergovernmental Panel on Climate Change (IPCC, 2008) 

recognized that global warming could have a dramatic effect on thermohaline circulation, 

and, as we move towards a new greenhouse word, it is important to understand how 

ocean circulation might respond to this warming. Questions regarding how stable present 

climate is, and what might be the effects of rapid climate change in the biosphere can be 

answered by looking at the natural experiment that is the history of past climates in the 

geologic record. For the immediate future, studying warm intervals in the geologic past is 

especially important as these times provide the only empirical record of ocean circulation 

during greenhouse conditions.  

As noted in previous chapters, the Late Cretaceous is widely recognized as a time 

of extreme high temperatures and high CO2 levels (Jenkyns, 1994; Huber et al, 2002; 
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MacLeod et al, 2004; Royer, 2006). As climate is the result of redistribution of heat (from 

incoming solar radiation) by the flow of the air and ocean system on the rotating earth, it 

is influenced by geographic setting determined by the arrangement of land and sea, depth 

of the oceans and ocean gateways. Cretaceous paleogeography had many differences 

from the present, and this, combined with high pCO2 levels is expected to result in ocean 

circulation and thermal gradients (horizontal and vertical) during this interval that were 

different from what we see in modern times (Barron and Peterson, 1989; Bice et al, 1997; 

Poulsen et al, 1998; Barrera and Savin, 1999).  

Divergent temperature trends among ocean basins are observed during the 

Maastrichtian, the last 7 million years of the Cretaceous. Notably, the North Atlantic 

basin shows a 3 million year long warming trend of approximately 6°C whereas the other 

basins show cooling (MacLeod et al, 2005; Isaza-Londoño et al, 2006). To explain this 

difference as well as a number of other Maastrichtian events, changes in the intermediate 

and/or deep water sources have been invoked (Barrera et al, 1997; Frank and Arthur, 

1999; MacLeod et al, 2005). Details vary among study sites with primary differences 

residing in source regions for intermediate and deep waters as well as cause and effects 

relationships at local scales (MacLeod et al, 2005; Isaza-Londoño et al, 2006).  

The research presented in the previous 3 chapters provides the first of its kind 

empirical data regarding evolution of Maastrichtian surface to deep ocean circulation in 

the North Atlantic, and provides compelling evidence that helps solve regional and global 

uncertainties such as the regional warming trend in the North Atlantic and the source of 

deep water formation in the Maastrichtian ocean. Specifically, we demonstrate the 
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presence of deep water forming at low latitudes during the Late Cretaceous and the 

presence of an apparently sharp water mass boundary in the subtropical western North 

Atlantic throughout the Maastrichtian.  

For surface waters, through parallel examination of foraminiferal populations and 

stable isotopes we argued that a well established Water Mass Boundary (WMB) was 

present in the subtropical western North Atlantic throughout the Maastrichtian (Chapter 

2). Furthermore, we were able both to narrow the position of the WMB to 40 km 

(distance between the study sites) and also to demonstrate that this WMB migrated both 

on short and long time scales. In regards to regional observations, though, it seems that 

surface water circulation patterns were not a not a big influence in North Atlantic 

warming at this time. The presence of a strong, relatively stable WMB throughout the 

Maastrichtian (and present), at the same time that significant regional change through 

Maastrichtian is observed, demonstrates that WMB change is not needed for regional 

change. In fact, a strong WMB seems to be a persistent feature of the North Atlantic 

occurring both across the Maastrichtian and in the present. So, while changes in the 

strength and/or position of do not correlate with regional warming of the North Atlantic 

during the Maastrichtian, models attempting to capture significant features of 

Maastrichtian surface ocean circulation should create a sharp WMB in the western North 

Atlantic. 

Regarding deep ocean circulation, the neodymium records derived from four 

study sites representing different regions and different depths of the North Atlantic 

demonstrate large differences among the sites and within the sites through the Late 
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Cretaceous. Specifically, we argued, based on the data in chapters 3 and 4, that low 

Pacific values mixed with Tethyan or South Atlantic waters could explain relatively high 

values at bathyal Site 1050 in the subtropical North Atlantic during the Cenomanian-

Campanian (figure 5.1). The lower values at the deeper Bermuda Rise sites, though, 

suggest the deep subtropical North Atlantic basin may have been dominated by a water 

mass that originated in the Tethyan or South Atlantic region. Because paleogeographic 

reconstructions show that connection between the North Atlantic and South Atlantic were 

very restricted during the Cenomanian and because Bermuda Rise was closer to the 

Tethys than to the South Atlantic, we think that Bermuda Rise deep waters were more 

likely sourced within the North Atlantic-Tethyan region than the South Atlantic (figure 

5.1). In the tropical North Atlantic, εNd(t) values in the abyssal Cape Verde site are similar 

to those in the Bermuda Rise, so we think that the Tethys was also the source of deep 

water in this deep site. On the other hand, the very low values in Demerara sites at this 

time are interpreted as reflecting a separate, low-latitude-sourced, intermediate water 

mass (MacLeod et al, 2008). These results demonstrate that during the Cenomanian-

Campanian interval at least three different water masses were active in the North 

Atlantic, one sourced in the Tethyan region dominated the subtropical and tropical North 

Atlantic at abyssal depths, while its mixture with Pacific waters resulted in a different 

water mass at subtropical bathyal depths. The third water mass (Demerara Bottom Water 

Mass [DBWM]) mass dominated the intermediate/surface waters in the tropical North 

Atlantic. 

During the Campanian-Maastrichtian, deep water masses from Bermuda Rise 

seem to have expanded to bathyal depths at Blake Nose (figure 5.1). During this interval 
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there was a restriction of the gateway between North and South America that could have 

blocked waters coming from the Pacific (Mann et al, 2007) allowing the homogenization 

of the subtropical North Atlantic with respect to the Tethyan source.  In the tropical North 

Atlantic, εNd(t) values in the abyssal site Cape Verde show that very low values were 

present at depths greater that 3 km indicating the possibility of DBWM reaching deep 

depths during this time interval (figure 5.1). A second possibility would be a different 

water mass with similar isotopic characteristics that those in DBWM filled the Cape 

Verde Basin. Either way, the fact that these very low values are observed from bathyal to 

abyssal depths in the tropical North Atlantic suggest rather directly that deep water 

formation at low latitudes was active during the Late Cretaceous (Chamberlin, 1906; 

Brass et al, 1982; MacLeod and Huber, 1996) contrary to the conclusions of modeling 

studies (D'Hondt and Arthur, 1996; Bice and Marotzke, 2001; D'Hondt and Arthur, 

2002).  

An interesting aspect of this research is observed during the Maastrichtian - 

Danian interval, where all sites at both transects shift towards εNd(t) values between -9 to -

11(figure 5.1). These results fall near the εNd(t) of North Atlantic values of -10 to -13 for 

the last 33 million year (Frank et al, 2003). Furthermore, the high resolution time/depth 

trends observed in the Demerara Rise sites (chapter 3) demonstrate that the positive εNd(t) 

shift (6 units) was initiated during the mid Maastrichtian at the level of the base of the 

Abathomphalus mayaroensis foraminifera biozone.  

If this shift is the result of initiation and/or intensification of formation of high 

latitude deep water masses (similar isotopically to Cenozoic North Atlantic water 
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masses), it could result in export of relatively cool waters from the North Atlantic to the 

South Atlantic at depth. To compensate, warm tropical waters could flow northward from 

the South Atlantic into the North Atlantic generating a heat piracy affect and leading to 

the regional warming previously mentioned (MacLeod et al, 2005; Isaza-Londoño et al, 

2006). Deep water formation at low latitudes imply rates of evaporations in the subtropics 

were high enough to create saline warm waters dense enough to sink to abyssal depths. 

High evaporation in the subtropics, in turn, implies large changes in the hydrological 

cycles potentially including higher poleward latent heat transport and more precipitation 

at high latitudes. Warmth at depth would also result in changes in the distribution of 

oxygen in the ocean and therefore could affect marine productivity and faunal 

distribution.  

All combined (surface and deep water results), indicates that the Maastrichtian 

was a transitional time where a dramatic reorganization on ocean circulation took place. 

Our data demonstrate that surface and especially intermediate and deep water circulation 

patterns are an important (and measurable) variable that help determine greenhouse 

temperature distributions on regional and global scales. This finding is important for 

current environmental discussions because, as a consequence of global warming, IPCC 

pCO2 estimates for 2100 are similar to those observed in the Maastrichtian, raising the 

possibility for reversal in ocean circulation from high latitude to low latitude sources of 

deep water directly affecting climate, ocean/land ecosystems, and human activities in 

general. At the simplest level, this possibility suggests the a future greenhouse North 

Atlantic could see deep water forming at low latitudes in the next 100 years. Some of the 

effects would be increase of temperatures in the poles, a decrease of latitudinal thermal 



  113 

gradients, and changes in ocean circulation and productivity all of which would have a 

direct effect on human life. A more measured statement of the implication of this study is 

that coupled Ocean-Atmospheric Global Circulation Models that can reproduce the 

patterns of circulation inferred through the Maastrichtian given changing forcing (i.e., 

pCO2) arguably have the best chance of accurately predicting future climate evolution.  
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Figure 5.1. Evolution of Neodymium (εNd(t)) values through the Late Cretaceous, in several ocean 
basins. The data demonstrate the presence of different waters masses and sources through time 
(see text for description of trends).   
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APPENDIX 1 

 

FORAMINIFERA COUNTS, AND STABLE ISOTOPES HOLES 1050C 
AND 1052E 
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Species counts Hole 1050C Section 16R-2 
(MacLeod et al 2001) 
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Counts at generic level (normalized) 
Hole 1050C, section 13R-5 
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Counts at generic level (normalized) 
Hole 1050C, section 16R-2 
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Counts at generic level (normalized) 
Hole 1050C, section 18R-2 
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Species counts Hole 1052C Section 26R and 29R 
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Counts at generic level (normalized) 
Hole 1052E, sections 21R, 26R, and 29R 
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Species isotopes Hole 1050C, section 13R-5 
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Species isotopes Hole 1050C, section 16R-2 
(MacLeod et al, 2001) 
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Fine fraction Isotopes Hole 1050C 
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Fine fraction Isotopes Hole 1052E 
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APPENDIX 2 

 

DEMERARA RISE NEODYMIUM ISOTOPE DATA, AND AGE 
CALCULATIONS FOR SITES 1258, 1260, AND 1261  
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SITE 1260 

 

 
 
 
 
 



  144 

 
  

 



  145 

SITE 1261 
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APPENDIX 3 
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mbsfd = meters below sea floor 
Ages calculated based on Huber et al (2008) age model 
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CAPE VERDE 
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