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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF ENGINEERING, SCIENCE AND MATHEMATICS
SCHOOL OF OCEAN AND EARTH SCIENCE

Doctor of Philosophy

PALAEOCLIMATOLOGY, STRATIGRAPHY AND BIOTIC RESPONSES IN THE
MIDDLE EOCENE

by Kirsty M. Edgar

The Middle Eocene (37 to 49 million years ago, Ma) was characterised by warmer global
temperatures and higher atmospheric carbon dioxide (pCO2) levels than today with only
small/non-existant icesheets. Because predicted pCO2 levels for the coming century
have not been seen on Earth since at least ∼40 Ma thus, the primary objective of this
thesis is to improve our understanding of the nature, timing and consequences of carbon
perturbations in the Middle Eocene between 39 and 43 Ma.

In Chapter 3, a new (instrument specific) methodology for measuring Mg/Ca in foramin–
iferal calcite is developed to enable the simultaneous measurement of additional trace
elements indicative of foraminiferal test contamination. This new methodology enables
Mg/Ca data to be screened more efficiently for contamination and increases confidence
in palaeoceanographic reconstructions based on the Mg/Ca palaeotemperature proxy.

In Chapter 4, new foraminiferal stable isotope records (∼5 kyr resolution) from Demerara
Rise in the equatorial Atlantic are generated to test the hypothesis that the onset of
continental ice sheets in the Northern Hemisphere occurred at ∼41.6 Ma in the Middle
Eocene, 30 million years earlier than previously thought. The new data herein, indicate
that if continental ice sheets were present, they were small and easily accommodated on
Antarctica with no need to invoke storage of ice in the Northern Hemisphere.

The dearth of appropriate Middle Eocene sedimentary sections on which to work means
that a well calibrated timescale for this interval remains to be produced. In Chapters 5
and 6, this problem is addressed using Middle Eocene sediments recovered from the Blake
Nose plateau in the western North Atlantic. A new high resolution magnetic stratigra-
phy and new quantitative foraminiferal biostratigraphic counts were developed between
39.5 and 42.0 Ma, which allows re-assessment and refinement of previous magnetostrati-
graphic and biostratigraphic interpretations. This provides excellent age control for
these sediments and new calibrations to the Geomagnetic Polarity Time Scale (GPTS).

In Chapter 7, the first high-resolution quantitative planktic foraminiferal assemblage
counts were developed for the global warming event the Middle Eocene Climatic Opti-
mum (MECO) between ∼39.5 and 41.5 Ma. New biotic records show that the MECO
was accompanied by significant biotic shifts that suggest a shift from warm, oligotrophic
surface waters to warmer, more productive surface waters during the MECO.
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Chapter 1

Introduction

1.1 Rationale for Eocene studies

Partial pressures of atmospheric carbon dioxide (pCO2) predicted for the coming century
(Meehl et al., 2007) have not been seen on Earth since the Eocene (Pagani et al., 2005),
more than 40 million years ago (Ma) when the Earth was much warmer than today
and was host to small or non existent continental ice sheets (Fig. 1.1). Close coupling
of atmospheric pCO2 and global temperature observed in records at the present day
(Meehl et al., 2007) and in palaeoclimate records (Petit et al., 1999; Royer et al., 2001,
2004; Lüthi et al., 2008) indicates the need to increase our knowledge of climate and
carbon cycle variability during past globally warm, high pCO2 intervals and impacts
on the Earth system in order to identify and quantify future feedbacks related to rising
pCO2.

1.2 Eocene Climate

The Eocene Epoch (34 - 55 Ma) represents an important interval in the evolution of
Earth’s climate from the extreme greenhouse warmth of the early Paleogene towards its
modern regime of bipolar ice sheets (Fig. 1.1b) (Miller et al., 1991; Lear et al., 2000;
Zachos et al., 2001). Yet, until relatively recently, we knew very little about the nature
of this interval except on multi-million year timescales.

The Early Eocene was characterised by global climate substantially warmer than at
the present day with either no or only very small continental ice sheets (Zachos et al.,
1994, 2001). During the Early Eocene climatic optimum (EECO) between about 50 and
52 Ma, summer surface water temperatures in the Arctic Ocean are thought to have
reached up to ∼20◦C (Sluijs et al., 2006), an interpretation supported by the presence of
fossil crocodilians and turtles in the Arctic circle and deciduous forests found up to 85◦N

1
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Figure 1.1: Cenozoic proxy records of atmospheric carbon dioxide and palaeotemper-
ature. a) Alkenone based pCO2 reconstruction (Pagani et al., 2005), calculated values
are in broad agreement with those estimated using other pCO2 proxies (Ekart et al.,
1999; Pearson and Palmer, 2000; Berner and Kothavala, 2001; Demicco et al., 2003;
Royer et al., 2004). Pale blue shaded region indicates the range of pCO2 for the last
800 thousand years of Earth’s history recorded in polar ice cores from Antarctica (Petit
et al., 1999; Lüthi et al., 2008). Red bar highlights the range of pCO2 values predicted
for the year 2100 (Meehl et al., 2007). b) Global composite oxygen isotope record from
benthic foraminiferal calcite, figure modified from Zachos et al. (2001). Horizontal
blue bars show the standard view of the presence and extent of full scale/permanent
ice sheets (solid bar) and those thought to have been partial/ephemeral (broken bar).
EECO = Early Eocene Climatic Optimum.Temperature scale computed for ice-free
ocean thus, only applicable for the time preceding the onset of large scale Antarctic

glaciation at ∼34 Ma. Figure modified from Edgar et al. (2007).

(Wolfe, 1985; Greenwood and Wing, 1995; Markwick, 1998). Fossil and proxy evidence
indicate severely reduced latitudinal thermal gradients in the Early Eocene compared to
today most likely a response to high greenhouse gas concentrations in the atmosphere,
mainly CO2, which is estimated to have been 4 to 5 times higher than pre-anthropogenic
pCO2 levels (Pearson and Palmer, 1999; Ekart et al., 1999; Pearson and Palmer, 2000;
Demicco et al., 2003; Pagani et al., 2005), plus continental configurations that increased
atmospheric and ocean heat transport to high latitudes (Barron, 1985, 1987; Barron
et al., 1993; Bice et al., 2000).

Following the EECO, Earth’s baseline climate cooled substantially through the Middle
and Late Eocene (Shackleton and Kennett, 1975; Miller et al., 1987; Barrera and Huber,
1991; Diester-Haass and Zahn, 1996; Lear et al., 2000; Zachos et al., 2001) eventually
resulting in the onset of the first permanent continental ice sheets on Antarctica close to
the Eocene-Oligocene boundary at ∼34 Ma (Fig. 1.1b) (Lear et al., 2000; Zachos et al.,
2001; Coxall et al., 2005; Katz et al., 2008). Decreasing atmospheric pCO2 is invoked as
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the major cause of long-term climate deterioration (Raymo and Ruddiman, 1992; Berner
et al., 1983; DeConto and Pollard, 2003; Huber et al., 2004), although Earth’s orbital
configuration (DeConto and Pollard, 2003; Coxall et al., 2005) and perhaps continental
palaeogeography, i.e., the opening of ocean gateways (Kennett, 1977) also played a role.

Prior to the 1990’s the relative paucity of continuous sedimentary successions from the
Eocene and thus, availability of high-resolution palaeoceangraphic records led to the
misleading impression that the Eocene was marked by only relatively gradual changes
in global climate (Shackleton and Kennett, 1975; Miller et al., 1987; Barrera and Huber,
1991). In addition, the lack of available sections in which both magnetic and bio- strati-
graphies are available has hindered the development of reliable age models at many deep
sea sites. Thus, development of a reliable integrated biomagnetochronologic time scale
(IBMS) for the Eocene remains elusive, yet is a fundamental prerequisite for palaeo-
ceanographic studies to determine rates of change and the age order of events at widely
separate sites.

Recent advances in our technological capabilities and new multi-hole drilling strategies
to generate composite sections, have enabled the recovery of more continuous, expanded
and shallowly buried Eocene sediments in which high-resolution records can be gener-
ated. These records have shed new light on the nature of the greenhouse-icehouse tran-
sition and indicate that the Eocene was characterised by significant climatic variability
associated with changes in global carbon cycling on much shorter-time scales than previ-
ously appreciated. In particular, superimposed on the long-term Middle Eocene cooling
trend are a number of transient warming events, e.g., between ∼44 and 42 Ma (Sexton
et al., 2006a) and at 40 Ma (S. Bohaty, oral pers. comm., 2007) the Middle Eocene
Climatic Optimum (MECO) (Bohaty and Zachos, 2003), and transient cooling events
that may have been associated with the onset of the first small transient ice sheets on
Antarctica as a pre-cursor to events at the Eocene-Oligocene boundary (Lyle et al.,
2005). This finding is in conflict with the traditional view that past globally warm inter-
vals were climatically relatively ‘stable’ and emphasises the need to better understand
climate ‘stability’ in past warm, high pCO2 worlds. The primary objective of this thesis
is to improve our understanding of the nature, timing and consequences of carbon cycle
perturbations of the Middle Eocene (39 - 43 Ma).

1.3 Thesis aims and outline

The specific aims of Chapters 3 through 7 are as follows.
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1.3.1 Chapter 3: Optimization of an inductively coupled plasma-optical

emission spectrometry method for the determination of trace

metals in foraminiferal calcite.

1) Develop a methodology for measuring trace metals with low concentrations in foraminiferal
calcite by inductively coupled plasma-optical emission spectrometry.

Trace metal ratios derived from foraminiferal calcite are increasingly utilised as prox-
ies for palaeoenvironmental parameters with Mg/Ca, a palaeothermometer, one of the
most important and widely applied (for deconvolving the dual temperature and oxygen
isotopic composition of seawater signals recorded in the δ18O of foraminiferal calcite).
Increasingly, the importance of measuring additional trace metals alongside the desired
Mg/Ca and Sr/Ca values has been recognised as an important way of screening values for
contamination not removed during the cleaning process. Chapter 3 aims to determine
the optimum set-up on a dual view Perkin Elmer Inductively Coupled Plasma-Optical
Emission Mass Spectrometer (ICP-OES) to facilitate the high-precision and accurate
measurement of Mg, Ca and Sr in foraminiferal calcite simultaneously with the trace
elements Al, Mn, Fe and Ti. These trace elements are introduced into the methodology
in order to screen foraminiferal samples for contamination by either an oxide coating
(Mn and Fe) or residual silicate material (Al, Fe and Ti).

1.3.2 Chapter 4: No extreme bipolar glaciation during the main Eocene

calcite compensation shift

2) Evaluate the hypothesis that large transient continental ice sheets were present in both
hemispheres close to the top of magnetochron C19r (∼41.6 Ma) in the Middle Eocene.

3) Document the link between transient carbon cycle perturbations and global climate
change in magnetochrons C18 and C19.

The paradigm view is that the first large, permanent continental ice sheets of the Ceno-
zoic developed on Antarctica at ∼34 Ma (Miller et al., 1991; Lear et al., 2000; Zachos
et al., 2001) and that significant ice sheets did not develop in the Northern Hemisphere
until much later between ∼11 and 5 Ma (Miller et al., 1991; Zachos et al., 2001; Holbourn
et al., 2005). This view has recently been challenged by new records of ice rafting at high
northern latitudes in the Eocene (Moran et al., 2006; Eldrett et al., 2007), the possibil-
ity of continental ice stored outside of Antarctica in the early Oligocene (Coxall et al.,
2005), and geochemical records hypothesised to represent the onset of large continental
ice sheets in both hemispheres around the top of magnetochron C19r (∼41.6 Ma) in the
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Middle Eocene (Tripati et al., 2005). In Chapter 4 the bipolar glaciation hypothesis
is tested by generating new palaeoceanographic records in monospecific planktic and
benthic foraminiferal calcite from the Atlantic Ocean. Deep-sea sediments recovered
from ODP Site 1260 drilled in the tropical Atlantic are utilised because they provide an
expanded sedimentary record across the critical interval that is host to well preserved
benthic foraminifera. Revised ice volume budgets for the Middle Eocene are calculated
using the new stable isotope records generated in this Chapter.

1.3.3 Chapter 5: Magnetic reversal stratigraphy of ODP Site 1051,

Blake Nose

4) Refine and re-evaluate the existing magnetic stratigraphy at ODP Site 1051 between
magnetochrons C19 and C17 (39.5 - 42.0 Ma).

The development of good age models at deep sea sites is fundamental in palaeoceanog-
raphy to determining rates of change and the age order of events between widely spaced
sites. However, the development of good age models at deep sea sites and thus, con-
struction of a reliable geological time scale is hindered in the Middle Eocene (Pälike
and Hilgen, 2008) by a lack of continuous sections on which to work and weak palaeo-
magnetic signals typically recorded by many carbonate-rich sediments in the Paleogene.
In Chapter 5 a new high-resolution magnetic reversal stratigraphy is generated for a
∼2.5 million year interval of the Middle Eocene at ODP Site 1051 in the western North
Atlantic. This Chapter focuses on Site 1051 because existing low resolution magnetic
stratigraphy, magnetochron boundaries resolved to ≥ ±2.5 m, indicate that the sedimen-
tary succession is relatively complete, at least to magnetochron level (Shipboard Scien-
tific Party, 1998; Ogg and Bardot, 2001), and has a readily detectable magnetic signal
but most importantly it hosts a complete planktic foraminiferal biozone E12 and the
MECO. Thus, Site 1051 offers a unique opportunity to refine the existing magnetic
stratigraphy and to improve the calibration of the biostratigraphic datums that occur
in this interval to the Geomagnetic Polarity Time Scale (GPTS).

1.3.4 Chapter 6: Refining planktic foraminiferal biozone E12

5) Assess the reliability of datums defined by Orbulinoides beckmanni and improve their
calibration to the Geomagnetic Polarity Time Scale.
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The correlation of biostratigraphic datums to the GPTS in the Middle Eocene are par-
ticularly poorly constrained because of the lack of continuous sedimentary records and
poor or no magnetic stratigraphy available at sites through this interval. In particular,
the interval containing planktic foraminiferal biozone E12, defined by the first (FO) and
last occurrence (LO) of the short-lived species Orbulinoides beckmanni, is rarely com-
pletely recovered because of a near global hiatus in many sedimentary sections close
to the magnetochron C18r/18n boundary (∼40 Ma) and the absence of this marker
species at higher latitudes. Biozone E12 is stratigraphically important because its di-
vides what would otherwise be a 4 million interval of geological time and is a good
stratigraphic marker for the MECO. In Chapter 6, the first high-resolution and quan-
titative abundance records of the planktic foraminiferal biomarker species O. beckmanni
are presented. With these records, the reliability of O. beckmanni’s FO and LO as
biostratigraphic datums are assessed and used in conjunction with the new magnetic
stratigraphy generated in Chapter 5 to improve the existing calibration to the GPTS.
These records help to shed light on the palaeoecology, biogeography and evolutionary
history of this species.

1.3.5 Chapter 7: Planktic foraminiferal response to the Middle Eocene

Climatic Optimum

6) Document the ecological, environmental and evolutionary signals associated with the
MECO using planktic foraminifera.

Our knowledge of how marine organisms respond to past global warming events is rather
limited. Given current concerns over the fate of the marine biosphere in response to
anthropogenically forced increases in pCO2 this sort of information has never been more
pertinent. The majority of high-resolution biotic studies in the fossil record thus far, have
focussed on large scale carbon cycle perturbations such as the PETM, which is associated
with prominent shifts in the composition of marine plankton assemblages (Kelly et al.,
1996; Bujak and Brinkhuis, 1998; Bralower, 2002; Gibbs et al., 2006). But we know little
about how marine organisms fared across transient events during other intervals of time
characterised by different background conditions. Therefore, we don’t yet know whether
or not there are any common ecological signals that are associated with carbon-cycle
led climate perturbations that may infer a common causal mechanism or even if there
are major differences that may imply the existence of tolerance thresholds within the
biotic response of organisms. Chapter 7 aims to try and fill in some of the gaps in our
knowledge by generating high-resolution abundance records of the major components of
the planktic foraminiferal assemblage across the MECO. Two low latitude sites, ODP
Sites 1051 and 1260 are utilised in this study to (1) document the response of the
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planktic foraminifera to any environmental changes at the MECO and (2) determine
any similarities and/or differences in the biotic response at low latitude. These records
also permit comment on the likely global implications of the MECO.

Thesis chapters have been written with the view to being independently submitted for
publication (subject to further work on some chapters), thus, there is some unavoidable
repetition of text between chapters. Every effort has been made to keep this repetition
to a minimum.



Chapter 2

Methods

2.1 Preparation of deep sea sediments

Sediment samples (20 cc in volume) were placed in a glass volumetric flask, with the
exception of a small ‘thumbnail’ sized piece of bulk sediment retained from each sample
in the original sample bag. The volumetric flask and sample were weighed and then
dried in an oven at 50◦C until no further weight loss was recorded, typically for 2 to 3
days, in order to obtain the sediment dry bulk weight. 100 ml of deionised water was
added to each sample flask 30 minutes prior to sample washing, to aid disaggregation.
Samples were then washed through a 63 µm sieve and the ≥63 µm size ‘coarse’ fraction
was left to dry in the oven at 50◦C overnight, weighed and then stored in glass vials.
This method of sediment preparation allowed a coarse fraction record to be generated.

2.2 Methods for stable isotope analysis

2.2.1 Oxygen isotope systematics

There are three stable isotopes of oxygen (16O, 17O and 18O) with abundances of
99.7630%, 0.0375% and 0.1995% respectively. The isotope ratio 18O/16O is normally
determined in oxygen isotope studies because of the larger mass difference and higher
natural abundances of 16O and 18O. Stable oxygen isotope ratios are reported using
delta notation (δ18O), as per mil (‰) relative to an international standard (equation
2.1), most commonly the Vienna PeeDee Belemnite (VPDB) standard (δ18O and δ13C
= 0) for calcium carbonate samples (Epstein et al., 1953). A positive δ value indicates
enrichment of the heavier isotope, relative to the standard and conversely, depletion of
the heavier isotope is shown by a negative δ value.

8
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δ18O =
18O/16Osample − 18O/16Ostandard

18O/16Ostandard
× 1000 (2.1)

All carbon and oxygen stable isotope measurements presented in this thesis were de-
termined on a PDZ Europa GEO 20-20 mass spectrometer equipped with a carbonate
automated preparation system (CAPS). Samples are loaded into quartz vials and then
placed into the sample carousel in the CAPS. The carousel in the CAPS holds 19 sam-
ples and five standards. Three standards are placed at the front of the carousel and two
at the back to calibrate the sample isotopic values and correct for instrumental drift
during the instrument run. Calcium carbonate samples are reacted with phosphoric
acid (H3PO4) to produce carbon dioxide (CO2) gas and water vapour (H2O). The water
vapour is removed by passing the CO2 gas through a water trap maintained at -90◦C.
The dried CO2, which has a much lower freezing point than H2O, is cryogenically frozen
into the inlet cold finger maintained at -180◦C with liquid nitrogen. Small sample vol-
umes (≤ 180 µm) are analysed directly from the inlet cold finger whereas larger samples
are transferred to an intermediary bellows system which controls the specific volume of
sample gas subsequently analysed. Sample gas from either of these pathways is then
carried into the mass spectrometer. The evolved CO2 is ionized by electron bombard-
ment derived from an electron source creating CO+

2 . The CO+
2 are then focussed into

an ion beam and accelerated past an electromagnet through a curved flight tube. The
electromagnetic field causes the ions to diverge according to their mass and charge, with
lighter ions most strongly deflected. After passing through the electromagnetic field,
the separated ion beams are collected in three Faraday collector buckets, allowing the
measurement of three different ion beams simultaneously, specifically 44CO2 , 45CO2

and 46CO2 molecules. The dual inlet system enables the isotopic composition to be
measured by multiple comparisons of the ratio of the sample ion beam intensity to a
reference gas of known isotopic composition (Mattey, 1997).

The ‘raw’ δ18O values measured by the mass spectrometer require correction prior to
conversion to the VPDB scale. The first correction, accounts for temperature dependent
isotope fractionation between the δ18O of the carbonate sample and the δ18O of the
evolved CO2 (McCrea, 1950). The second, ‘Craig’ correction accounts for the presence
of the rare 17O isotope, which is included in the two mass ratios 45CO2/44CO2 and
46CO2/44CO2 measured by the mass spectrometer (Craig, 1965). δ18O values can then
be expressed relative to VPDB, based on replicate analysis of an in-house standard (SC-
1) calibrated to NBS-19, with an external analytical precision of better than 0.1‰ for
δ18O and δ13C.

All foraminiferal stable isotope (δ18O and δ13C) values presented in this thesis are on
species separates of benthic and planktic foraminifera. Poorly preserved or broken indi-
viduals were not selected for analysis. All benthic foraminifera were picked from the size
range 300 - 450 µm with as many whole individuals used as possible, up to a maximum
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of 12 but typically 5 or less (∼150 to 600 µg). Planktic foraminifera were picked from
the 250 - 300 µm size fraction and between 8 and 12 individuals were analysed (∼100 to
150 µg). All foraminifera were cleaned ultrasonically in deionised water prior to stable
isotope analysis. Attempts were made to keep foraminiferal sample weights fairly con-
stant to ensure that all samples ran in the same part of the instrument under similar
conditions minimising any potential instrumental noise.

2.2.2 Oxygen isotope palaeothermometry

The precipitation of calcium carbonate (equation 2.2) from water, under equilibrium
conditions, results in an isotopic offset between the two phases as a result of isotope
exchange reactions. The isotopic fractionation factor (α) between calcium carbonate
and water (equation 2.3) is temperature dependent (McCrea, 1950). The relationship
between temperature and the oxygen isotope composition of carbonate (δ18Oc) was first
empirically derived by McCrea (1950) but subsequently, there have been a number of
revisions based on laboratory studies of both biologically and inorganically precipitated
carbonate (Epstein et al., 1953; Craig, 1965; O’Neil et al., 1969; Erez and Luz, 1983;
Kim and O’Neil, 1997; Bemis et al., 1998). However, the standard form of the equation
describing the temperature-δ18Oc relationship is shown in equation 2.4. Coefficients a,
b and c are constants defined experimentally (Table 2.1). The oxygen isotopic compo-
sition of water (δ18Ow) is determined on CO2 gas in equilibrium with the sample water
at a constant temperature usually 25◦C (Epstein and Mayeda, 1953) and is normally
reported relative to Vienna Standard Mean Ocean Water (VSMOW) but can be related
to the VPDB scale using equation 2.5 (Coplen et al., 1983). The overall effect of equi-
librium isotope fractionation on the calcium carbonate-water system is equivalent to
approximately 0.25‰ depletion in δ18Oc for every 1◦C temperature increase (Kim and
O’Neil, 1997).

Ca2+ + 2HCO−3 ⇔ CaCO3 + CO2 +H2O (2.2)

α =
18O/16Ocalcite
18O/16Owater

(2.3)

T (◦C) = a + b(δ18Oc − δ18Ow) + c(δ18Oc − δ18Ow)2 (2.4)

δ18OPDB = (0.97006 ∗ δ18OV SMOW )− 29.94 (2.5)
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Table 2.1: Comparison of commonly used calcite temperature: δ18O relationships.
Coefficient a is temperature when δ18Oc - δ18Ow = 0, b is the slope, and c is the second
order term for curvature (not always included) (Lea, 2004). PF and BF = planktic and
benthic foraminifera, respectively. lab = laboratory culture based calibrations. The low
light Orbulina universa calibration of Bemis et al. (1998) works well for warm water
studies. For colder waters and certain benthic foraminiferal species the calibration of

Shackleton (1974) is more appropriate.

Reference Source a b c
McCrea (1950) Inorganic 16.0 -5.17 0.09
Epstein et al. (1953) Mollusk 16.5 -4.30 0.14
O’Neil et al. (1969) Inorganic 16.9 -4.38 0.10
Shackleton (1974) BF 16.9 -4.00 -
Erez and Luz (1983) PF (lab) 17.0 -4.52 0.03
Kim and O’Neil (1997) Inorganic 16.1 -4.64 0.09
Bemis et al. (1998) PF (lab) 16.5 -4.80 -

The oxygen isotope composition of calcium carbonate is, in part, controlled by the tem-
perature of the water from which it precipitates. However, δ18Oc is also a function of the
δ18Ow from which the carbonate precipitates. Seawater δ18Ow can differ both tempo-
rally and spatially from from SMOW (δ18Ow = 0‰). Temporal variability in seawater
δ18Ow is largely determined by changes in continental ice volume, because the lighter
isotope of oxygen (16O) is preferentially stored in ice sheets leaving the remaining seawa-
ter preferentially enriched in the heavier (18O) isotope. Additionally, spatial variations
in seawater δ18Ow arise from variations in the evaporation-precipitation ratio.

2.2.3 Carbon isotope systematics

Two stable isotopes of carbon occur in nature: 12C and 13C with abundances of 98.9%
and 1.1%, respectively. The 13C/12C isotope ratio of a sample is measured and compared
to the 13C/12C of a known standard. Carbon isotope (δ13C) values are reported as per
mil (‰) difference relative to the VPDB standard (equation 2.6). Unlike for δ18O no
corrections are required to the raw δ13C value prior to conversion to the VPDB scale. The
δ13C in marine calcite is controlled by the dissolved inorganic carbon (DIC) (Equation
2.7) of the seawater from which the carbonate precipitates. The biological carbon pump
redistributes DIC and nutrients within the ocean via phytoplankton. Phytoplankton
fix CO2 into organic matter via photosynthesis, fractionating 12C in preference of the
heavier 13C isotope (Park and Epstein, 1960), giving organic matter an average δ13C
of -20 to -23‰ VPDB (Hoefs, 1997) relative to surrounding waters which are enriched
in 13C. Thus, the top ∼100 m of the water column where photosynthesis is focussed
becomes progressively enriched in 13C and depleted in 12C with increased productivity.
In turn, carbonates precipitated from surface waters where dissolved carbon is strongly
enriched in δ13C will record the δ13C enrichment. As organic matter sinks through the
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water column and is remineralised, 12C is released back into the water column and thus,
carbonates precipitated at depth record lighter δ13C values than those precipitated in
surface waters. Thus, the biological pump effectively transfers 12C from the surface to
deep waters.

δ13C =
13C/12Csample − 13C/12Cstandard

13C/12Cstandard
× 1000 (2.6)

DIC = CO2(aq) +H2CO3 +HCO−3 + CO2−
3 (2.7)

2.3 Determining bulk sediment weight percent CaCO3

Prior to analysis, bulk sediment samples (approximately 1 cm3 in volume) were dried in
an oven at 50◦C for 48 hours, then ground into a powder using a mortar and pestle, and
stored in glass vials ready for analysis. Bulk sediment weight percent CaCO3 data was
measured by high-precision coulometry on a UIC model 501 coulometer. Calibration of
the instrument is performed using a pure, dried CaCO3 standard, run at the beginning
and end of each day, after each standard a blank is measured to check the instruments
calibration. Additional measurements of the CaCO3 standard were made between every
10 samples to assess instrument drift during the day. To determine the weight percent
CaCO3 ∼20 - 25 mg of sample is weighed out and placed in a glass reaction vial. The
sample is reacted with 5 ml of 10% phosphoric acid liberating CO2 from the sample.
Evolved CO2 is then passed into the coulometer cell, which is filled with a solution
of ethanolamine and a colorimetric indicator (blue). CO2 is absorbed by the solution
and reacts with the ethanolamine to form a strong acid, causing the indicator colour to
fade. The titration current is automatically activated and electrically generates a base
to return the solution to its original colour. The electrical charge required to do this is
displayed as a ‘count’ on the coulometer’s digital screen. This ‘count’ is then normalised
to the sample mass and cross-referenced with a standard to generate % inorganic carbon.
Precision on sample measurements is ±0.5%.

2.4 Trace metal analysis

All trace metal data presented in this thesis were generated on a Perkin Elmer Op-
tima 4300DV (Dual View) Inductively Coupled Plasma - Optical Emission Spectrometer
(ICP-OES) equipped with a Perkin Elmer AS93plus autosampler (Fig. 2.1). Optimum
emission wavelengths, detection limits, plasma viewing orientation, sample presentation
system and detector measurement times for the determination of Mg/Ca and Sr/Ca
in foraminiferal calcite simultaneously with the trace elements Al, Mn, Fe and Ti, to
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monitor the efficiency of the oxidative cleaning procedure, are presented in Chapter 3.
The sample is presented as a solution and is taken up by the autosampler and pumped
by the peristaltic pump along a narrow tube to the nebuliser, where the sample is mixed
with the carrier gas (Ar) to form an aerosol, making it easier for the sample to react
in the plasma (Figure 2.1) (Perkin Elmer, 2002). The aerosol is then transferred into
the spray chamber, where the sample droplets are sorted according to their size. Large
droplets are removed from the sample mist and disposed of at this point to prevent
them reaching the plasma where they may cause ‘spiking’ and adversely affect preci-
sion, smaller droplets are carried via the injector into the torch. The torch is comprised
of three concentric quartz tubes; the central tube is the injector, which introduces the
sample aerosol to the plasma, the second intermediate tube introduces the auxillary gas,
which maintains the position of the plasma, and the final outer tube introduces a stream
of argon gas, which is ignited to form the plasma. A solid-state radio frequency (RF)
generator supplies RF energy at 40 MHz to a copper induction coil around the top end
of the torch generating a high-frequency Tesla spark that ignites the argon gas from the
torch generating the argon plasma which has a temperature of ∼6,000 to 10,000 K. The
cooler end of the plasma tail is removed from the optical path by a shear gas, a ‘thin
wall’ of of high-velocity air, to minimise interferences. The sample dissociates in the
plasma and atoms are excited and ionised, once the atoms or ions are in their excited
states, the subsequent decay of electrons to a lower, more stable energy state causes a
particle of electromagnetic radiation or a photon (light) to be emitted. The wavelength
of the photon released is unique to an element, each element is capable of a variety of
energy states and thus emission wavelengths. However, the emission wavelength emitted
by an element can overlap with those of other elements (Wang, 2004). Photons emitted
from the plasma pass through an optical window, which can view the plasma ‘radially’
(side-on) or ‘axially’ (end-on), and into the spectrometer where the photons are focussed
into a beam by a series of mirrors and through the entrance slit onto an Echelle poly-
chromator, which separates the light into its component wavelengths. The separated
emission wavelengths then travel to the Segmented-array Charge-coupled device (SCD)
detector, which comprises hundreds of discrete sub-arrays each with between 20 and 80
photosensitive areas or ‘pixels’ strategically placed to capture specific individual emission
wavelengths enabling the simultaneous measurement of thousands of different emission
and background wavelengths between 165 - 782 nm. The signal intensity recorded by
the targeted pixel for each emission wavelength is then converted to the concentration
of that element in the sample by comparison with a calibration curve determined by a
suite of calibration standards (Perkin Elmer, 2002).
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2.5 Planktic foraminiferal assemblage counts

Sediment samples were prepared as outlined in section 2.1. Inspection of segregated
size fractions from the ≥63 µm ‘coarse’ fraction of a number of ODP Site 1051 samples,
demonstrated that the the major components of the planktic foraminiferal assemblage
and their response to the Middle Eocene Climatic Optimum could be identified in the ≥
300 µm size fraction. The ≥300 µ size fraction of all samples was ‘split’ between 1 and
6 times until approximately 400 to 500 planktic foraminifera remained. Counts were
made with a minimum of 350 individuals for samples from ODP Site 1051, Blake Nose
and 400 individuals for ODP Site 1260, Demerara Rise. These values were considered
the threshold above which % relative abundance data was representative of the planktic
foraminferal assemblage as a whole, based on rarefaction or ‘collector’s’ curves developed
for ODP sites 1051 and 1260 in this study (Figs 2.2 and 2.3 respectively).
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Figure 2.2: Rarefaction curve for ODP Site 1051. Plot of cumulative % relative
abundance for planktic foraminiferal genera of interest against number of individuals
counted in 1051A 11H-3 28.5-30.0 cm. Counts with less than 200 individuals show
a large degree of variability in the % relative abundance calculated for each genera,
indicating that counts with a small number of foraminifera are not representative of
the assemblage. When more than 350 individuals are counted (vertical dashed line), the
% relative abundance for each genera shows no further large changes and is consequently
considered to be representative of the assemblage as a whole. Rarefaction curves assume

random foraminifera distribution on the counting tray.

The Middle Eocene planktic foraminferal genera counted in the sample split of the ≥300
µm size fraction were Morozovelloides, Acarinina, Hantkenina, Turborotalia, Subbotina
and Globigerinatheka. The planktic foraminfera species Orbulinoides beckmanni was
also counted to refine the planktic biozone E12 (Pearson et al., 2006). All other genera
were included in ‘planktic other’. Taxonomic concepts were based on Pearson et al.
(2006). Biotic data are presented as % relative abundance data.
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Figure 2.3: Rarefaction curve for ODP Site 1260. Plot of cumulative % relative
abundance for planktic foraminiferal genera of interest in this study against number
of individuals counted in 1260A 6R-2 147.0-148.5 cm. Counts with less than 200 in-
dividuals show a large degree of variability in the % relative abundance calculated for
each genera, indicating that counts with a small number of foraminifera are not rep-
resentative of the assemblage. When more than 400 individuals are counted (vertical
dashed line), the % relative abundance for each genera levels shows no further large
changes and is consequently considered to be representative of the assemblage as a
whole. Rarefaction curves assume random foraminifera distribution on the counting

tray.

2.5.1 Statistical analyses

Principle component analysis (PCA) is used to reduce the number of variables in the
dataset to those that describe the largest amount of variation, i.e., identify the main
variables that control the dominant patterns in the assemblage. The first principal
component accounts for the largest amount of the variability in the signal, and each suc-
ceeding component accounts for as much of the remaining sample variability as possible.
PCA was carried out using the programme Primer.

2.5.1.1 Diversity indices

The simplest measure of diversity is species richness, i.e., the number of species in
any given sample. However, this not appropriate for the data set collected here in
which a set number of planktic foraminiferal genera and biostratigraphically important
species were counted. The Shannon-Weiner index (Equation 2.8) is another common
diversity index frequently employed that incorporates both species richness and evenness
providing a measure of the uncertainty in the sample, i.e., how difficult is it to predict
correctly the species of the next individual picked, with low values relating to a low
number of taxa with high abundances and higher values to samples with many taxa,
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each with few individuals (Magguran, 1988). In this study Shannon-Weiner values are
used to calculate the Equitability index (Equation 2.9) to better understand the pattern
of diversity. Equitability provides a measure of the evenness with which individuals are
distributed amongst the genera present in the sample. Equitability values range from 0
to 1. An equitability of 0 indicates that the assemblage is monospecific, i.e., the most
extreme uneven population, and a value of 1 infers that the species are all present in
equal proportions in the assemblage (Harper, 1999).

The Shannon-Weiner index is defined here as

H = −Σ(lnpi) (2.8)

Where H = Shannon-Weiner diversity index, pi = proportion of the total sample rep-
resented by species i or in this case total sample represented by genera i.

The Equitability index is defined as

E = eH/S (2.9)

Where E = Equitabililty index, H = Shannon-Weiner index and S = the number of
species (or in this study genera).

2.6 Determination of Natural Remanent Magnetism

Natural Remanent Magnetism (NRM) was measured on u-channels and discrete samples
(8 cm3 in volume) to reconstruct a palaeomagentic reversal stratigraphy for ODP Site
1051, Blake Nose. Samples were run on the 2-G cryogenic magnetometer using alter-
nating field (AF) demagnetisation. This technique involves exposing the sample to an
alternating magnetic field which linearly decreases in magnitude from a selected peak
value to zero (Fig. 2.4). During each alternating cycle the magnetic moments or mag-
netisation of the grains with coercivities1 less than the maximum magnetic field strength
applied are cancelled out (demagnetising the sample at this field strength). Thus, only
grains with a coercivity exceeding the peak magnetic field strength applied are preserved
(Roberts, 2006).

The first of three axial (x, y and z) demagnetisation coils in the magnetometer is ramped
up to the desired magnetic field strength and the sample is passed through the demag-
netisation coil and an AF field that decays linearly in space (Fig. 2.4). Once the sample
is demagnetised at the peak field strength, the magnetic field is reduced to zero and the

1coercivity is defined as the intensity of the magnetic field required to reduce the magnetization of a
sample to zero (McElhinny and McFadden, 2000)
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same process is repeated for the next two axial demagnetisation coils at the same field
strength. The sample is then carried via a moving track into the superconducting quan-
tum interference device (SQUID) sensors, which are immersed in liquid helium (∼4 K),
and the NRM of the sample is measured. The weak paleomagnetisation of the sample
induces a small dc current in the SQUID, which is measured and is proportional to the
magnetisation of the sample. The sample is then demagnetised at progressively higher
magnetic field strengths (in this study peak magnetic fields applied at 5, 10, 15, 20, 25,
30, 35, 40, 50 and 60 mT) and the remaining NRM is measured after each step. The
magnetic signal carried by sediment u-channels is smoothed by a ∼10 cm moving win-
dow on the magnetometer, consequently, the first and last 5 cm of each u-channel were
not included in the final data-set to avoid edge effects (Roberts, 2006). All u-channels
were run through the magnetometer in the same orientation.

Figure 2.4: Alternating field (AF) demagnetisation through linear decay of magnetic
field in space. Sample moved through demagnetisation coil that maintains peak field
strength (H) for the duration of the sample’s movement. Illustration not to scale from

Fig. 3b in Roberts (2006).

2.6.1 Plotting demagnetisation datasets

NRM usually consists of two components: a primary component acquired during the
rock/sediment formation (via thermoremanent, chemical or detrital magnetisation), this
is the desired parameter in magnetic studies, and a secondary component acquired follow-
ing rock formation that can modify or mask the primary NRM (e.g. drilling overprints or
viscous remanent magnetism) (Gubbins and Herrero-Bervera, 2007). AF demagnetisa-
tion progressively removes the low-stability components typically secondary components
by exposing the sample to increasingly large magnetic field strengths, leaving behind the
more stable primary NRM. The easiest way of presenting stepwise demagnetisation data
to identify primary and secondary NRM components is in a Zijderveld diagram (Fig.
2.5).

Zijderveld diagrams are a type of vector component plot that displays both magnetic
intensity and directional data measured during stepwise demagnetisation of samples
(Zijderveld, 1967). The base of each NRM vector measured is placed at the origin of
the plot and projected onto two orthogonal planes with axes N, E, S, W and N, S, Up
and Down respectively. The distance of the point from the origin is proportional to the
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Figure 2.5: a) Zijderveld diagram showing demagnetisation behavior of sample with
two NRM components. b) Declination is read in the horizontal plane (solid points).
The first component (steps 1-6 in the demagnetisation procedure) represent a single
secondary component in a NNE direction. The second primary component (steps 6-9
in the demagnetisation procedure) a SSE direction. c) Inclination is read in the vertical
plane (open circles). Secondary NRM component (steps 1-6) has an upward inclination.
The primary NRM component (steps 6-9) has a steep downward direction (McElhinny

and McFadden, 2000).

intensity of that NRM vector (lowest intensities typically closest to the origin) (Butler,
1992). Zijderveld diagrams are created automatically for each sample in the computer
programme Z-plot.

Declination is the angle between the magnetic field at a point on the Earth’s surface
and true north, values vary from 0-360◦ and inclination is the angle of the geomagnetic
field relative to the surface of the Earth with a value between 0 and 90◦. The solid data
points numbered 1-9 on Figure 2.5b represent the endpoints of each demagentisation
step projected onto the horizontal plane with the axes N, S and E, W. The declination
of any NRM component, represented by a straight line in the Zijderveld diagram, can
be determined by the direction of the line in the horizontal plane imagined to commence
from the origin (Fig. 2.5b). For example, points 1-5 have an NNE orientation and do not
decay towards the origin representing the removal of secondary NRM component. Steps
6-9 indicate a SSE NRM direction and the points decay towards the origin representing
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the primary NRM component. Whereas the inclination is the angle of the geomagnetic
field relative to the surface of the Earth with a value between 0 and 90◦. The NRM
vectors are projected onto the vertical plane containing the axes N, S and Up-Down.
Inclination is represented by the open points in Figure 2.5c. Here points 1-6 have an
upward secondary NRM orientation and steps 6-9 indicate a downward direction of the
primary NRM component (McElhinny and McFadden, 2000).

Principal component analysis (PCA) was used to estimate the best least-squares re-
gression line fit along the demagnetisation paths plotted on the Zijderveld diagram
(Kirschvink, 1980), in other words the inclination and declination of the best fit line. A
minimum of three successive data points thought to represent the primary NRM signal
were selected for PCA, e.g., points 6-9 in Fig. 2.5. The precision of the best fit line
was estimated by the maximum angular deviation (MAD). Generally lines with a MAD
value of ≥15◦ are thought to represent unstable magnetic behaviour and are generally
excluded from palaeomagnetic studies, whereas those with a MAD value ≤10◦ repre-
sent more reliable and stable magnetic behaviour, as shown in Figure 2.5 (Butler, 1992;
McElhinny and McFadden, 2000).

2.6.2 Determination of Anhysteretic Remanent Magnetism

Anhysteretic remanent magnetisation (ARM) is a laboratory induced magnetism, im-
posed on a sample by applying a weak, constant dc magnetic field through the solenoid
inside the z-axis demagnetisation coil in the 2-G magnetometer, during normal AF
demagnetisation (Roberts, 2006). This is a destructive technique, that involves demag-
netising the sediment with a very large magnetic field (90 mT) removing the NRM.
The sample is then remagnetised at 0.05 mT, equivalent to the Earth’s magnetic field
strength, aligning all the magnetic carriers in the sediment in the same orientation, along
the z-axis. The sample is then subjected to increasing magnetic AF strengths (in this
study peak magnetic fields applied were 10, 20, 25, 30, 40 and 60 mT) remagnetising
the magnetic carriers in the sample with a coercivity less than or equal to the applied
field strength, along the z-axis. The difference in remanent magnetisation of the sample
is measured after each step as described in section 2.7 (Gubbins and Herrero-Bervera,
2007).
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Optimization of an inductively

coupled plasma-optical emission

spectrometry method for the

determination of trace metals in

foraminiferal calcite

3.1 Introduction

The trace element chemistry of foraminiferal tests is frequently employed to reconstruct
palaeoceanographic conditions. In particular, Mg/Ca ratios measured in foraminiferal
calcite are a valuable tool for reconstructing palaeotemperatures in the ocean (Nürnberg
et al., 1996; Rosenthal et al., 1997; Elderfield and Ganssen, 2000; Lear et al., 2000). The
Mg/Ca proxy is based on the temperature dependent partitioning of Mg between calcite
(biogenic and inorganic) and the water from which it precipitates, with increasing water
temperature associated with increasing Mg content in calcite, an increase of ∼9% in
Mg/Ca per ◦C for biogenic carbonate (Nürnberg et al., 1996; Lea et al., 1999; Elder-
field and Ganssen, 2000) but only ∼3% per ◦C for inorganic carbonate (Katz, 1973).
The correlation between increasing water temperature and Mg content in calcite arises
because the substitution of Mg into calcite is endothermic, i.e., requires energy in the
form of heat for the reaction to proceed, and thus is favored at higher temperatures
(Chilingar, 1962; Katz, 1973). The Mg/Ca proxy is widely utilised because both stable
oxygen isotopes (δ18O) and Mg/Ca can be measured in foraminiferal calcite allowing
the deconvolution of the dual temperature - δ18O of seawater (δ18Osw) contributions to
the δ18O signal recorded in calcite (Lear et al., 2000; Billups and Schrag, 2002; Lear
et al., 2008). Extraction of the δ18Osw signal is crucial to understanding the evolution

21
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of global climate, salinity variations and changes in global continental ice volume (Lear
et al., 2000; Billups and Schrag, 2003; Lear et al., 2004, 2008). Sr/Ca measurements also
derived from foraminiferal calcite, are routinely obtained as a bi-product of Mg/Ca anal-
ysis. Sr/Ca can be used to reconstruct long term changes in seawater Sr/Ca reflecting
relative changes in contributions from continental and hydrothermal sources (Graham
et al., 1982; Lear et al., 2003), although other factors such as seawater temperature,
dissolution and as yet unspecified environmental factors may also be important (Stoll
and Schrag, 1998; Stoll et al., 1999; Elderfield and Ganssen, 2000).

There are a number of factors that can bias the primary Mg/Ca in foraminiferal calcite
leading to inaccurate palaeoclimate reconstructions, these include (1) the post-mortem
addition of diagenetic calcite (Boyle, 1981, 1983), (2) selective dissolution of calcite
(Rosenthal et al., 2000; Dekens et al., 2002), and (3) the presence of contaminant phases
(Boyle, 1983; Barker and Elderfield, 2001; Barker et al., 2003; Pena et al., 2005). In
particular, the presence of contaminant phases such as Mn-rich carbonate overgrowths,
Mn-Fe oxide coatings, residual silicate material and clay particles are considered to be
a problem for trace element analyses because they contain high abundances of addi-
tional trace elements, most importantly Mg. The effect of these contaminant phases on
foraminiferal Mg/Ca are not well constrained but initial studies indicate a bias towards
warmer palaeotemperature estimates by about 2 to 6◦C (Boyle and Keigwin, 1985; Pena
et al., 2005).

Currently, two main cleaning methodologies are in use for the removal of these contam-
inants: an ‘oxidative’ cleaning protocol and an ‘oxidative/reductive’ cleaning protocol.
The oxidative cleaning protocol comprises a number of clay removal steps, an (oxida-
tive) organic matter elimination step followed by a weak acid leaching (Elderfield and
Ganssen, 2000; Barker et al., 2003). The more stringent cleaning method includes an
additional reductive step aimed at removing Mn-Fe oxides from the foraminifera test
(Boyle and Keigwin, 1985; Martin and Lea, 2002). The additional reductive step enables
the measurement of Cd data, a palaeoproductivity proxy and watermass tracer (Boyle,
1988; Rosenthal et al., 1997), and appears to produce less noisy downcore records (C. H.
Lear, oral pers. comm., 2007) but results in a loss of sample mass and reduces Mg/Ca
values by up to 15% through partial dissolution of the sample, creating a potential bias
towards cooler palaeotemperature estimates (Barker et al., 2003). It is unclear whether
primary biogenic calcite or Mn-Fe oxide coatings are removed in this way. Since the
contribution of Mg from Mn rich-carbonates and oxides is considered reasonably small
(∼2-5%, Pederson and Price, 1982) the oxidative method is often adopted in Mg/Ca
work because it is more conducive to samples with few foraminifera and is less time
consuming. It is therefore essential that elements indicative of contamination are also
measured to assess the efficiency of the cleaning methodology employed.

The effect of contamination on Mg/Ca ratios will vary significantly between samples
and locations. For example, foraminifera from cold regions or deep waters will have low
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Mg values and will be more prone to significant contamination than foraminifera from
warmer locations and with higher Mg contents. Specific trace elements that can be mea-
sured in foraminiferal calcite to help screen for contamination are Mn, Fe, Al, Ti and
Si. High concentrations of these elements or trace element/calcium ratios measured in
foraminiferal calcite are frequently associated with elevated Mg/Ca values in downcore
records and thus, provide important indicators of contamination. For example, high
Mn/Ca values are indicative of the presence of an authigenic Mn-Fe oxide coating or
Mn-rich carbonate on the foraminiferal test (Boyle, 1981, 1983), whereas high Fe/Ca ra-
tios observed in foraminiferal samples may be from either a Mn-Fe oxide coating on the
foraminiferal test or residual silicate material (Boyle and Keigwin, 1985; Barker et al.,
2003). Examination of the Mn/Fe ratio enables the contamination source to be distin-
guished because silicate contamination will have significantly lower Mn/Fe ratios ∼0.05
mmol/mol than Mn-Fe oxide coatings ≥1 mmol/mol (Barker et al., 2003). Therefore,
it is advantageous to also measure elements that are unique to clays and other silicate
minerals, such as Al, Si or Ti, to indicate aluminosilicate contamination (Barker and
Elderfield, 2001; Barker et al., 2003).

Palaeoceanographic problems increasingly involve large sample sets and it is impor-
tant to develop reliable analytical techniques that enable both rapid sample throughput
and high analytical precision. Inductively coupled plasma-optical emission spectrometry
(ICP-OES) offers such a technique. It has a broad linear working range able to deal with
the orders of magnitude concentration differences between calcium and minor or trace el-
ements in foraminiferal calcite, while offering the advantages of high sample throughput
and reasonable operating costs. However, the main advantage of ICP-OES over other
techniques, e.g., inductively coupled plasma-mass spectrometry (ICP-MS) or flame ab-
sorption spectrometry, is the simultaneous determination of a large number of analytes,
yielding improved accuracy and precision of values, and enabling much smaller sample
sizes to be utilised. Reported precisions on Mg/Ca and Sr/Ca ratios in foraminiferal
calcite by ICP-OES are typically less than 1% (Green et al., 2003; De Villiers et al.,
2002; Wara et al., 2003; Andreasen et al., 2006). Recently, the importance of measuring
trace elements alongside Mg/Ca and Sr/Ca data, to screen ratios for contamination, has
been emphasized (Barker et al., 2003) and a number of laboratories are now adapting
their methodologies to incorporate useful additional trace elements (Wara et al., 2003;
Greaves et al., 2005; Andreasen et al., 2006).

At the National Oceanography Center, Southampton (NOCS) a novel high dilution
technique has been developed with an instrument set-up specifically optimised for the
determination of high-precision (≤0.2%) Mg/Ca and Sr/Ca values in foraminiferal calcite
(Green et al., 2003). Foraminiferal calcite samples are typically dissolved in HNO3 and
sample solutions made up with [Ca] between 1 and 5 ppm which enables the use of much
smaller foraminiferal calcite samples than other techniques. It is relatively easy to ensure
sample solutions fall within the required 1 to 5 ppm [Ca] range without the necessity
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of performing two separate measurements on the ICP-OES, an initial rough assessment
of the [Ca] content in the sample so that the sample can be prepared to fall within a
set [Ca] range for the second main analytical measurement. Also, because only a small
quantity of sample solution is required for each analysis, replicate measurements on the
same sample can be made. Thus, the key objective of this chapter is to adapt/develop
a methodology to facilitate the accurate high-precision measurements of Mg, Ca and Sr
in foraminiferal calcite together with elements that might indicate contamination of the
foraminiferal test by either an oxide coating (Mn and Fe) or residual silicate material (Al
and Fe initially, Ti added later) by dual view ICP-OES. This involves determining the
optimum instrument settings and sample presentation hardware for these measurements.

3.2 Methods

3.2.1 Instrumentation and operating conditions

All data presented in this chapter were generated using a Perkin Elmer Optima 4300
DV (Dual View) ICP-OES equipped with a Perkin Elmer AS93plus autosampler at
NOCS (Fig. 2.1) (for instrument specifications see Table 3.1). Two different sam-
ple presentation systems, comprising a nebulizer coupled to a cyclonic spray chamber,
were investigated in this study. A Glass Expansion “Conikal” nebulizer was selected
for all instrument runs, because of its intermediate sample up-take rate suited to small
foraminiferal samples (Green et al., 2003), and was coupled to either a Glass Expansion,
“Twister” (baffled) or a “Tracey” (unbaffled) cyclonic spray chamber. A low volume
cyclonic spray chamber was selected because this design has (1) a rapid washout time,
facilitating rapid sample throughput and (2) yields higher precisions on element deter-
minations and lower detection limits for trace elements than reported for other spray
chamber designs (Maestre et al., 1999). A carrier gas flow rate of 0.7 L/min was adopted
for the “Conikal” nebulizer based on work by Green et al. (2003) indicating that the
peak signal-to-noise ratio for the most sensitive Mg and Ca wavelengths were obtained
at this flow rate. The ICP-OES was configured to view the plasma radially for the
more sensitive calcium, strontium and magnesium wavelengths (Table 3.2), to prevent
saturation of any pixel on the detector array. Where possible, the emission lines were
measured both radially and axially to determine the optimum viewing orientation for
emission wavelengths. Aluminum, manganese, iron, titanium and the remaining mag-
nesium and calcium wavelengths were viewed axially to take advantage of the greater
sensitivity offered by this orientation, which is important when measuring samples with
low concentrations and/or elements with low analytical sensitivities.
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Table 3.1: Instrument settings for analytical runs on the Perkin Elmer Optima 4300
DV Inductively Coupled Plasma-Optical Emission Spectrometer.

Parameter Setting
RF power 40 MHz
Argon plasma gas flow rate 0.70 L/min
Auxillary gas flow rate 1.40 L/min
Nebulizer gas flow rate 1.00 ml/min
Nebulizer Glass Expansion, “Conikal”
Spray chamber Glass Expansion, cyclonic spray chamber

“Twister” or “Tracey”
Detector read time 10 s

Table 3.2: Emission lines and plasma viewing modes used in this study. Starred (*)
Al emission lines were not measured in Runs 1 to 4 because of their low sensitivity for

determination by ICP-OES and/or spectral interferences.

Element λ (nm) Plasma Viewing Mode(s)
Mg 280.2 Axial and Radial
Mg 279.5 Axial and Radial
Mg 285.2 Axial
Ca 315.9 Axial and Radial
Ca 317.9 Radial
Ca 422.7 Radial
Sr 407.7 Radial
Sr 421.5 Radial
Al 308.2* Axial
Al 394.9* Axial
Al 396.2 Axial
Mn 257.6 Axial
Mn 259.4 Axial
Fe 238.2 Axial
Fe 239.6 Axial
Fe 259.9 Axial
Ti 334.9 Axial
Ti 336.1 Axial
Ti 337.3 Axial
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3.2.2 Solution preparation and typical analytical run

To minimise background contamination of test solutions and calibration standards by
trace elements, low density polyethylene (LDPE) bottles and lids were (1) leached in 8
M HNO3 for at least 72 hours, (2) rinsed three times in 18.2 MΩ Milli-Q water®, and
(3) left to dry in a laminar permanent flow hood immediately prior to use. This study
utilises synthetic multielement solutions to investigate the optimum instrument param-
eters and settings for the determination of trace element/calcium ratios in foraminifera.
Element concentrations in calibration standards and test solutions are provided in the
text. Calibration standards were made with different trace element/calcium ratios and
with element concentrations bracketing sample concentrations. All multielement solu-
tions and calibration standards were prepared gravimetrically using high purity Merck
single-element Aristar® grade standard solutions, to minimise background intensities of
trace elements, Romil SpA® nitric acid and 18.2 MΩ Milli-Q water®. Each instrument
run consisted of a set of calibration standards followed by a number of test solutions,
with a maximum number of 180 solutions capable of being handled by the autosampler
in any single run, of which ∼150 could be samples. Typically only 50 to 80 solutions were
used in any single instrument run (5 - 6 hr instrument run). Instrument drift within and
between individual runs was monitored and measured values corrected using a synthetic
multielement solution intially run after the calibration standards but thereafter between
every ten samples. Either side of the drift monitor, measurements were made of a ‘blank’
solution (0.075 M HNO3), the same acid used for sample dissolution and dilution, to
check for any possible contamination. Ten replicate blank samples were also measured
at the end of each run to calculate the limits of detection (LOD) and quantification
(LOQ) for emission wavelengths. A minimum of 5 ml of solution was used to ensure
correct uptake by the autosampler.

3.3 Results

3.3.1 Element sensitivity, limits of detection and quantification

High precision measurements of trace elements are analytically challenging because of (1)
low trace element concentrations in foraminiferal tests, and (2) a large degree of variabil-
ity in the instrument sensitivity to different element emission wavelengths. Therefore,
this first experiment aims to determine the limits of detection (LOD) and quantification
(LOQ) for the elements Al, Mn and Fe initially, to investigate the capabilities of the
ICP-OES and determine the most sensitive element emission wavelengths for analysis.
Ca, Mg and Sr are not included in this initial experiment because of the high sensitiv-
ity of these elements for determination by ICP-OES, their high relative abundance in
foraminiferal calcite compared to Al, Mn, Fe and Ti, and low detection limits for these



Chapter 3 Optimization of an inductively coupled plasma-optical emission
spectrometry method for the determination of trace metals in foraminiferal calcite 27

elements by ICP-OES making them relatively easy to measure. Barker et al. (2003)
defined trace element/calcium ratio values above which Mg/Ca data determined in the
same foraminiferal sample should be discarded, ‘rejection’ values are 0.4 mmol/mol of
Al/Ca, 0.02 mmol/mol of Mn/Ca and 0.1 mmol/mol of Fe/Ca. These rejection criteria
provide a good starting point for investigating the ICP-OES limits because it is essential
that the methodology employed should be sufficiently sensitive, to at least determine
these values. While the rejection criteria of Barker et al. (2003) are a useful guide, ab-
solute trace element/calcium values at which Mg/Ca data are considered suspect may
vary significantly between samples and localities. An initial assessment of the LOD and
LOQ, for each of the trace elements Al, Mn, and Fe on the ICP-OES, were determined
using a set of three test solutions (Table 3.3). Each test solution was ‘spiked’ with Al,
Mn and Fe with similar concentrations to those expected in real foraminiferal samples
based on the rejection criteria of Barker et al. (2003) but without Ca. The instrument
was calibrated using synthetic multielement solutions (Table 3.4).

Table 3.3: Trace element concentrations in test solutions used to determine the limits
of detection and quantification for this study. Values in bold represent the test solutions
in which the trace element/calcium rejection ratios defined by (Barker et al., 2003) can

be measured quantitatively (see Table 3.5).

Test Solution Al (ppb) Fe (ppb) Mn (ppb)
1 0.31 0.16 0.03
2 1.74 0.87 0.16
3 3.04 1.51 0.29

Table 3.4: Calibration standards used to derive calibration correlation coefficients
of trace element emission wavelengths investigated in this study. Note that element
concentrations are higher in the calibration standards than those in the test solutions

(Table 3.3) to ensure a good calibration.

Standard Al (ppb) Fe (ppb) Mn (ppb)
Std 1 31.560 2.972 15.678
Std 2 59.437 5.597 29.526
Std 3 124.967 11.742 61.945
Std 4 260.814 24.558 129.563
Std 5 616.936 58.091 306.471

The results of this initial investigation are shown in Table 3.5 which shows the LODs
and LOQs for each of the investigated element emission wavelengths, calculated as three
and ten times the standard deviation of the ten replicate blank determinations at the
end of the instrument run, respectively. Mn has two sensitive emission lines (257.6 and
259.4 nm) that are readily determined by ICP-OES, as evidenced by their low LOD and
LOQ values. The three emission lines for Fe investigated (238.2, 239.6 and 259.9 nm)
all show similar LOD and LOQ values. Al has the highest LODs and LOQs calculated
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Table 3.5: Limits of detection and quantification (LOD and LOQ) for emission wave-
lengths determined in test solutions 1 to 3 on the ICP-OES. Values in bold indicate
the most sensitive emission wavelength for each element. r2 = calibration correlation

coefficients, used to assess instrument linearity.

Element & λ (nm) View LOD (ppb) LOQ (ppb) r2

Al 396.147 Axial 0.67 2.23 0.999998
Al 308.21 Axial 4.41 14.71 0.999954
Al 394.97 Axial 0.62 2.08 0.999991

Mn 257.603 Axial 0.04 0.13 0.999996
Mn 259.366 Axial 0.04 0.13 0.999997

Fe 238.198 Axial 0.27 0.91 0.999997
Fe 239.564 Axial 0.25 0.82 0.999996
Fe 259.932 Axial 0.29 0.95 0.999997
Ti 334.93 Axial 0.04 0.12 0.999927
Ti 336.10 Axial 0.04 0.14 0.999897
Ti 337.261 Axial 0.07 0.22 0.999969

in this study, reflecting the low sensitivity for determination of this element by ICP-
OES generally. For this reason, Al is frequently omitted from measurements of biogenic
calcite by ICP-OES. In addition, Al can only be measured using the axial viewing mode
on the ICP-OES, which maximises the number of atoms observed and increases the
emission line count but this viewing option is not available on all ICP-OES instruments
(Andreasen et al., 2006). Of the three Al emission lines investigated, the line at 308.2
nm is the least sensitive with LODs ∼7 times higher than the other two Al emission
wavelengths (394.4 and 396.1 nm) and is hereafter omitted from this study, as is the
394.4 nm line because of potentially large spectral interferences with Ca. Subsequent
instrument runs in later experiments enabled the determination of the LOD and LOQ for
Ti, included in Table 3.5. Ti is a more sensitive element for determination by ICP-OES
than Al, with a very low LOD value for two separate wavelengths (334.9 and 336.1 nm)
and is therefore in principle at least more suited to screening Mg/Ca data for evidence
of silicate contamination.

Comparison of Tables 3.3 and 3.5 demonstrate that, in test solution 1, trace element
concentrations are below the LOD and the LOQ of the ICP-OES and can not be mea-
sured, whereas in test solution 2 trace element concentrations are sufficiently above the
LOD but not the LOQ and therefore precisions are poor (≥10% RSD). It is only in
test solution 3, that the concentrations of Al, Mn and Fe in the test solution can be
quantified. Limits of quantification for the most sensitive emission wavelength for each
element are given in Table 3.5 and correspond to element ratio quantification limits for a
solution at [Ca] = 10 ppm of Al/Ca, 0.33 mmol/mol, Mn/Ca, 0.009 mmol/mol, Fe/Ca,
0.06 mmol/mol and Ti/Ca, 0.01 mmol/mol, all sufficiently below the rejection criteria of
Barker et al. (2003). Element ratio concentrations are shown for [Ca] of 10 ppm because
this is the concentration at which all four elements could be quantitatively measured.
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As element concentrations approach the LOD and LOQ for an elements emission wave-
length, calculated precisions become progressively poorer, e.g., ≥10% (RSD), for test
solutions 1 and 2, compared to ≤3% (RSD) in test solution 3 in which element concen-
trations are above the LOQ, because the signal is increasingly dominated by background
noise and spectral interferences.

This experiment indicates that, while the methodology currently adopted at NOCS
for determining Mg/Ca and Sr/Ca data involving dilution of samples to a [Ca] range
of 1 to 5 ppm, is excellent for generating high-precision Mg, Ca and Sr data (Green
et al., 2003), it is unsuited to measurement of Al, Mn, Fe and Ti, which typically have
low concentrations in these sorts of samples. To quantitatively measure the new trace
elements requires working with samples at much higher [Ca] ≥10 ppm and thus, with
higher trace element concentrations. This requires the development of a new technique
for the ICP-OES at NOCS and the re-assessment of the ideal instrument set up and
parameters to optimise the measurement the new trace elements Al, Mn , Fe and Ti
while still maintaining a high level of precision on the desired Mg/Ca and Sr/Ca ratios.

3.3.2 Instrument Linearity

To assess the optimum sample presentation system and instrument settings for the deter-
mination of the trace elements Al, Mn, Fe and Ti on the ICP-OES, four instrument runs
were carried out (Runs 1 - 4). Two different sample presentation systems were tested;
“Conikal” nebulizer/“Tracey” spray chamber and “Conikal” nebulizer/“Twister” spray
chamber combinations, and different instrument integration times were applied (Table
3.6). In each of the runs two sets of calibration standards were employed, both with
a similar range of [Ca] (10 to 100 ppm) but different trace element concentrations to
assess the range over which the most linear calibrations were obtained. One set of cal-
ibration standards have low trace element concentrations and are referred to as ‘low’
and the other set of calibration standards with higher trace element concentrations are
labeled ‘high’ (Table 3.7). Each of the calibration standards were prepared with differ-
ent Mg:Sr:Al:Mn:Fe:Ti:Ca ratios across a range of [Ca] to test the linearity of all of the
analytes as fully as possible. It is important that calibration standards are made up
with different element ratios to prevent a linear calibration arising solely from the dou-
bling of element concentrations that may incorporate any contamination or interferences
associated with the sample.

Instrument linearity is particularly important for accurately determining element ra-
tios over the wide range of element concentrations found in foraminiferal samples. The
Perkin Elmer ICP-OES typically shows very good linearity over a large range of element
concentrations (Perkin Elmer, 2002), this is demonstrated by the high calibration cor-
relation coefficients (r2) ≥0.99999 obtained for the elements Al, Mn and Fe (in matrix
free standards) (Table 3.5). The calibration correlation coefficient of Ti, determined in
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Table 3.6: Instrument set-up and settings adopted for Runs 1 - 4. C/Tr =“Conikal”
nebulizer and “Tracey” spray chamber, C/Tw = “Conikal” nebulizer and “Twister”
spray chamber. All integration times were set manually following preliminary mea-
surements of several of the calibration standards (see Section 3.3.3). Integration times
in Runs 3 and 4 were doubled relative to Runs 1 and 2, to account for the loss of

instrument sensitivity associated with use of the “Twister” spray chamber.

Setting Run 1 Run 2 Run 3 Run 4
Sample presentation C/Tr C/Tr C/Tw C/Tw
system
Read time 10 s 10 s 10 s 10 s
Integration time 10 ms Ca, Mg & Sr = 10 ms 20 ms Ca, Mg & Sr = 20 ms

Mn = 10 ms Mn = 20 ms
Al, Fe & Ti = 1 s Al, Fe & Ti = 2 s

Table 3.7: High and Low calibration standards employed in Runs 1 through 4 to
determine calibration correlation coefficients. Starred (*) standards were both run ten
times in Runs 1 - 4 to assess instrument precision. DM = Drift monitor, used in all
instrument runs to correct measurements for drift. The first four standards denoted by
the suffix ‘L’ are the ‘low’ set of calibration standards. Horizontal dashed lines denote

element not included to assess matrix effects, interferences and any contamination.

Standard Mg Ca Sr Al Mn Fe Ti
ppb ppm ppb ppb ppb ppb ppb

Std 1L 12.89 11.26 12.60 9.91 0.24 0.79 0.10
Std 2L* 25.13 22.23 24.79 19.53 0.46 1.60 0.19
Std 3L 64.89 47.42 84.47 50.01 0.10 2.72 0.42
Std 4L 156.57 91.69 367.57 129.41 2.98 29.40 0.80

Std 1 11.08 12.61 12.26 50.02 11.28 8.75 1.06
Std 2** 24.38 21.34 23.64 94.95 21.62 12.46 2.04
Std 3 31.74 36.18 47.14 189.89 54.32 21.18 3.10
Std 4DM 52.64 71.42 93.49 283.34 108.86 29.40 5.13
Std 5 62.11 94.032 139.59 - - - -
Std 6 75.90 116.25 203.67 367.40 158.89 61.27 6.96
Std 7 95.46 164.28 384.50 431.15 197.27 115.14 9.33
Std 8 - - - 812.88 278.21 144.22 17.61
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subsequent instrument runs is lower ≥0.9999, however this was determined in solutions
containing Ca rather than just the trace elements (see Section 3.3.4). Comparison of
the calibration correlation coefficients derived in the initial experiment in Section 3.3.1
for Al, Mn and Fe (Table 3.5), to the values determined in Run 1 - 4 (Table 3.8) also
show a decrease in the r2 values and linearity associated with the introduction of Ca to
the standards.

Non-linear instrument responses typically arise as a function of detector saturation,
matrix effects or interference between elements with overlapping spectra. In this study,
calcium is considered the matrix element - it is the major component of foraminiferal
tests comprising 40 wt% and is the most sensitive element for determination by ICP-
OES, with the ability to moderate the sensitivity of other elements being measured.
This can introduce serious errors to ratio determinations because [Ca] is not constant in
sample solutions (see Section 3.3.4).

When the two ranges of calibration standards (high and low) are employed for a given
sample presentation system, the better calibration correlation coefficients for the trace
elements, shown in bold in Table 3.8, are consistently obtained over the ‘high’ calibra-
tion range because a larger number of counts of element emission wavelengths can be
obtained. Of the two sample presentation systems tested the highest correlation cali-
bration coefficients are typically obtained on element wavelengths using the “Conikal”
nebuliser and “Twister” spray chamber configuration (Table 3.8).

Table 3.8: Linear calibration correlation coefficients for the two sample presentation
systems investigated (Runs 2 and 4). C/Tr = “Conikal” nebulizer coupled to a “Tracey”
spray chamber, C/Tw = “Conikal” nebulizer coupled to a “Twister” spray chamber.
Columns entitled ‘Low’ and ‘High’ refer to the set of calibration standards used to

determine the correlation coefficients (see Table 3.7).

Correlation coefficient (r2)
C/Tr C/Tr C/Tw C/Tw

Element & λ (nm) View Low High Low High
Al 396.1 Axial 0.992910 0.999988 0.999835 0.999980
Mn 257.6 Axial 0.994580 0.999975 0.989854 0.999976
Mn 258.4 Axial 0.976989 0.999975 0.977699 0.999981
Fe 238.2 Axial 0.999861 0.999985 0.999735 0.999980
Fe 239.6 Axial 0.999485 0.999987 0.999504 0.999992
Fe 259.9 Axial 0.999983 0.999985 0.999866 0.999992
Ti 334.9 Axial 0.999941 0.999966 0.999465 0.999969
Ti 336.1 Axial 0.998846 0.999917 0.998878 0.999983
Ti 337.3 Axial 0.999613 0.999922 0.999182 0.999974
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3.3.3 Detector Synchronization

It is advantageous to measure all analytes for a single sample simultaneously to avoid
time dependent effects within the instrument, particuarly those relating to fluctuations
in the plasma intensity. Fluctuations in the power delivered to the plasma can impact
the sensitivity of element emission lines according to their individual excitation energies.
This factor can become important when attempting high-precision measurements that
require changes in element ratios to be minimised. The length of time during which the
count of each element emission wavelength is made, the ‘read’ time, and the number of
times within the read time that the individual pixels in the detector array need refreshing
or ‘emptying’, the ‘integration’ time, are a function of the intensity of the emission
wavelength and play a vital role in the accuracy and precision of the data generated. It
is essential that the integration time is short enough to prevent saturation of any pixel
on the detector array (recognised by a broadening of the spectral peak and a curved
calibration profile), commonly by the matrix element Ca, but long enough to count a
sufficient number of photons from less abundant or less sensitive elements and provide
an accurate measurement. One of the advantages of the Perkin Elmer 4300 DV ICP-
OES used in this study is that integration times can be set either automatically for the
elements in any given solution, by taking a number of preliminary readings prior to the
main analytical measurements, or can be user defined. However, automatically defined
integration times are not always ideal and manual tuning of the integration time can
significantly increase the precision of element measurements (Green et al., 2003). The
main disadvantage of manually setting the integration and read times for each element is
that not all measurements are made truly simultaneously because of disparate element
intensities, introducing potential sources of errors to element ratios.

In this study, prior to the main set of analytical measurements, preliminary measure-
ments were made on several of the calibration standards with intermediary element
concentrations, to determine approximate integration times for each of the elements in
the solutions. Optimum integration times were then investigated during four instrument
runs, Runs 1 - 4 (see Table 3.6) using ten replicate determinations of two multielement
solutions (standards 2 and 2L). In Runs 1 and 3, all seven elements (Ca, Mg, Sr, Al,
Mn, Fe and Ti) were measured simultaneously with integration times of 10 and 20 ms,
respectively. For Fe and Ti, the integration time in Runs 1 and 3 was much too short
for sufficient counts of each emission wavelength to be made, thus very poor precisions
were obtained ≥15% (RSD) (Table 3.9). In Runs 2 and 4, the integration time for Fe
and Ti was increased to 1 and 2 s, respectively and much better precisions ≤10% (RSD)
were obtained. Extending the integration time for Al appears to have little impact on
data precision (except between Runs 3 and 4) but the low sensitivity of this element
for determination by ICP-OES suggests that it is more appropriate to employ a longer
integration time. Mn is a more sensitive element for determination by ICP-OES than Al,
Fe and Ti and is therefore measured simultaneously with Ca, Mg and Sr. The highest
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Table 3.9: Relative standard deviations (%) of 10 replicate determinations for two
multielement solutions (calibration standards 2L and 2). (s) = simultaneous measure-
ments. Horizontal line denotes precisions ≥50% (RSD). Element wavelength pairs in

bold have the highest reported precisions.

Run 1 Run 2 Run 3 Run 4
Interelement ratio Std 2L Std 2L Std 2 Std 2L Std 2L Std 2

Mg 280.3/Ca 315.9 radial (s) 0.88 0.95 0.83 0.75 0.66 0.58
Mg 279.5/Ca 315.9 radial (s) 0.25 0.59 0.67 0.21 0.31 0.30
Mg 280.2/Ca 317.9 radial (s) 0.90 0.97 0.82 0.72 0.64 0.62
Mg 279.5/Ca 317.9 radial (s) 0.29 0.58 0.67 0.25 0.29 0.29
Mg 279.5/Ca 422.6 radial (s) 0.81 0.57 1.04 0.70 0.37 0.45
Mg 280.2/Ca 422.6 radial(s) 0.31 0.95 1.21 0.40 0.69 0.61
Mg 285.2/Ca 315.9 axial (s) 0.98 0.65 1.49 0.24 0.51 0.57
Mg 280.2/Ca 315.9 axial (s) 0.17 0.46 0.36 0.22 0.12 0.14

Mg 279.5/Ca 315.9 axial (s) 0.09 0.95 0.26 0.12 0.12 0.11
Sr 407.7/Ca 315.9 radial (s) 0.15 0.21 1.11 0.36 0.19 0.24
Sr 421.5/Ca 315.9 radial (s) 0.32 0.17 1.17 0.37 0.31 0.37
Sr 407.7/Ca 317.9 radial (s) 0.17 0.20 1.13 0.40 0.19 0.32
Sr 421.5/Ca 317.9 radial (s) 0.33 0.22 1.19 0.40 0.29 0.45
Sr 407.7/Ca 422.6 radial (s) 0.22 0.30 1.24 0.29 0.13 0.35

Sr 421.5/Ca 422.6 radial (s) 0.35 0.18 0.51 0.30 0.21 0.17

Al 396.1/Ca 315.9 axial 1.58 1.56 1.13 4.65 1.70 0.25
Mn 257.6/Ca 315.9 axial (s) 13.27 - 1.75 26.07 16.23 0.42

Mn 259.4/Ca 315.9 axial (s) 21.52 22.26 1.12 14.82 12.74 0.22
Fe 238.2/Ca 315.9 axial 39.85 7.64 0.47 - 8.70 1.47
Fe 239.6/Ca 315.9 axial 12.91 10.99 0.82 - 9.50 1.26

Fe 259.9/Ca 315.9 axial 44.56 6.05 0.65 14.43 7.98 0.84
Ti 334.9/Ca 315.9 axial - 7.07 1.34 29.89 10.19 0.78

Ti 336.1/Ca 315.9 axial - 21.77 1.32 - 11.56 1.69
Ti 337.3/Ca 315.9 axial 37.93 9.34 1.48 - 11.91 1.82

precisions for Mn/Ca (0.22% RSD) are obtained in Run 4 alongside the highest reported
precisions on Mg/Ca and Sr/Ca values of ≤0.17% (RSD) (Table 3.9). In general, the
best precisions on element ratios were obtained in Run 4 (see bold ratios in Table 3.9,
with the “Twister” spray chamber and optimised integration times.

Ten replicate measurements of the Standard 2L (Table 3.7), characterised by trace el-
ement concentrations comparable to foraminiferal calcite (except for a slightly high Al
concentration), consistently yield poorer precisions on trace element/calcium ratios than
precisions obtained on ten replicate measurements of Standard 2 (Table 3.7), with higher
trace element concentrations (Table 3.9). For example, in Standard 2, Al/Ca and Mn/Ca
ratios are ≤0.22% (RSD), and Fe/Ca and Ti/Ca ratios are better than 0.85% (RSD) the
same wavelength pairs in Standard 2L, yield precisions of ∼1% (RSD) and 12% (RSD),
respectively.
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Table 3.10: Comparison of relative standard deviations (%) on ratios determined
using different viewing modes. The best precisions obtained on wavelength pairs are
those determined simultaneously, i.e., in the same orientation, shown in bold. Data

only shown from Run 4 for clarity.

Run 4
Interelement ratio Std 2L Std 2

Mg 279.5 (axial)/Ca 315.9 (axial) 0.12 0.11
Mg 279.5 (axial)/Ca 315.9 (radial) 0.24 0.23
Mg 279.5 (radial)/Ca 315.9 (radial) 0.31 0.30
Mg 279.5 (radial)/Ca 315.9 (axial) 0.42 0.37

Sr 421.5 (radial)/Ca 422.6 (radial) 0.21 0.17
Sr 421.5 (radial)/Ca 315.9 (radial) 0.31 0.37
Sr 421.5 (radial)/Ca 315.9 (axial) 0.44 0.53

Mn 259.4 (axial)/Ca 315.9 (axial) 12.74 0.22
Mn 259.4 (axial)/Ca 315.9 (radial) 12.76 0.23

Element emission wavelengths determined simultaneously consistently yield the highest
precisions (Table 3.10), for example Mg 280.2 (axial)/Ca 315.9 (radial) has a precision
of 0.24% (RSD), whereas simultaneous axial measurements of the same wavelength pair
is 0.12% (RSD). Of course, identical integration times are not practical for all analytes
because of the vastly different emission line sensitivities, as discussed above. Mg, Sr and
Mn emission wavelengths are measured simultaneously with Ca, whereas less abundant
elements and/or emission lines with lower sensitivities, e.g., Al, Fe and Ti, require
a longer integration time and therefore these element measurements are not derived
simultaneously with Ca.

3.3.4 Matrix Effects

The implications of a Ca matrix effect on elements is critical for accurate ratio de-
terminations. The effect of the Ca matrix on element ratios was investigated using
the certified reference material (CRM) ECRM 752-1 (limestone), which has a Mg/Ca
ratio of 3.9 mmol/mol within the mid-range of typical foraminiferal calcite. ECRM
752-1 was dissolved in 0.075 M HNO3 and then diluted to make seven solutions, each
with the same element/calcium ratios but different [Ca] between 2 and 75 ppm. Cal-
culated Al/Ca, Mn/Ca, Fe/Ca and Ti/Ca ratios in ECRM 752-1 are low (Table 3.11)
but element/calcium ratios are still higher than the values observed in cleaned planktic
foraminifera (Barker et al., 2003) and therefore suitable for testing Ca matrix effects on
trace elements.
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Table 3.11: Element/calcium ratios in mmol/mol for certified reference material
ECRM 752-1 (limestone).

Reference material Mg/Ca Sr/Ca Al/Ca Fe/Ca Mn/Ca Si/Ca Ti/Ca
ECRM 752-1 3.90 0.19 1.20 0.30 0.15 11.90 0.12

The matrix effect on the sensitivity of Mg and Sr emission lines was assessed using
element/calcium ratios determined in this study (Fig. 3.1). The most sensitive Mg
emission lines at 279.5 and 280.2 nm show evidence of pronounced matrix effects, with
∼6% decrease in emission line sensitivity with increasing [Ca] (Fig. 3.1a), whereas the
least sensitive Mg emission line at 285.2 nm appears to show little evidence of matrix
effects. It would therefore seem most sensible to measure Mg/Ca ratios using the least
sensitive Mg emission line at 285.2 nm to generate accurate Mg/Ca data however, the
relationship between Mg/Ca and [Ca] is not well constrained making any corrections to
the calculated Mg/Ca ratio difficult and wavelength pairs using the Mg line at 285.2
nm consistently show lower precisions than obtained for other Mg emission lines (Table
3.9). The two Sr emission lines investigated in this study, at 407.7 and 421.5 nm, shown
in Figure 3.1b, do not show a consistent behaviour below 10 ppm Ca but above 10 ppm
Ca, both Sr emission lines show evidence of matrix effects with a 4 to 6% decrease in
sensitivity with increasing [Ca].

Mg/Ca and Sr/Ca data are shown in Figures 3.2 and 3.3 respectively, as a function
of [Ca] for the four separate instrument runs (Runs 1 to 4), to investigate the impact
of different sample presentation systems and instrument settings on the accuracy, as a
function of matrix effects, on the measured element/calcium ratios. In all four runs,
Mg/Ca values show a similar decrease in sensitivity with increasing [Ca] (Figure 3.2a)
but Run 4 consistently yields lower Mg/Ca values than Runs 1 to 3, closer to the reported
Mg/Ca value for the CRM (Table 3.11). Sr/Ca ratios are less consistent (Fig. 3.3a),
in Runs 1 through 3 ratios show a strong degree of line curvature, whereas in Run 4
there is little evidence of line curvature between [Ca] of 8 and 75 ppm. To quantify the
nature of the matrix effects on Mg and Sr ratios, best fit lines were fitted to the Mg/Ca
and Sr/Ca values determined in each run. Linear fits through the Mg/Ca and Sr/Ca
ratios (Figs 3.2b-e and 3.3b-e) consistently yield lower correlation coefficient (R) values
than exponential line fits. This finding is consistent with previous studies (De Villiers
et al., 2002; Lear et al., 2002; Wara et al., 2003; Andreasen et al., 2006; Marchitto, 2006)
indicating a significant exponential decrease in Mg/Ca and Sr/Ca values with increasing
[Ca], particularly at low [Ca] using the ICP technique. Further investigation is required
to more accurately quantify the relationship between increasing [Ca] and element ratios
on this instrument and the optimum working [Ca] range.

Matrix effects on the elements Al, Mn, Fe and Ti in each of the instrument Runs 1 - 4 are
shown in Figures 3.4, 3.5, 3.6 and 3.7. Solutions with low trace element concentrations,
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Figure 3.1: Matrix effects on measured Mg/Ca and Sr/Ca ratios as a function of [Ca].
All three elements show a decrease in emission line sensitivity of ∼6% with increasing

[Ca] over the [Ca] range investigated. Data presented are from Run 4.

i.e., solutions with a [Ca] below 20 ppm, show increased ‘noise’ between instrument
runs and between replicate measurements of the same solution, reflecting the different
integration times employed in each instrument run and the difficulties accurately mea-
suring trace elements at low concentrations. Al/Ca ratios shown in Figure 3.4, indicate
a large degree of variability between the measured values in each of the runs reflecting
the relatively poor determination of this element. Significant matrix effects are observed
on Al/Ca ratios, shown in Figure 3.4b-e, with ∼20 - 25% decrease in the sensitivity
of the Al emission line with increasing [Ca]. In Run 3 an even larger decrease in the
sensitivity of the Al emission line is observed ∼65% (Fig. 3.4d). The large Ca matrix
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Figure 3.2: Mg/Ca ratios determined as a function of [Ca] in solutions derived from
the certified reference material ECRM 752-1 in Runs 1 - 4. Solutions E0 and E6 were
added in Runs 3 and 4. Panels b to e show the Mg/Ca data from each instrument run
with best fit line shown in red, correlation coefficients for linear (Rlin) and exponential

(Rexp) line fits to the data set in the top right corner of each panel.
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Figure 3.3: Sr/Ca ratios determined as a function of [Ca] in solutions derived from
the certified reference material ECRM 752-1 in Runs 1 - 4. Solutions E0 and E6 were
added in Runs 3 and 4. Horizontal dashed line is the reported Sr/Ca value for ECRM
752-1. Panels b to e show the Sr/Ca data from each instrument run with best fit line
shown in red, correlation coefficients for linear (Rlin) and exponential (Rexp) line fits

to the data set in the top right corner of each panel.
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effect observed on Al, is the result of the very high sensitivity of Ca for determination
by ICP-OES, which removes energy from the plasma reducing the amount of energy
available to other elements, and the low sensitivity of Al for determination by ICP-OES.
Measured Fe/Ca values show a similar matrix effect in Runs 2 - 4 over the [Ca] investi-
gated, with decreasing sensitivity of between 10 and 45% (Fig. 3.5). Measured Ti/Ca
ratios are very low and close to the detection limit of the instrument (Fig. 3.6). In
general, a decrease in the sensitivity of Ti is observed above ∼10 - 20 ppm [Ca] but in
Run 4 there is no significant variability above 10 ppm in the measured Ti/Ca value.
Mn/Ca ratios show no significant matrix effects over the range of Ca investigated (Fig.
3.7). The reduced matrix effects observed for most element/calcium ratios in Run 4 are
attributable in part to the substitution of the “Twister” spray chamber, which reduces
instrument sensitivity and susceptibility to matrix effects, thus better linear calibration
correlation coefficients are achieved in this run (see Section 3.3.1).

It is not possible to use ECRM 752-1 to assess the accuracy of the element values
measured on the ICP-OES because the certified element concentrations are insufficiently
precise for such a purpose, for example Mg/Ca ratios have a relative standard deviation
of 6.8%. In addition, the CRM ECRM 752-1 contains a contaminant aluminosilicate
component (Greaves et al., 2005) which can bias element/calcium ratios to higher values
particularly Mg, Fe, and Al and introduce a source of variability.

3.3.5 Testing Ca matrix effects at low concentrations of [Ca] (1 to 5

ppm)

In light of the large Ca matrix effects observed on Mg/Ca and Sr/Ca ratios over the [Ca]
range (2 to 75 ppm) investigated in this study (Figs 3.2 and 3.3), an experiment was
designed to re-test the lack of matrix effects observed on Mg/Ca and Sr/Ca ratios over
the 1 to 5 ppm [Ca] range on the same instrument by Green et al. (2003). Measurements
were made on a set of five test solutions diluted to [Ca] of 1 to 5 ppm (Table 3.12)
from the internal SOC standard (Mg/Ca of ∼5.0 mmol/mol and Sr/Ca ratio of ∼1.5
mmol/mol), with calibration standards tailored accordingly (Table 3.13), Figure 3.8
shows that Mg/Ca and Sr/Ca wavelength pairs, viewed axially and radially respectively,
are consistent over the 1 to 5 ppm range of [Ca] investigated in the set of five solutions.
The average value of the five points in each panel in Figure 3.8 is shown by the horizontal
dashed line and fits through the errors bars (±1σ) on all of the measurements, indicating
that there is no significant matrix effect on the determination of Mg/Ca and Sr/Ca at
these wavelengths over the [Ca] shown. Standard deviations were determined on the
three replicate measurements of each solution and demonstrate that the best two pairs
of emission wavelengths Sr 421.5 (radial)/Ca 422.7(radial) and Mg 280.3(axial)/Ca 317.9
(axial) have precisions of 0.25% and ∼1%, respectively.
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Figure 3.4: Al/Ca ratios determined as a function of [Ca] in solutions derived from
the certified reference material ECRM 752-1 on Runs 1 - 4. All instrument runs were
carried out over the course of one week with different instrument parameters for each
(see Table 3.6). Large decrease in the sensitivity of Al (≥20%) with increasing [Ca].
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Figure 3.5: Fe/Ca ratios determined as a function of [Ca] in solutions derived from
the certified reference material ECRM 752-1 on Runs 1 - 4. All instrument runs were
carried out over the course of one week with different instrument parameters for each
(see Table 3.6). The best two pairs of emission wavelengths Fe 259.9 (axial)/Ca 315.9
(axial) are shown. In Runs 2 - 4 significant matrix efects are observed on Fe/Ca ratios,

≥10% decrease in the sensitivity of Fe associated with increasing [Ca].
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Figure 3.6: Ti/Ca ratios determined as a function of [Ca] in solutions derived from
the certified reference material ECRM 752-1 on Runs 1 - 4. All instrument runs were
carried out over the course of one week with different instrument parameters for each
(see Table 3.6). The best two pairs of emission wavelengths Ti 334.9 (axial)/Ca 315.9

nm (axial) are shown.
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Figure 3.7: Mn/Ca ratios determined as a function of [Ca] in solutions derived from
the certified reference material ECRM 752 on Runs 1 - 4. All instrument runs were
carried out over the course of one week with different instrument parameters for each
(see Table 3.6). The best two pairs of emission wavelengths Mn 259.4 (axial)/Ca 315.9

nm (axial) are shown. No significant matrix effects are observed on Mn/Ca ratios.
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Figure 3.8: Mg/Ca and Sr/Ca ratios determined as a function of [Ca] in solutions
with identical elemental ratios. The average element/calcium value determined from
three replicate measurements of each solution is plotted. The standard deviation for
each solution is calculated from the three original measurements. Horizontal dashed
lines represent the mean of the five average Mg/Ca or Sr/Ca determinations, and fits
through the 1σ indicating that there is no significant Ca matrix effect on element/-
calcium ratios over this range of [Ca]. Note the different y-axis scales for Mg/Ca and

Sr/Ca determinations.
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Table 3.12: Concentrations of the solutions used to test Ca matrix effect on Mg/Ca
and Sr/Ca ratios over the [Ca] of 1 to 5 ppm. The internal SOC standard was diluted

to five different [Ca], therefore each solution possesses identical Ca:Mg:Sr ratios.

Test Solution Ca (ppm) Mg (ppb) Sr (ppb)
SOC1 1.03 3.21 3.32
SOC2 1.93 6.00 6.21
SOC3 3.00 9.25 9.60
SOC4 3.91 12.14 12.53
SOC5 5.12 15.65 16.3

Table 3.13: Calibration standards used to derive calibration correlation coefficients.

Standard Ca (ppm) Mg (ppb) Sr (ppb)
Std 1 0.98 1.79 1.88
Std 2 1.96 6.25 4.71
Std 3 3.16 9.62 10.10
Std 4 3.95 18.07 14.21
Std 5 4.85 31.36 37.64
Std 6 8.92 49.46 68.97
Std 7 15.33 50.68 110.88

3.4 Conclusions

The aim of this study was to develop a methodology at the National Oceanography
Centre, Southampton (NOCS) for the determination of the trace metals with low con-
centrations in foraminiferal calcite (Al, Mn, Fe and Ti) simultaneously with desired Ca,
Mg and Sr by ICP-OES. One of the preliminary findings of this investigation is that
the low sensitivity of the ICP-OES technique to the elements Al, Mn, Fe and Ti and
their relatively low concentrations in foraminiferal samples highlights that the currently
established NOCS methodology (Green et al., 2003) is not suited to measurement of
these trace elements. Thus, in this study optimum instrument parameters and settings
for the determination of high-precision element/calcium ratios in foraminiferal calcite
on a Perkin Elmer 4300 DV ICP-OES were evaluated. In particular, optimum emission
wavelengths, plasma viewing orientation, detection and quantification limits, sample
presentation system and detector measurement times were investigated. These key pa-
rameters are summarised in Table 3.14.

In samples with element ratios typical of foraminiferal calcite samples the precision on
Al/Ca, Mn/Ca, Fe/Ca and Ti/Ca are typically better than 10% (RSD) which is sufficient
for the purposes of screening data for contamination (precision could be improved if
more targeted calibration standards were used). Much better precisions (≤1%) can be
obtained but only at element concentrations much higher than observed in foraminiferal
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Table 3.14: Optimum instrument set-up and parameters for the determination of
trace elements in foraminiferal calcite. Most sensitive element wavelength pairs for
determination by ICP-OES selected. 1Carrier gas flow rate adopted from Green et al.
(2003). * represents sample solutions with trace elements concentrations significantly
higher than observed in typical foraminiferal calcite samples. ** represents sample
solutions at lower element concentrations more typical of foraminiferal calcite samples.

Analytical protocol component Optimum protocol
Instrument:Perkin Elmer 4300 DV ICP-OES
Nebulizer Glass expansion “Conikal” (concentric)
Spray chamber Glass expansion “Twister” (cyclonic)
Carrier gas flow rate 0.70 L/min1

Emission wavelength pairs Mg/Ca:279.5 (Axial)/315.9 (Axial)
Sr/Ca: 421.5 (Radial)/ 422.6 (Radial)
Al/Ca: 396.1 (Axial)/315.9 (Axial)
Mn/Ca: 259.4 (Axial)/315.9 (Axial)
Fe/Ca: 259.9 (Axial)/315.9 (Axial)
Ti/Ca: 334.9 (Axial)/ 315.9 (Axial)

Detector read time 10 secs
Detector integration times Ca (Axial and Radial): 20 ms

Mg (Axial): 20 ms
Sr (Radial): 20 ms
Mn (Axial): 20 ms
Al (Axial): 2 secs
Fe (Axial): 2 secs
Ti (Axial): 2 secs

Precision All element/calcium ratios ≤1%*
All element/calcium ratios ≤10%**

calcite. As in Green et al. (2003) the best precisions are obtained when elemental
measurements are derived truly simultaneously, e.g., Mg/Ca, Sr/Ca and Mn/Ca (see
Table 3.14). Precisions of ∼0.13% (RSD) (based on ten replicate measurements of a
single solution) can still be obtained on desired Mg/Ca and Sr/Ca ratios, but over
the large range of [Ca] as investigated here (2 to 80 ppm) precision is typically lower
∼1 to 1.5% (including matrix effects) and is similar to precisions reported from other
laboratories using ICP techniques to determine Mg/Ca.

Significant non-linear Ca matrix effects are observed on Mg/Ca, Sr/Ca, Al/Ca, Fe/Ca
and Ti/Ca ratios over the large range of [Ca] (2 - 80 ppm) investigated in this study,
reducing the accuracy of element/calcium ratios. Mn/Ca is the only element ratio that
shows no significant evidence of matrix effects. Evidence of significant Ca matrix effects
on element/calcium ratios in this study (Figs 3.2 - 3.6), indicates a need to constrain
the [Ca] in sample solutions to a narrow working range, over which the matrix effect
on element emission wavelengths is well constrained or absent. To measure the trace
elements Al, Mn, Fe and Ti, requires that solutions are made to a [Ca] of at least 10 ppm
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but preferably much higher, e.g., +40 ppm, and ideally over a [Ca] range where matrix
effects are linear. Working over a narrow [Ca] range necessitates that each sample is
run twice by ICP-OES. The sample [Ca] must be determined in an initial test run so
that the sample can be prepared to fall within a narrow [Ca] range (as yet undefined)
for a second run, during which the main analytical measurements are made. The main
disadvantages of running each sample twice is that it is more time consuming, expensive
and a larger initial sample size is required (Table 3.15). However, this is generally the
standard practice in laboratories using ICP-OES to determine Mg/Ca and Sr/Ca ratios
in biogenic calcite even without the added complication of measuring the trace elements
Al, Mn, Fe and Ti (De Villiers et al., 2002).

Table 3.15: Estimated [Ca] in benthic foraminiferal samples; sample size constraints.
Average benthic foraminiferal weight ∼39 µg for individuals in the 300 - 400µm size
fraction (n = 60). Calculated [Ca] assume that there is no loss of material during the
cleaning process and that the entire 500 µl of dissolved sample is used to make up the
solution for analysis. 5 ml is the ideal sample size for easy handling by the autosampler
and 3 ml is the smallest amount of solution that can be handled. Samples smaller than
3 ml must be run manually. Ideally 10 - 15 individuals (highlighted) from the 300 - 400

µm size fration are required for analysis if [Ca] ≥40 ppm required for analysis.

Number of benthic foraminifera Ca concentration (ppm) in solutions
used in analysis 500 µl in 5 ml 500 µl in 3 ml

2 6.2 10.3
3 9.3 15.4
5 15.4 25.7
10 30.9 51.5
15 46.3 77.2
20 61.8 102.9

It is important to note that despite apparent significant matrix effects on Mg/Ca values
at low [Ca] (Fig. 3.2) that when a more targeted strategy is employed, i.e., calibration
standards over a narrow 1 - 15 ppm range, no significant Ca matrix effects are observed
on Mg/Ca and Sr/Ca ratios over the [Ca] range of 1 to 5 ppm (Fig. 3.8). Therefore, the
high dilution methodology proposed by Green et al. (2003) is robust but trace element
concentrations (Al, Mn, Fe and Ti) are too low to be measured over this [Ca] range.

3.5 Future work

Further work will involve (1) determination of the optimum [Ca] range to work over,
(2) quantifying matrix effects (if any) on element ratios over this [Ca] range to correct
measured ratio values, and (3) assessing the emission lines that show the most consistent
matrix effects between instrument runs. This will be done using a series of synthetic
multielement solutions with element concentrations similar to those found in typical
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foraminifera prepared with [Ca] values within a set narrow working range. Calibration
standards will be prepared with different element/calcium ratios and be closely matched
to the sample concentrations to provide a good calibration curve.

The carrier gas flow rate significantly impacts the signal-to-noise ratios obtained for
different emission lines, with higher flow rates associated with a shorter residence time
in the plasma and a reduction in the proportion of elements excited and ionised. In this
study, the flow rate was set at 0.7 L/min, the optimum gas flow rate for the most sensitive
emission wavelengths of Mg determined by Green et al. (2003). In future, the optimum
flow rate at which maximum signal-to-noise ratios are obtained for the most sensitive
trace element emission wavelengths of Al, Mn, Fe and Ti should be investigated using
the optimum sample presentation system determined in this study (“Conikal” nebulizer
and “Twister” spray chamber). However, if the optimum gas flow rate for the trace
elements differs significantly from that defined for optimum Mg and Sr measurements
then it is not worthwhile adjusting this parameter if it involves sacrificing the integrity
of the Mg/Ca data.



Chapter 4

No extreme bipolar glaciation

during main Eocene calcite

compensation shift

This chapter has been published as Edgar, K. M., Wilson, P. A., Sexton, P. F. and
Suganuma, Y. No extreme bipolar glaciation during the main Eocene calcite compensa-
tion shift. Nature, 448:908-911, 2007 and is presented here as it appeared in the journal
but with the addition of subheadings (abstract, introduction, results, conclusions and
methods) to aid the flow of the text.

4.1 Abstract

Major ice sheets were permanently established on Antarctica approximately 34 mil-
lion years ago (Miller et al., 1991; Lear et al., 2000; Zachos et al., 2001), close to the
Eocene/Oligocene boundary, at the same time as a permanent deepening of the calcite
compensation depth in the worlds oceans (Coxall et al., 2005). Until recently, it was
thought that Northern Hemisphere glaciation began much later, between 11 and 5 mil-
lion years ago (Miller et al., 1991; Lear et al., 2000; Zachos et al., 2001; Holbourn et al.,
2005). This view has been challenged, however, by records of ice rafting at high north-
ern latitudes during the Eocene epoch (Moran et al., 2006; Eldrett et al., 2007) and by
estimates of global ice volume that exceed the storage capacity of Antarctica (Tripati
et al., 2005) at the same time as a temporary deepening of the calcite compensation
depth ∼41.6 million years ago (Lyle et al., 2005). Here we test the hypothesis that
large ice sheets were present in both hemispheres ∼41.6 million years ago using marine
sediment records of oxygen and carbon isotope values and of calcium carbonate content
from the equatorial Atlantic Ocean. These records allow, at most, an ice budget that
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can easily be accommodated on Antarctica, indicating that large ice sheets were not
present in the Northern Hemisphere. The records also reveal a brief interval shortly be-
fore the temporary deepening of the calcite compensation depth during which the calcite
compensation depth shoaled, ocean temperatures increased and carbon isotope values
decreased in the equatorial Atlantic decreased. The nature of these changes around 41.6
million years ago implies that the event may have common links, in terms of carbon
cycling, with events at the Eocene/Oligocene boundary (Coxall et al., 2005) and possi-
bly with with the hyperthermals of the Early Eocene climate optimum (Zachos et al.,
2001, 2005; Lourens et al., 2005). Our findings help to resolve the apparent discrepancy
between the geological records of Northern Hemisphere glaciation (Moran et al., 2006;
Eldrett et al., 2007; Tripati et al., 2005) and model results (DeConto and Pollard, 2003,
2006), indicating that the threshold for continental glaciation was crossed earlier in the
Southern Hemisphere than in the Northern Hemisphere.

4.2 Introduction

A striking feature of the composite (Zachos et al., 2001) Cenozoic δ18O record in benthic
foraminiferal calcite is the abrupt increase in values across the Eocene/Oligocene bound-
ary, 34 Myr ago (Fig. 4.1a). Together with evidence from Southern Ocean records for the
initiation of ice rafting (Zachos et al., 1992) and glacial weathering, and from sequence
stratigraphic studies (Pekar et al., 2002) for a global sea level fall (∼70 m apparent
sea level), this δ18O shift is widely interpreted to signify the onset of major Antarctic
glaciation (Miller et al., 1991; Lear et al., 2000; Zachos et al., 2001, 1992) (Fig. 4.1a).
The standard view (Miller et al., 1991; Lear et al., 2000; Zachos et al., 2001; Holbourn
et al., 2005) is that substantial Northern Hemisphere glaciation occurred much later
(Fig. 4.1a); recently, however, three lines of evidence have challenged this orthodoxy.

First, evidence now exists for ice rafting in the Arctic Ocean around 45 Myr ago
(Moran et al., 2006) and in the Norwegian–Greenland Sea between 37 and 27 Myr
ago (Moran et al., 2006; Eldrett et al., 2007) (Fig. 4.1a). Second, new records for
the Eocene/Oligocene boundary from the equatorial Pacific Ocean (ODP Leg 199 of
the Ocean Drilling Program) show (Coxall et al., 2005) that the amplitude of the δ18O
change (δ18Obenthic = 1.5‰VPDB) is impossibly large to be attributed to Antarctic
glaciation alone. The simplest explanation for this result is that some of the δ18Obenthic

signal must denote global cooling (Coxall et al., 2005). However, Mg/Ca records (Lear
et al., 2000, 2004) provide little support for declining temperatures. This raises the
possibility of ice growth beyond Antarctica or the operation of some factor (such as
changes in seawater carbonate chemistry associated with increasing calcite compensa-
tion depth, (CCD) acting to mask the cooling signal in the Mg/Ca records (Coxall et al.,
2005; Lear et al., 2004). Third, the δ18O increase associated with the Eocene/Oligocene
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boundary occurred in lock-step with permanent deepening of the CCD, possibly in re-
sponse to glacioeustatic sea level fall and reduced shelf carbonate accumulation (Coxall
et al., 2005). Thus, the discovery (Lyle et al., 2005; Shipboard Scientific Party, 2002b)
of multiple intervals of temporary CCD deepening in the equatorial Pacific earlier in
the Eocene (Fig. 4.1b) has prompted speculation of transient glaciations before the
Eocene/Oligocene boundary. A recent study (Tripati et al., 2005) invokes three such
glaciations including one extreme bipolar event (100−190 m apparent sea level change;
∼35−70 × 106 km3 ice) coincident with the most prominent of the transient Eocene
CCD deepening events (carbonate accumulation event CAE-3 ∼41.6 Myr ago; (Lyle
et al., 2005) and Fig. 4.1b, c). Yet the idea that large ice sheets existed in both hemi-
spheres at this time is at odds with contemporaneous warm polar ocean temperatures
(Zachos et al., 2001; Sexton et al., 2006a), high atmospheric CO2 levels (Pagani et al.,
2005) (Fig. 4.1a) and the occurrence of (sub)tropical flora at mid- to high latitudes
(Wolfe, 1985). Sequence stratigraphic records (Pekar et al., 2005) support the concept
of early Cenozoic glaciations, but the ice sheets invoked are much more modest in size
(∼10 to 45 m apparent sea level change; ∼40 to 65% of present East Antarctic ice sheet)
and considered compatible with high-latitude warmth because of their restriction to the
interior of Antarctica (Pekar et al., 2005).

Although the sensitivity to CCD change (Shipboard Scientific Party, 2002b) of the Pa-
cific drill sites used to infer extreme bipolar Eocene glaciation is beneficial to under-
standing carbon cycling, it is detrimental to generating isotope records from calcareous
microfossils whose occurrence and preservation are sensitive to changes in carbonate
saturation state. Thus, further tests of bipolar Eocene glaciation are warranted.

4.3 Results

We generated high-resolution (∼4.5 kyr) monospecific stable isotope records for the in-
terval spanning CAE-3 (Lyle et al., 2005) from the equatorial Atlantic Ocean (ODP Leg
207, Demerara Rise, Site 1260, 9◦ 16’ N, 54◦ 33’ W; palaeowater depth 2,500−3,000
m) (Shipboard Scientific Party, 2004). These sediments were deposited well above the
local CCD for most of the study interval and are shallowly buried (Shipboard Scien-
tific Party, 2004), favouring calcareous microfossil preservation (Sexton et al., 2006a).
In Fig. 4.1c−e, we compare our new δ18O records from the equatorial Atlantic with the
record presented Tripati et al. (2005) from the equatorial Pacific in support of bipolar
glaciation. δ18O data from the equatorial Pacific show a considerable spread, and the
amplitude of increase used to infer extreme bipolar glaciation relies on outliers in sparse
data (∆δ18Obenthic = 1.2‰VPDB, arrows, Fig. 4.1c). Our data from the Atlantic are
more continuous and show less spread (Fig. 4.1d, e). Our benthic record (Fig. 4.1d)
shows a well-defined minimum around the middle of magnetochron C19r followed by a
shift to higher values attained by the onset of CAE-3 (zone I/II boundary, Fig. 4.1c).
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Our planktic record shows a similar pattern (Fig. 4.1e). One interpretation of the corre-
spondence between our planktic and benthic records is that it reflects an increase in the
oxygen isotope composition of sea water (δ18Oseawater) and supports the notion of ice
growth. Another interpretation, arguably more in keeping with the other palaeoclimate
records (Pagani et al., 2005) and numerical modelling results (DeConto and Pollard,
2003, 2006) shown in Fig. 4.1a, is that our data are attributable to cooling of surface
and bottom waters at Site 1260. Regardless, our estimate of the δ18Obenthic signal as-
sociated with CAE-3 is about half that proposed (Tripati et al., 2005) from the Pacific
(Fig. 4.1d versus Fig. 4.1c).

In Fig. 4.2 we show the relationship between measured ∆δ18Obenthic and global continen-
tal ice volumes for a range of values for mean δ18O of stored ice (δ18Oice). Horizontal
dashed lines denote different values for δ18Obenthic, vertical solid lines correspond to
different values assumed for δ18Oice and intersections yield the resulting estimated ice
volumes (see ‘isovol’ lines). Lines a and b assume that the whole δ18Obenthic signal is
attributable to ice volume. Assuming that δ18Oice was as extreme as today (about 50‰
SMOW Coxall et al., 2005; Pekar et al., 2006), the ∆δ18Obenthic signal inferred in the
Pacific study (Tripati et al., 2005) for CAE-3 (line a in Fig. 4.2) yields a global middle
Eocene ice budget almost 1.5 times the present Antarctic ice volume (25.4 × 106 km3)
(Lythe et al., 2001). However, the latitudinal temperature gradient during the Eocene
was less extreme than today, so it is likely that δ18Oice was also less extreme (conserva-
tively, about 30‰ SMOW, Coxall et al., 2005; Pekar et al., 2006; Poulsen et al., 2007),
yielding even larger ice budgets (almost 2.5 times the modern Antarctic budget). This
ice volume is close to the global total estimated for the last glacial maximum (Fig. 4.2),
when large ice sheets existed not only on Antarctica and Greenland but also over large
areas of North America and Eurasia, and it implies an even greater global ice budget
for the Eocene/Oligocene boundary when benthic δ18O values were ∼0.8‰ higher (Fig.
4.1a). Even larger ice volumes were invoked (Tripati et al., 2005) for CAE-3 in the Pa-
cific study using the dual benthic Mg/Ca - δ18O method (∆δ18Oseawater = 1.5‰). But
we focus on the ∆δ18Obenthic signal alone because the presence of authigenic dolomite
(Lear et al., 2004; Shipboard Scientific Party, 2002b) towards the base of the section
at ODP Site 1218 means that the only potentially meaningful Mg/Ca data published
for CAE-3 are for its termination (see Figure 3 of Tripati et al. 2005). By focusing on
the ∆δ18Obenthic signal alone we adopt a conservative approach because the ice budgets
calculated in this way in Tripati et al. (2005), although extreme (because the whole
signal was attributed to ice growth with no associated cooling), are less extreme than
those that were estimated by the dual benthic Mg/Ca - δ18O method.

If we assume no cooling component associated with the smaller δ18Obenthic signal seen in
our new record (line b, Fig. 4.2), our revised estimate of the upper limit of possible ice
growth associated with CAE-3 is correspondingly smaller, it need not require ice storage
in the Northern Hemisphere and it is more in keeping with sequence stratigraphy records
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(GLGM) shown for reference. SMOW, standard mean ocean water.

(Pekar et al., 2005). On this basis, we cannot exclude the possible existence of small
valley glaciers draining the uplands of Greenland around 41.6 Myr ago, particularly
in light of dropstones recently discovered (Moran et al., 2006; Eldrett et al., 2007) in
Eocene strata in the high northern latitudes. Nevertheless, we can rule out the existence
of large ice sheets in the Northern Hemisphere and we therefore find no support for
extreme Eocene bipolar glaciation. Based on work elsewhere (Pekar et al., 2006; Schrag
et al., 2002) we might expect the ∆δ18Obenthic signal to be composed of at least equal
parts ice volume and temperature (line b’, Fig. 4.2). On this basis we calculate ice
budgets that are easily accommodated on central Antarctica alone (∼0.4 to 0.6 times
modern Antarctic budget). Under these circumstances, only by assuming an extremely
high value for δ18Oice akin to the average for high altitude glaciers in the temperate
zone today (≥15‰ SMOW) does the calculated ice volume exceed the modern budget
for Antarctica (Fig. 4.2).

The main reason why the ice budgets of Tripati et al. (2005) are so large is because their
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estimate of ∆δ18Obenthic was based on outlying data points and their isotope record is
particularly sparse towards the top of magnetochron C19r (note the coring gap on the
run up to CAE-3 and inferred glaciation, at the zone I/II boundary in Fig. 4.1c). To
assess this interval in more detail we show an expanded version of our foraminiferal δ18O
series together with accompanying δ13C, lithological and bulk sediment records in Fig.
4.3. Excursions to lower values of δ18O (by ∼0.4‰) and δ13C (by 1.2−1.5‰) occur in
both benthic and planktic records. These are accompanied by prominent decreases in
bulk δ18O (by 1.8‰) and δ13C (by 1.1‰) within magnetochron C19r, across a 30 cm
interval containing a highly dissolved foraminiferal assemblage and a well-developed red
clay horizon where carbonate content falls sharply from ∼75 weight percent CaCO3 to a
minimum of ∼35 weight percent CaCO3 (Fig. 4.3f). This event goes undetected in the
equatorial Pacific record, presumably because it falls in the core gap at ODP Site 1218
(Fig. 4.1c) and therefore cannot explain the discrepancy between the two δ18Obenthic

signals shown in Fig. 4.1. On the other hand, our records show that, while ODP Site
1260 remained above the CCD for the vast majority of the study interval, shortly before
the CCD deepened in the equatorial Pacific (CAE-3 in Fig. 4.1), it shoaled in the
equatorial Atlantic sufficiently to be readily detectable at a water depth of about 3.0 to
2.5 km. In this respect, our records resemble those for the Eocene/Oligocene boundary
where the CCD shoals sufficiently to completely eliminate CaCO3 burial at ODP Site
1218 for ∼200 kyr immediately before the rapid two-step deepening associated with
Antarctic glaciation (see Figure 1 of Coxall et al. 2005).

4.4 Conclusions

We cannot yet determine whether the C19r event is global in occurrence because of the
coring gap at ODP Site 1218 and radiolarian clays and low sedimentation rates (≤0.2 cm
kyr) at other key drill sites in the Equatorial Pacific (Shipboard Scientific Party, 2002b)
and on Shatsky Rise (Shipboard Scientific Party, 2002a). But it is distinct from the
much longer-lived Middle Eocene Climate Optimum already documented at Site 1260
Sexton et al. (2006a) and it is more similar in expression to the well-known intervals of
rapid carbon-cycle-led global warming and CCD shoaling in the early Palaeogene. The
magnitude of the palaeoceanographic signals that we have documented for magnetochron
C19r at Site 1260 is smaller than seen at the Palaeocene/Eocene boundary (Zachos et al.,
2001, 2005) but at least as large as those marking the Eocene Thermal Maximum 2 (∼53
Myr ago) (Lourens et al., 2005).

Our findings appear to highlight the instability of Eocene climate and to emphasize close
coupling to the carbon cycle as expressed in oceanic carbonate saturation and δ13C. If
the interval of CCD shoaling and isotopic shifts that we document is substantiated else-
where, our results suggest that carbon-cycle-led instabilities akin to those documented in
the early Eocene were not restricted to the Cenozoic climate optimum but also occurred
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Figure 4.3: Palaeoceanographic records from ODP Site 1260 showing the run-up to
CAE-3. We note the short-lived interval of CCD shoaling and ocean warming around 75
metres composite depth. a, Benthic δ13C data. b, Planktic δ13C data. c, Benthic δ18O
data. d, Planktic δ18O data. e, Bulk sediment lightness (Shipboard Scientific Party,
2004). f, Bulk sediment weight %CaCO3. g, Bulk sediment δ13C. h, Bulk sediment
δ18O. Question marks in a−d denote absence of two to three samples because of the
lack of suitable foraminifera for analysis in this interval. Grey shaded zones I and II as

in Fig. 4.1.

millions of years later when the Earths baseline climate had cooled substantially and
was poised much closer to the threshold of continental glaciation (Fig. 4.1a). Climate
modelling experiments suggest (DeConto and Pollard, 2003, 2006) that this threshold
would have been crossed earlier in the Southern Hemisphere than in the Northern Hemi-
sphere (Fig. 4.1a) because of the fundamentally different land–ocean distributions at
the two poles. Our work helps to re-align the geologic record with this view.

4.5 Methods

4.5.1 Chronology

We use the published (Suganuma and Ogg, 2006) palaeomagnetic reversal stratigraphy
for ODP Site 1260, which we supplemented by analysing nearly 100 additional samples
collected at approximately 20 to 30 cm intervals across each of the magnetic reversals
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in the studied stratigraphic interval (magnetochrons C20r through C18r). Methods are
as in Suganuma and Ogg (2006).

4.5.2 CaCO3 and stable isotope data

All data were generated at the National Oceanography Centre, Southampton, UK. Bulk
sediment weight %CaCO3 was measured on small (20−30 mg) discrete samples (1−5 cm
spacing), by high-precision coulometry. Our foraminiferal stable isotope (δ18O and δ13C)
data were generated using species separates of the benthic and planktic foraminifera Cibi-
cidoides eoceanus and Morozovelloides lehneri, respectively. Foraminifera were cleaned
by ultrasonication before analysis. Benthics were picked from the size range 300−450
µm while planktics were picked from the 250−300 µm size fraction. Bulk stable iso-
tope measurements were generated on splits of the same samples used for CaCO3 data.
All stable isotope measurements were determined using a Europa GEO 20−20 mass
spectrometer equipped with an automatic carbonate preparation system. Results are
reported relative to the Vienna Pee Dee Belemnite (VPDB) standard with an exter-
nal analytical precision, based on replicate analysis of an in-house standard calibrated
to NBS-19, better than 0.1‰ for δ18O and δ13C. Benthic δ18O values that we report
from ODP Site 1260 have been adjusted to equilibrium by adding 0.28‰VPDB, the
Palaeogene correction factor for Cibicidoides. We plot Cibicidoides data from ODP Site
1218 in the same way to aid comparison (Site 1218 data from Nuttallides truempyi are
reported in the same way as in Tripati et al. 2005).



Chapter 5

Magnetic reversal stratigraphy of

ODP Site 1051, Blake Nose

5.1 Introduction

5.1.1 Construction of the Geomagnetic Polarity Time Scale

The Geomagnetic Polarity Time Scale (GPTS) is the backbone of geological research,
enabling stratigraphic correlation of rocks and sediments worldwide. The GPTS is based
on the discovery that alternating intervals of magnetic polarity recorded by iron-bearing
minerals in ocean basalts, correspond to reversals of Earth’s magnetic field through time
(Fig. 5.1) (Vine and Matthews, 1963). Recognition that this same pattern of magnetic
reversals was also recorded simultaneously by iron oxides and other magnetic carriers
in rocks and sediments worldwide, led to the development of magnetostratigraphy as
a means of correlating sediments to the reference GPTS (Harrison and Funnell, 1964;
Opdyke et al., 1966). At the present day the magnetic pole is in the Northern Hemisphere
and the magnetic field is regarded as possessing a ‘normal’ polarity (Fig. 5.2), when
the magnetic pole is in the Southern Hemisphere the magnetic field is said to possess a
‘reversed’ polarity.

The GPTS was constructed by determining the relative widths of Late Cretaceous and
Cenozoic magnetic polarity intervals recorded in ocean basalts from marine magnetic
anomaly profiles (Fig. 5.1). These profiles were primarily from the well documented,
slow spreading South Atlantic mid ocean ridge (Heirtzler et al., 1968; Cande and Kent,
1992a), which has a long and continuous spreading history (Cande et al., 1988). Where
necessary, finer scale information on magnetic polarity intervals was integrated into the
South Atlantic spreading model from the marine magnetic profiles of faster spreading
ridges (≥50 mm/yr) in the Pacific and Indian Oceans (Cande and Kent, 1992a). The
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Figure 5.1: Magnetic reversals recorded in ocean crust. a) Magnetic ‘stripes’, rep-
resent alternating intervals of magnetic polarity or ‘chrons’ that run parallel to the
spreading ridge and are symmetrical on both sides of the ridge. Polarity chrons are
of varying widths because of changes in seafloor spreading rates and in the timing of
magnetic polarity reversals. b) Schematic magnetic anomaly profile for the pattern of
magnetic reversals shown in a. Polarity intervals in the Cenozoic and Late Cretaceous
are numbered sequentially backwards from magnetochron C1 at the present day through
to C34 in the Late Cretaceous. Normal geomagnetic polarity intervals are denoted by
the suffix ‘n’ ,e.g., 34n, and ‘r’ is used to define the preceeding reversed-polarity interval

(Ogg, 1995).

resulting composite magnetic polarity ‘reference’ sequence was then scaled and fitted
onto a synthetic sea-floor spreading flow line in the South Atlantic.

Despite the large number of magnetic reversals recorded in the Late Cretaceous and
Cenozoic, very few reliable radiometric ages exist to establish an absolute chronology
for the magnetic reversal stratigraphy. This is largely attributable to difficulties in
dating ocean basalts in which magnetic polarity intervals are recorded. In addition,
an assumption of the seafloor spreading rate through time has to be made in order
to interpolate between age control points. Unlike their predessors (Heirtzler et al.,
1968), Cande and Kent (1992a) assumed that seafloor spreading rates were not constant
through the Late Cretaceous and Cenozoic but varied (smoothly) with time. They
therefore generated a time scale for the composite magnetic reversal sequence by fitting
a cubic spline function to nine radiometric age calibration points and the zero-age ridge
axis dating from the current magnetochron, C1n to the Cretaceous ‘superchron’ C34n
(Cande and Kent, 1992a). However, of the nine radiometric ages used in Cande and Kent
(1992a), only four fell within the Paleogene. Subsequent revision of age control points
resulted in a revised GPTS in 1995, with the Cretaceous/Tertiary boundary revised
from 66 to 65 Ma (Cande and Kent, 1995) and the first magnetochron ages based on
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Figure 5.2: Schematic view of Earth’s magnetic field lines at the present day. At the
equator, the magnetic field lines are parallel to the Earth’s surface therefore inclination,
defined as the angle between the Earth’s surface and the magnetic field, is 0◦. At higher
latitudes, inclination becomes progressively steeper until at the north magnetic pole,
magnetic field lines are directed straight down into the Earth and inclination is 90◦.
During an interval of normal polarity, rocks and sediments in the Northern Hemipshere
record a positive inclination and in the Southern Hemisphere a negative inclination.

The opposite is true for an interval of reversed polarity.

astrochronology in the Plio-Pleistocene (Shackleton et al., 1990; Hilgen, 1991). In 2004,
a new GPTS was proposed which revised the ages of magnetochrons from C6 in the
earliest Miocene to C33 in the Cretaceous (Ogg and Smith, 2004). Modifications included
astronomical tuning of the Neogene magnetic anomaly profile, estimated duration of
Paleogene chrons from Milankovitch cyclicity, a new ridge spreading rate model and
an increased number of radiometric age-control points available for spline fitting, of
which twelve now fell in the Paleogene. The GPTS is in a constant state of flux and
will continue to evolve as more precise magnetostratigraphic correlations are determined,
new age control points are generated and as an astronomical timescale becomes available
for the Paleogene.

The GPTS shows that complete reversals of magnetic polarity occur every 2 to 3 million
years on average (Ogg, 1995). However, marine magnetic anomaly profiles from fast
spreading mid ocean ridges, often show that intervals of constant polarity are punc-
tuated by small amplitude, short frequency features termed ‘tiny wiggles’ (Fig. 5.3)
(LaBrecque et al., 1977). There are two competing hypotheses as to the origin of these
tiny wiggles. The first hypothesis suggests that tiny wiggles represent short magnetic
reversals (Blakely and Cox, 1972; Gubbins, 1999; Roberts and Lewin-Harris, 2000). In
fact, several tiny wiggles are now recognised as true magnetic reversals, these are the
∼10 kyr long normal polarity Cobb Mountain (Mankinen et al., 1978; Clement and Mar-
tinson, 1992) and Réunion subchrons (Chamalaun and McDougall, 1966) at ∼1.1 Ma
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and ∼2.1 Ma, respectively. The second hypothesis, is that the majority of tiny wiggles
reflect large scale fluctuations in Earth’s magnetic field intensity that are sometimes
accompanied by palaeodirectional changes, termed palaeomagnetic ‘excursions’ (Cande
and Kent, 1992b; Tauxe and Hartl, 1997; Bowles et al., 2003). However, the origin of
many tiny wiggles in magnetic anomaly profiles remains uncertain. Consequently, Cande
and Kent (1992a) refer to these tiny wiggles as ‘cryptochrons’ and exclude them from
the GPTS because of complications in determining the origin and global significance of
these short ≤30 kyr events. At least 54 tiny wiggles are identified from Cenozoic marine
magnetic anomaly profiles but none are reported in the 20 million year interval between
magnetochrons C15 in the Late Eocene and C24 in the Early Eocene (Cande and Kent,
1992a). Eocene marine magnetic anomaly profiles do show some evidence of tiny wiggles
through this interval (Fig. 5.3) but these tiny wiggles are from widely spaced locations
and the tiny wiggles are not reproducible between profiles (Cande and Kent, 1992a).
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Figure 5.3: Magnetic anomaly profiles from the North Pacific used to constrain the
fine detail within magnetic anomalies 15 to 20 in the Middle Eocene. Positive anomalies
correspond to intervals of normal magnetic polarity and negative anomalies to reversed
magnetic polarities. Black arrows indicate the position of tiny wiggles in the stacked
anomaly record. The stacked records results in a smoothing of tiny wiggles reducing
their apparent amplitude and the number of events because not all wiggles are uniformly
resolved between the different profiles. Red box outlines the interval investigated at
high resolution in this study and black arrows indicate the position of tiny wiggles in
the individual profiles during this interval. Figure modified from Figure 20 in Cande

and Kent (1992a).

In this chapter a new high-resolution magnetic reversal stratigraphy is presented from
sediment cores of Eocene age recovered at Ocean Drilling Program (ODP) Site 1051
in the western North Atlantic. At Site 1051 a stratigraphically complete (to magne-
tochron level) Middle Eocene sedimentary succession was recovered with the highest
deep-sea sedimentation rates (∼4 cm/kyr) so far reported for this interval of time. The
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Middle Eocene interval investigated here (magnetochrons C18 and C19) is a key tar-
get of chronostratigraphic studies for two main reasons. First, there are extremely few
direct calibrations of calcareous plankton biostratigraphic datums to sections with re-
liable magnetostratigraphies in this interval (Berggren et al., 1985, 1995; Aubry and
Van Couvering, 2005). Second, the interval in which magnetochrons C18 and C19 occur
is palaeoclimatically important because it hosts the global warming event, the Middle
Eocene Climatic Optimum (MECO) (Bohaty and Zachos, 2003; Sexton et al., 2006a;
Agnini et al., 2007; Spofforth et al., 2008) and the so-called ‘extreme bipolar glaciation’
event hypothesized by Tripati et al. (2005) (see Chapter 4). The aims of this work are to
refine the existing magnetic reversal stratigraphy at Site 1051, to help calibrate planktic
foraminiferal datums at this site (datums refined in Chapter 6), to aid refinement of
the integrated biomagnetochronologic scale (IBMS), to help constrain the nature and
timing of palaeoclimatic events and to to determine the origin of tiny wiggles reported
in magnetochron C18.

5.2 Geological setting and magnetostratigraphy of ODP

Site 1051

During ODP Leg 171B, a depth transect of five sites were drilled on the Blake Nose
plateau in the western North Atlantic (Sites 1049 - 1053) aimed at recovering shallowly
buried Cretaceous and Paleogene sediments. Two holes, A and B, were drilled at Site
1051 (30◦03’N; 76◦21’W) (Fig. 5.4) in a water depth of ∼1980 mbsl. Site 1051 recovered
an expanded and almost complete Late Paleocene to Late Eocene sedimentary sequence
dominated by nannofossil and siliceous microfossil oozes, with ∼25 thin ash layers in the
Eocene (Shipboard Scientific Party, 1998). The Middle Eocene is represented at Site
1051 by two main subunits; subunit IB, a thick yellow siliceous nannofossil ooze with
foraminifers and clay (1051A, 2.98 - 73.96 metres composite depth, mcd;1051B, 4.80 -
74.05 mcd) and subunit IC, a grey green siliceous nannofossil ooze with foraminifers
and clay (1051A, 73.96 - 129.98 mcd; 1051B, 74.05 - 146.06 mcd). The transition from
subunit IB to IC is marked by a sharp yellow to green colour transition reflecting a
change in the redox state of the sediment as observed at other Blake Nose Sites 1050,
1052 and 1053. A composite shipboard splice was constructed for the Middle Eocene by
correlating GRAPE density and colour data between holes A and B, with 1051B forming
the backbone of the splice (Shipboard Scientific Party, 1998).

Shipboard pass-through cryogenic magnetometer measurements made during Leg 171B,
were made at ∼5 cm intervals on cores from both holes A and B, using alternating
field (AF) demagnetisation (Chapter 2 for details of the method). Shipboard mea-
surements yielded a relatively noisy polarity record from which it was difficult to ac-
curately determine the boundaries of individual polarity intervals. Subsequently, 195
minicores from Hole 1051A, 2 samples per core section, were taken for shore based
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Figure 5.4: Location map showing the position of ODP Site 1051 on the Blake Nose
Plateau.

work and treated using progressive thermal demagnetisation (Ogg and Bardot, 2001).
These new measurements were integrated with the shipboard dataset enabling a more
reliable magnetostratigraphy to be developed from magnetochron C28n through C16n
(Shipboard Scientific Party, 1998; Ogg and Bardot, 2001).

5.3 Results

5.3.1 Magnetic behaviour and palaeomagnetic directions of sediments

from ODP Site 1051

To generate a continuous high-resolution record of magnetic polarity from ODP Site
1051, continuous u-channels were taken between 1051A 7H-3 (66.15 mcd) and 1051B
15H-7 (146.43 mcd) following the shipboard splice, and measured at 1 cm (∼250 yr) res-
olution using progressive stepwise alternating field (AF) demagnetisation on a cryogenic
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magnetometer (Chapter 2 for further details). The majority of the u-channel samples
have weak magnetisations, in the range of 10−5 to 10−4 mA/M typical of carbonate rich
sediments, which contain a low abundance of magnetic minerals. At Site 1051 the weak
magnetisation potential of the sediments is further exacerbated by the high dilution of
magnetic carriers by biogenic components, in particular radiolarians (Shipboard Scien-
tific Party, 1998). Despite the weak magnetic signal recorded, the majority of u-channel
samples have a stable and easy-to-interpret magnetic behaviour, demonstrated by de-
magnetisation directions that trend towards the origin of the vector component plot or
Zidjerveld diagram (Fig. 5.5). Most of the analysed samples are characterised by the
presence of a small, low-stability component with a steeply dipping normal inclination
(blue dashed lines in Fig. 5.5c and e) which is interpreted to be an overprint from
drilling. This magnetic overprint is successfully removed with peak AF fields of 20 mT
isolating the characteristic remanent magnetism (ChRM) of each of the samples in the
lower part of the core splice (108 - 146 mcd) between 20 and 50 mT, shown by the red
dashed lines in Figure 5.5. Typical demagnetisation behaviour of u-channel samples is
shown in Figure 5.5.

Towards the top of the core splice, 65 to 108 mcd, the demagnetisation behaviour of
samples is progressively less stable, i.e., no clear ChRM component decaying towards the
origin of the Zidjerveld diagram, and at demagnetisation steps above 20 mT behaviour
often becomes erratic showing increasing magnetic intensities (Fig. 5.6a, b and c).
Therefore, the ChRM in these samples is typically determined between the 5 and 20
mT demagnetisation steps (red dashed lines in Fig. 5.6a and b). Several u-channels
record large jumps in the magnetisation intensity known as ‘flux’ jumps (Fig. 5.6e).
These occur when the magnetometer is unable to count the large magnetic flux from
‘strongly’ magnetised samples fast enough and a non-reversable jump in magnetisation
occurs (Roberts, 2006). Flux jumps render all of the data from that demagnetisation
step useless and these data are removed from the dataset, reducing the number of data
points that can be used to determine the sample’s ChRM.

To determine the magnetic inclination and declination of the ChRM in each sample and
the reliability of these calculated values, principal component analysis (PCA) was used
to estimate the best least-squares regression line fit, along the demagnetisation paths
plotted onto Zijderveld diagrams (Fig. 5.5 and described in Chapter 2) (Kirschvink,
1980). A minimum of three and a maximum of seven successive data points thought to
represent the ChRM were manually selected for PCA of each sample. The precision of
the best fit line was estimated by the maximum angular deviation (MAD). Lines with
a MAD value of ≥15◦ are thought to represent unstable magnetic behaviour and are
generally excluded from palaeomagnetic studies, whereas those with a MAD value ≤10◦

represent more reliable and stable magnetic behaviour, for example Figure 5.5 (Butler,
1992; McElhinny and McFadden, 2000). Following this orthodoxy, only data with a
MAD value of ≤10◦ are presented in this study. This practice results in a relatively
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measured in mA/M. MAD of all samples shown is ≤10◦.
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Figure 5.6: Typical alternating field (AF) demagnetisation profiles for 65 to 90 mcd
from ODP Site 1051. For the Zidjerveld diagrams, open symbols represent projections
on to the vertical plane (inclination - labeled with demagnetisation steps) and closed
symbols onto the horizontal plane (declination). Dashed blue and red lines represents
the secondary natural remanent magnetism (NRM), i.e., overprint,s and the character-
istic remanent magnetism (ChRM) respectively. Insets show changes in NRM intensity
during AF demagnetisation, Mmax is the maximum magnetisation measured in mA/M.
Figures a) and b) ChRM interpreted between 5 and 20 mT, prior to intensity increase
and spurious component decaying away from origin of plot, c) and d) clear ChRM com-
ponent, e) flux jumps at 30 and 35 mT, data points must be removed from dataset prior
to interpretation of ChRM, and f) sample not interpreted because shows an anoma-
lous increase in intensity at progressively higher demagnetisation levels and no clear

component decaying towards the origin of the plot.
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continuous polarity record in the lower part of the core splice where ≥75% of data have
MAD values ≤10◦ (Table 5.1) but in the topmost part of the core splice the polarity
data are more sparse because only ∼50% of the data have a MAD value ≤10◦.

Table 5.1: Summary of maximum angular deviation (MAD) values in the ODP Site
1051 core splice. Cores are presented in the order in which they appear in the 1051 core
splice between 150 and 64 mcd. Higher percentage of ‘good’ (MAD ≤10◦) data points
are recovered in the lowermost part of the core splice where demagnetisation behaviour

of samples is more stable (Fig. 5.5).

Site Hole Core % MAD ≤10 % MAD ≥10
1051 B 15H 95.6 4.4
1051 A 15H 84.5 15.5
1051 B 14H 93.4 6.6
1051 A 14H 76.7 23.3
1051 B 13H 93.6 6.4
1051 A 13H 97.6 2.4
1051 B 12H 87.2 12.8
1051 A 12H 97.9 2.1
1051 B 11H 95.1 4.9
1051 A 11H 78.4 21.6
1051 B 10H 57.1 42.9
1051 B 9H 50 50
1051 A 9H 76.4 23.6
1051 B 8H 54.4 45.6
1051 A 8H 85.6 14.4
1051 A 7H 53.3 46.7

5.3.2 Reconstructing palaeointenstity variations of the geomagnetic

field

Anhysteretic remanent magnetism (ARM) was imparted to all of the u-channels follow-
ing measurement of NRM (Chapter 2 for details). These data were coupled with NRM
data measured in the same sediments to generate a NRM/ARM record, a proxy for the
palaeointensity of Earth’s magnetic field used to help determine the origin of polarity
shifts observed in the dataset. Low-field magnetic susceptibility was also measured on
a sub set of u-channels to provide a second normalising parameter but the measured
signal had a low signal to noise ratio and therefore a magnetic susceptibility record was
not generated for the study interval.
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5.4 Discussion

5.4.1 Magnetic reversal stratigraphy at ODP Site 1051

Following principal component analysis, measurements with an inclination ≥+80 de-
grees (assumed to be a steep drilling overprint) were removed from the dataset, as were
data from the top and bottom 5 cm of each u-channel to avoid edge effects resulting
from smoothing of magnetometer measurements over a 10 cm moving window (Roberts,
2006). Recognition of polarity intervals is based on the clustering of positive or negative
inclinations, predominantly after the 20 mT demagnetisation step for the lower part of
the core splice (108 - 150 mcd) and between 5 and 20 mT in the upper part of the data
set (65 - 108 mcd). ODP Site 1051 has an estimated paleolatitude (λ) of ∼25◦N in
the Eocene (Ogg and Bardot, 2001), therefore positive inclinations correspond to nor-
mal polarity intervals and negative inclinations to reversed polarity intervals (Fig. 5.2).
Planktic foraminiferal biostratigraphic datums and the pattern of polarity chrons are
used to anchor the magnetic reversal stratigraphy to the GPTS. For consistency with
the new Eocene planktic foraminiferal stratigraphy employed in this study (Berggren
and Pearson, 2005), the numerical ages of the GPTS of Cande and Kent (1992a, 1995)
are used. The main features of the polarity pattern at ODP Site 1051 are well resolved,
providing a detailed record of magnetochrons C19r through C18n in the Middle Eocene
(Figs 5.7, 5.8, 5.9, 5.10 and 5.11).

The short normal polarity interval between 138.42 and 143.53 mcd has a sharp square
wave polarity pattern that is assigned to magnetochron C19n, with chron boundaries
resolved by the new dataset to within ±1 cm (magnetochron boundary defined as the
point where inclination becomes 0◦) (Fig. 5.11). The sharp (≤20 cm) transition between
polarity states indicates that magnetic reversals occurred rapidly (within 5 kyrs), and are
accompanied by a collapse in the magnetic field intensity, inferred from the NRM/ARM
record (horizontal grey bars in Fig. 5.12). Magnetic field intensity decreased by ∼70-
80% reaching minimum values immediately prior to and during the transition from
magnetochron C19r to C19n. There is an increase in the relative palaeointensity of the
magnetic field following this transition before it collapses once again to lower values
at the succeeding magnetochron C19n/C18r boundary. Good agreement between the
position of magnetic reversals and magnetic field intensity variations in the dataset
suggests that these records are robust.

The long reversed polarity interval between 90 and 138 mcd that follows magnetochron
C19n is assigned to C18r (Fig. 5.9). Superimposed on magnetochron C18r are a num-
ber of previously unrecognised short-lived intervals during which the magnetic polarity
reverses. These are referred to as polarity ‘events’ for the time being to avoid confusion
with geomagnetic excursions and reversals and are discussed in more detail in subsec-
tion 5.4.3. The top of magnetochron C18r is not so well defined as its base because
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there are several short excursions to more positive inclination values at 91 and 94 mcd
prior to the reversal, and the magnetic reversal itself is only sparsely recorded because
many of the samples from this interval lack a clear ChRM and therefore have a poor
MAD value (≥15◦). A weak ChRM component may be attributable to the sustained
interval of low magnetic field intensity that accompanies the magnetic reversal, i.e., only
generating a weak magnetic signal (Figs 5.14 and 5.15) and be exacerbated by the weak
magnetisation potential of the carbonate-rich sediments at Site 1051.

Within the succeeding polarity interval assigned to magnetochron C18n.2n, data is more
sparse because of poorly defined ChRM in many samples and in two rare cases, the
polarity of two entire core sections is uninterpretable (Fig. 5.6f). The deterioration in
the stability of the magnetic signal recorded in sediments at Site 1051 above 85 mcd,
appears to coincide with an increase in the frequency and amplitude of changes in the
NRM/ARM record (Fig. 5.14). This may reflect instability of the geomagnetic field
intensity through this interval but records from other deep sea sites show no evidence
for this (Pares and Lanci, 2004; Florindo and Roberts, 2005; Jovane et al., 2007). It
is more likely that the decrease in the magnetic signal stability reflects changes in the
physical properties of the sediment or the magnetic signal recorders, that have modified
the magnetic intensity. The most obvious explanation therefore, is the large change
in sediment colour from yellow to green observed between subunits IB and IC at 74
mcd, which is coincident with the largest NRM/ARM variability. This colour change
is attributed to a change in the redox state of the sediment and may have modified
the magnetic character of the sediment. Otherwise, there are no other obvious physical
property changes across this interval. Additional analysis of small discrete samples to
determine any changes in the dominant magnetic carrier in the sediment upcore failed
to identify the magnetic components in the sediment because the signal to noise ratio
was too low.

At ∼67 mcd there is a short-lived polarity reversal that has a relatively distinctive square
wave polarity reversal. This polarity interval is interpreted as magnetochron C18n.1r,
the short subchron within C18n. The NRM/ARM record also indicates a drop in the
magnetic field palaeointensity associated with this magnetic reversal (Fig. 5.13). The
succeeding reversal back to C18n.1n is not recovered within the u-channels sampled here
but the low-resolution shore based work by Ogg and Bardot (2001) indicates a rapid
return to a long polarity interval characterized by positive inclinations at ∼60 mcd,
consistent with magnetochron C18n.1n (Fig. 5.8).

Figure 5.18 shows the bimodal distribution of the ChRM inclination values that broadly
coincide with the expected inclination (Iexp) ,∼43◦, of the geomagnetic field at Site 1051
(equation 5.1) suggesting that the magnetic polarity signal is robust for Site 1051. Short-
lived polarity events observed in magnetochron C19n and C18r contribute to transitional
values recorded in Figure 5.18. Inclination data generally show a good fit to the expected
inclination particularly in the lower part of the core splice but measured inclinations
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Figure 5.13: Palaeointensity and inclination data generated at Site 1051 between 60
and 70 mcd. Black diamonds are magnetic inclination data generated in this study. All
data have maximum angular deviation (MAD) values of ≤10◦. Negative inclinations
correspond to reversed polarity and positive inclinations to normal polarity intervals.
Natural remanent magnetism/anhysteretic remanent magnetism (NRM/ARM), proxy
for the palaeointensity of the geomagnetic field is shown for all samples. Orange and
brown diamonds are NRM/ARM at 20 and 25 mT, respectively. Gaps in the inclination
record represent data removed because they have MAD values of ≥10◦ or have an

uninterpretable polarity.
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Figure 5.14: Palaeointensity and inclination data generated at Site 1051 between 70
and 90 mcd. Black diamonds are magnetic inclination data generated in this study. All
data have maximum angular deviation (MAD) values of ≤10◦. Negative inclinations
correspond to reversed polarity and positive inclinations to normal polarity intervals.
Natural remanent magnetism/anhysteretic remanent magnetism (NRM/ARM), proxy
for the palaeointensity of the geomagnetic field is shown for all samples. Orange and
brown diamonds are NRM/ARM at 20 and 25 mT, respectively. Gaps in the NR-
M/ARM record reflect data removed because of flux jumps. Gaps in the inclination
record represent data removed because they have MAD values of ≥10◦ or have an

uninterpretable polarity.
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Figure 5.15: Palaeointensity and inclination data generated at Site 1051 between 90
and 110 mcd. Black diamonds are magnetic inclination data generated in this study.
All data have maximum angular deviation (MAD) values of ≤10◦. Negative inclinations
correspond to reversed polarity and positive inclinations to normal polarity intervals.
Natural remanent magnetism/anhysteretic remanent magnetism (NRM/ARM), proxy
for the palaeointensity of the geomagnetic field is shown for all samples. Orange and
brown diamonds are NRM/ARM at 20 and 25 mT, respectively. Gaps in the NR-
M/ARM record reflect data removed because of flux jumps. Gaps in the inclination
record represent data removed because they have MAD values of ≥10◦ or are have an

uninterpretable polarity.
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Figure 5.16: Palaeointensity and inclination data generated at Site 1051 between 110
and 130 mcd. Black diamonds are magnetic inclination data generated in this study.
All data have maximum angular deviation (MAD) values of ≤10◦. Negative inclinations
correspond to reversed polarity and positive inclinations to normal polarity intervals.
Natural remanent magnetism/anhysteretic remanent magnetism (NRM/ARM), proxy
for the palaeointensity of the geomagnetic field is shown for all samples. Orange and

brown diamonds are NRM/ARM at 20 and 25 mT, respectively.
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Figure 5.17: Palaeointensity and inclination data generated at Site 1051 between 130
and 150 mcd. Black diamonds are magnetic inclination data generated in this study.
All data have maximum angular deviation (MAD) values of ≤10◦. Negative inclinations
correspond to reversed polarity and positive inclinations to normal polarity intervals.
Natural remanent magnetism/anhysteretic remanent magnetism (NRM/ARM), proxy
for the palaeointensity of the geomagnetic field is shown for all samples. Orange and
brown diamonds are NRM/ARM at 20 and 25 mT, respectively. Gaps in the NR-
M/ARM record reflect data removed because of flux jumps. Gaps in the inclination
record represent data removed because they have MAD values of ≥10◦ or are have an
uninterpretable polarity. Solid grey bar at 133.3 mcd indicates ‘suspect’ inclination

excursion within 10 cm of the end of the u-channel.



Chapter 5 Magnetic reversal stratigraphy of ODP Site 1051, Blake Nose 81

appear to shallow at some depths, e.g., 98 mcd (Fig. 5.9). Inclination shallowing may
be an artifact of the manual PCA method, in which the optimum demagnetisation steps
were individually selected for each sample. Alternatively, shallowing may represent some
variability in the degree of sediment compaction within the section, which is often related
to changes in clay content of the sediment and/or depositional processes (Celaya and
Clement, 1988; Arason and Levi, 1990; Kodama, 1997).

tanI = 2tanλ (5.1)
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Figure 5.18: Histogram of characteristic remanent magnetisation (ChRM) inclina-
tions for ODP Site 1051. The expected inclinations (Iexp) for the site are shown by the
vertical orange bars. Data show a bimodal distribution of ChRM inclinations with the

highest frequency of data around the Iexp.

5.4.2 Revising the shipboard magnetostratigraphy

Assignment of magnetochrons to polarity intervals identified at Site 1051 differs sub-
stantially between this study and Ogg and Bardot (2001) in the topmost part of the
study interval, above ∼65 mcd (Fig. 5.19). When correlating the pattern of polarity
reversals to the GPTS, the shipboard party placed the greatest weight on calcareous
nannofossil biostratigraphic datums (Fig. 5.20). The topmost metres of Site 1051 were
consequently assigned to the Late Eocene, based on the first occurrence (FO) of the
calcareous nannofossil species Chiasmolithus oamauruensis, that defines the base of bio-
zone CP15 (Bukry, 1973, 1975). Therefore, the uppermost polarity interval identified in
Hole 1051B and the core splice is interpreted as corresponding to magnetochron C16n,
giving the top of the core splice an estimated age of 36.4 Ma (Shipboard Scientific Party,
1998; Ogg and Bardot, 2001). Several lines of evidence, listed below, have led to the
re-interpretation of the shipboard magnetostratigraphy between 5 and 95 mcd.
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• The polarity interval assigned to magnetochron C18n in the shipboard age model
(Ogg and Bardot, 2001) appears relatively shortened compared to the reference
scale of polarity chrons by Cande and Kent (1992a, 1995).

• In the shipboard age model, a large drop in the sedimentation rates, from 4.4 to 1.1
cm/kyr is calculated across the magnetochron C18r/C18n boundary (Fig. 5.20).

• At ODP Sites 1052 and 1053, which both recovered sediments of upper Eocene age,
the base of calcareous nannofossil zone CP15 falls close to the base of magnetochron
C17n.1n (∼37.9 Ma) coincident with the biomagnetostratigraphy of Berggren et al.
(1995) and others. However, at ODP Site 1051, the base of zone CP15 is correlated
to the base of magnetochron C16r at ∼36.6 Ma (Shipboard Scientific Party, 1998;
Ogg and Bardot, 2001).

• Planktic foraminiferal assemblages identified in the top of Hole 1051A are consis-
tent with assemblages found in planktic foraminiferal biozone P14 (now in biozone
E13) (Berggren et al., 1995; Berggren and Pearson, 2005), yet the shipboard age
model of (Ogg and Bardot, 2001) places biozone P14 within magnetochron C17n,
not C18n to which it is assigned by Berggren et al. (1995); Berggren and Pearson
(2005) - an offset of two million years.

• The last occurrence (LO) of the planktic foraminiferal species Orbulinoides beck-
manni reported at ODP Site 1051 (see Chapter 6), which defines the top of the E12
biozone, is correlated to the base of magnetochron C17n and assigned an age of
∼38.1 Ma using the shipboard age model Ogg and Bardot (2001) - 2 million years
younger than previously reported (Berggren et al., 1995; Berggren and Pearson,
2005).

Based on the points above, the long ranging normal polarity chron between ∼27.0 and
67.5 mcd in 1051A, is inferred to represent magnetochron C18n.1n, not C17n as assigned
by Ogg and Bardot (2001) (Fig. 5.19). Furthermore, the apparently well-defined short
polarity intervals at the top of Hole 1051B are tentatively re-assigned as magnetochrons
C17r and C17n, rather than to C16r and C16n as by the Shipboard Scientific Party
(1998). The revised age-depth plot for ODP Site 1051 based on the new interpretations
in this study is shown in Figure 5.20 and results in more uniform sedimentation rates
(∼3.5 cm/kyr) between 0 and 200 m than estimated by Ogg and Bardot (2001) (Fig.
5.20). Planktic foraminiferal and radiolarian datums appear to coincide well with the
new magnetostratigraphy. Calcareous nannofossil datums below 100 mcd are generally
in good agreement with the magnetostratigraphy although the assigned ages appear a
little too young. However, the FO of the nannofossil species Chiasmolithus oamaurensis
and Dictyococcites bisectus are significantly offset from the new magnetostratigraphy,
by about a million years. It is worth noting that these two datums are also offset
by several hundred thousand years from the shipboard magnetostratigraphy suggesting
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that they require further calibration to the GPTS. Indeed, Aubry in Berggren et al.
(1995) noted that the extremely low number of Middle Eocene sections with a reliable
magnetostratigraphy means that nannofossil datums defining biozones NP15 through
NP17 (37 - 40 Ma) are generally very poorly tied to magnetochronology.

Table 5.2: Depths of magnetic reversals at ODP Site 1051 and magnetochron assign-
ments. Position of the magnetic reversal is taken as the point where the inclination is
equal to 0◦. Shipboard magnetic reversals (*) from Ogg and Bardot (2001) with the
exception of the polarity chrons in the top of Hole 1051B not covered in additional work
by Ogg and Bardot (2001) and estimated from Figure 24 in Shipboard Scientific Party
(1998). Horizontal line refers to datum not determined in study. Ages according to

Cande and Kent (1992a, 1995). mcd = metres composite depth.

Shipboard data* This study
Magnetochron top (mcd) bottom (mcd) top (mcd) bottom (mcd) Age (Ma)
Base 16n ∼14.5 - - - 36.341
Base 16r ∼27.4 - - - 36.618
Base C17n 60.35 65.00 ∼14.50 - 38.113
Base C17r 68.00 71.00 ∼27.40 - 38.426
Base C18n.1n - - 60.35* 65.55 39.552
Base C18n.1r - - 67.52 67.54 39.631
Base C18n.2n 85.96 90.46 88.90 90.00 40.130
Base C18r 135.78 139.88 138.41 138.43 41.257
Base C19n 142.88 145.88 143.52 143.54 41.521

5.4.3 Temporal variability of the geomagnetic field in the Middle Eocene

At Site 1051, a total of 29 short-lived polarity ‘events’ are recorded within magnetochrons
C19n and C18r (Figs 5.9, 5.10 and 5.11). During these events the magnetic polarity ap-
pears to reverse, to varying degrees, for between 2 and 8 kyrs based on sedimentation
rates determined in this study. However, marine magnetic anomaly profiles from the
fast spreading North Pacific mid ocean ridge show evidence for only one or two tiny wig-
gles within magnetochron C18r (Fig. 5.3). This discrepancy may be a function of the
much lower temporal resolution ∼20 kyrs obtained in marine magnetic anomaly profiles,
significantly longer than the duration of the events estimated at Site 1051. The limita-
tion of magnetic anomaly profiles to determine short-term variability in the geomagnetic
field is demonstrated by the apparent absence of tiny wiggles during the Brunhes nor-
mal polarity chron (0.78 Ma to present), yet high resolution studies have recognised at
least six globally correlatible magnetic excursions (5-10 kyrs duration) (Langereis et al.,
1997), but perhaps as many as 14 (Lund et al., 1998) during this chron, suggesting
that magnetic excursions are a frequent and intrinsic part of palaeomagnetic secular
variability. High-resolution (≥5 kyrs) polarity reconstructions from Middle Eocene ma-
rine sediments at ODP Site 1220 (Pares and Lanci, 2004), ODP Site 690B (Florindo
and Roberts, 2005) and the Contessa Section in Italy (Napoleone et al., 1983; Jovane
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Figure 5.19: Comparison of shipboard polarity data and magnetochron assignments
with this new study. Red and yellow squares are magnetic inclination data from Ogg
and Bardot (2001) with maximum angular deviation (MAD) values of ≤10◦ and 10-
15◦, repectively. Black diamonds are magnetic inclinations generated in this study with
MAD values of ≤10◦. Vertical grey dashed lines represent the expected inclination
values (43◦ and -43◦) for Site 1051. Solid vertical grey line denotes 0◦. Note that Ogg
and Bardot (2001) only conducted additional palaeomagnetic analysis of Hole 1051A
but Hole 1051B contains slightly younger sediments and an additional pair of magnetic
reversals are recorded above those observed in Hole 1051A. These were assigned to
magnetochrons C16r and C16n but are now re-assigned to C17r and C17n shown on

Figure 5.20.
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2002b). Horizontal grey bar indicates no core recovery between 0 and ∼5 m.

et al., 2007), fail to show evidence of the polarity events observed at Site 1051 in mag-
netochrons C18 and C19, suggesting that tiny wiggles in this interval must be the result
of palaeointensity fluctuations or that magnetic reversals if present are less than 5 kyrs
in duration. Therefore, the high-resolution (250 yrs) study of magnetic polarity at ODP
Site 1051 in the Middle Eocene, which has the highest reported sedimentation rates for
the deep-sea (∼3.5 cm/kyr) at this time, offers an excellent opportunity to determine
the origin of the tiny wiggles observed in marine magnetic anomaly profiles and to assess
the temporal variability of the geomagnetic field.

The key to discerning the origin of polarity events is to understand how the magnetic
field intensity varied across these polarity shifts using the NRM/ARM record generated
in this study. Full reversals of the geomagnetic field are accompanied by a collapse in
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the magnetic field intensity prior to and during the magnetic reversal, a recovery of the
field intensity within the chron before deceasing in intensity again at the succeeding
reversal. This is clearly demonstrated across magnetochron C19n in Figure 5.12. In
contrast, during a geomagnetic ‘excursion’ ≤2 kyrs in duration the magnetic field does
not fully reverse polarity and palaeointensity records show a decline the magnetic field
intensity but the field intensity fails to recover within the excursion. The NRM/ARM
dataset shows that each of the polarity ‘events’ recorded in the u-channel dataset are
coincident with large peaks in the NRM/ARM ratio, resulting from an increase in the
measured NRM intensity. This renders the intensity data inconclusive and introduces
some uncertainty into the authenticity of the polarity events. While u-channels are ex-
cellent for generating high-resolution and continuous measurements of magnetic polarity,
one major drawback is that any large changes in the NRM intensity of the sediment can
introduce spurious directional artifacts to the dataset (Weeks et al., 1993; Roberts et al.,
1996) (Fig. 5.21). The lithology of the 1051 cores appears to be a relatively homogenous
siliceous nannofossil ooze with no obvious lithological changes. Visual inspection of u-
channels reveals no correlation to ash layers or gaps/cracks in the core, and interrogation
of physical property records find no obvious changes that can be invoked to explain the
spikes in NRM intensity. At present the observed polarity events can not be explained
by physical changes in the properties of the sediment, but the tiny wiggles recorded
in the magnetic anomaly profiles and high-resolution magnetic profiles in the Neogene
that show evidence of frequent short term variability in the magnetic field (Langereis
et al., 1997; Lund et al., 1998) suggests that at least some of these polarity events (es-
pecially those more than 20 cm from the core ends) may represent real variability in
the geomagnetic field. Given the apparent very short duration of the majority of the
polarity events (∼2 kyrs) it seems most likely that they represent fluctuations in the
magnetic field intensity, i.e., excursions rather than full magnetic reversals. To confirm
the nature of these short-lived polarity events, it is necessary to generate new NRM and
ARM records in continuous discrete samples from the intervals of high intensity because
discrete samples are not subject to the same palaeodirectional artifacts that can arise
in u-channel data as a function of the measurement process (see Section 5.6).

The short duration of the polarity events recorded at Site 1051 means that these events
will probably be of little use stratigraphically because of the temporal resolution achiev-
able in most deep sea sections and the feasibility of routinely carrying out high-resolution
studies. However, determining the origin of these events will significantly contribute to
our understanding of the temporal variability and the stability of the geomagnetic field
through time, and the debate on the origin of tiny wiggles.
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Figure 5.21: Simulated directional artifact introduced due to large changes in re-
manence intensity in a u-channel. a) True inclination profile, b) 2.5 fold increase in
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fact at the top and base of intensity change. The larger the intensity change the larger

the amplitude of the anomaly. Redrawn from Figure 6 in Roberts (2006).

5.5 Conclusions

ODP Site 1051 in the western North Atlantic recovered an expanded and stratigraph-
ically complete, to magnetochron level, sedimentary section from magnetochrons C26n
through C17n in the Middle Eocene. A revised magnetic reversal stratigraphy has
yielded the following results:

1. High-resolution (∼250 yrs) magnetic polarity records generated between 65 and
155 mcd at ODP Site 1051, show a well resolved pattern of magnetic reversals that
are assigned to magnetochrons C19r through C18n.1n. The new polarity records
significantly improve upon the resolution available from the shipboard study, with
the top and base of magnetochron C19n and the base of C18n.1r now constrained
to ±1 cm, and the base of C18n.2n to ±55 cm.

2. Re-evaluation of planktic foraminiferal biostratigraphic information and the ship-
board magnetic polarity sequence between 5 and 90 mcd has resulted in the reas-
signment of polarity chrons in the topmost part of the ODP Site 1051 core splice.
Magnetochrons are reassigned compared to the shipboard magnetostratigraphy (s)
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as follows; C18n (s) = C18n.1n, C17r (s) = C18n.1r, C17n (s) = C18n.2n, C16r
(s) = C17r and C16n (s) = C17n.

3. The new polarity record indicates a number of hitherto unreported short-lived
polarity ‘events’ within magnetochrons C18r and C19n. The nature and origin of
these excursions is as yet unconfirmed but a number of lines of evidence suggest
that these events may reflect real variability in the geomagnetic field in the Middle
Eocene.

5.6 Future work

The expanded and continuous Paleogene section recovered at Blake Nose has great po-
tential to help further refine the GPTS in the Middle Eocene. Future work will involve
generating an astronomical time scale for ODP Site 1051 using physical property data
(GRAPE and colour reflectance) generated during Leg 171B that show promising evi-
dence of cyclicity. An astrochronology will enable an astronomical tuning of individual
magnetochrons well resolved by this work (particularly magnetochron C19n) contribut-
ing towards refinement of the Paleogene GPTS, a more accurate estimation of the du-
ration of planktic foraminiferal zone E12 determined at Site 1051 in Chapter 6, and the
duration and timing of the MECO.

In order to discern the nature and origin of the polarity ‘events’ identified in the mag-
netic polarity record at ODP Site 1051, a series of discrete samples will be run on the 2-G
cryogenic magnetometer at the National Oceanography Centre, Southampton. Discrete
samples will be AF demagnetised and an ARM imposed using the same parameters as
used on the u-channels in this study. If the polarity ‘excursions’ are authenticated by
both a change in the polarity reversal (in the NRM dataset) and a collapse in relative
palaeointensity (in the NRM/ARM dataset) across the polarity reversals, then these
polarity excursions are likely to represent short magnetic reversals - the first recorded
in the Middle Eocene. If these polarity ‘events’ are demonstrated to be instrumental
artifacts, then the true inclination of these samples will be determined from the discrete
samples and incorporated into a dataset with a much ‘cleaner’ polarity sequence. Fur-
thermore, this would imply that the tiny wiggles observed in marine magnetic anomaly
profiles in magnetochron C18 reflect changes in the palaeointensity of the geomagnetic
field and not magnetic reversals.



Chapter 6

Refining planktic foraminiferal

biozone E12

6.1 Introduction

Planktic foraminifera are a powerful tool in palaeoceanography, they are one of the
primary means for determining the age of marine sediments and enabling regional and
worldwide correlation of marine sediments. In addition, they are one of the key methods
with which magnetic reversal stratigraphies generated in marine sediments are correlated
to the Geomagnetic Polarity Time Scale (GPTS). Their importance is due to their often
distinctive morphologies, relatively abundant occurrence (except where dissolution has
removed carbonate from sediments), large geographic distribution and rapid evolution-
ary rates. During the Eocene many new and distinctive planktic foraminiferal genera
made their first appearances Clavigerinella, Hantkenina, Turborotalia, Globigerinatheka,
Orbulinoides, Morozovelloides and Cribrohantkenina, accompanied by the rapid evolu-
tion of existing genera Morozovella and Acarinina, enabling effective stratigraphic sub-
division of the Eocene (Berggren, 1969; Blow, 1969, 1979; Toumarkine and Luterbacher,
1985; Berggren et al., 1995; Berggren and Pearson, 2005).

Planktic foraminiferal biostratigraphy was pioneered in the former Soviet Union (Sub-
botina, 1953) and in the Caribbean (Bolli, 1957a,b), intially for use in the petroleum
industry but with the advent of the Deep Sea Drilling Project (DSDP) and its succes-
sors, the Ocean Drilling Program (ODP) and the Integrated Ocean Drilling Program
(IODP) these biozonation schemes became widely applied. The Caribbean planktic
foraminiferal biozonation scheme of Bolli (1957a,b) provides the basis for the modern
low latitude zonal scheme because upon subsequent investigation it was demonstrated
that this zonation scheme was generally applicable throughout the (sub)tropical re-
gions worldwide (Berggren, 1969; Blow, 1969, 1979; Toumarkine and Luterbacher, 1985;
Berggren and Miller, 1988; Berggren et al., 1995). However, the absence of many of

89
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the low latitude biostratigraphic species at higher latitudes, meant that an alterna-
tive scheme had to be developed for these areas. Because high latitude assemblages
are typically dominated by longer ranging foraminifera with smaller, less distinctive
morphologies this results in a much coarser stratigraphic zonation scheme (Stott and
Kennett, 1990; Huber and Quillévéré, 2005). To provide a time scale for the sequence of
biostratigraphic events observed in marine sediments, Berggren et al. (1985) correlated
the first and last occurrences (FO and LO) of the calcareous plankton to the inde-
pendent chronometer, the GPTS. The chronology of the biostratigraphic datums was
then estimated using linear interpolations between radiometric calibration tie-points and
magnetostratigraphic boundaries, forming the first comprehensive Cenozoic integrated
biomagnetochronologic scale (IBMS). Advances in radiometric dating, revision of the
GPTS, and refinements of calcareous plankton biostratigraphy required a re-evaluation
of the IBMS in 1995 (Berggren et al., 1995), which is still the most widely employed
time scale in Cenozoic studies. In 2004, biostratigraphic datums from Berggren et al.
(1995) were recalibrated against the new GPTS of Ogg and Bardot (2001) resulting in
an updated IBMS. More recently, the Eocene (sub)tropical revised planktic foraminiferal
zonation scheme was introduced (Berggren and Pearson, 2005) which includes a signifi-
cant body of new work; modification of taxonomic genera/species concepts, taxa ranges
and improved calibrations of many planktic foraminiferal datums to the earlier GPTS
of Berggren et al. (1995). The new Eocene biozonation scheme adopts the prefix ‘E’ for
biozones following the existing nomenclature available for the Neogene; with the pre-
fixes ‘M’ (Miocene) and ‘PL’ (Pliocene) and ‘PT’ (Pleistocene) denoting foraminiferal
biozones, as presented in Berggren et al. (1995). This revised Eocene zonal stratigraphy
replaces the 13 planktic foraminiferal ‘P’ zones of Berggren et al. (1995) with 16 new
‘E’ zones.

Despite the vast amount of biostratigraphic data that has been collected, many Middle
Eocene biostratigraphic datums are still poorly calibrated to the GPTS because of the
extremely low number of high quality marine sections with good magnetostratigraphy
of this age. In particular, the interval containing planktic foraminiferal zone E12, P13 in
the biozonation scheme of Berggren et al. (1995), defined by the FO and LO of the short-
lived tropical planktic foraminiferal species Orbulinoides beckmanni, is extremely poorly
recovered hindering direct calibration of this biozone to the GPTS. A near global hiatus
truncates the top of biozone E12 in many deep sea sections at ∼40.0 Ma, while other sites
suffer from chert or condensation horizons, a lack of carbonate, magnetostratigraphic
control or the absence of the biostratigaphic marker species O. beckmanni (Fig. 6.1).
Consequently the low-resolution calibration of biozone E12 to the GPTS determined
at Contessa, Italy (Lowrie et al., 1982) has subsequently been adopted in the IBMS of
Berggren et al. (1985, 1995); Gradstein et al. (2004), with only a minor amendment
to this calibration in the new scheme of Berggren and Pearson (2005) based on the
restricted shipboard biostratigraphy determined at Site 1052, Blake Nose (Wade, 2004).
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1051

1260

Figure 6.1: Location map. Green dots represent deep sea sites where Middle Eocene
sediments have been recovered. Planktic foraminiferal biozone E12 is not identified at
any of these deep sea sites because of either (1) no carbonate sediment was recovered,
(2) non-deposition, (3) a sedimentary hiatus, (4) discontinuous sediment core recovery
or (5) the low latitude marker species Orbulinoides beckmanni is absent (Data from
http://www-odp.tamu.edu/). The red star labelled 1051 represents the most strati-
graphically complete deep sea section containing planktic foraminiferal zone E12, with
high sedimentation rates and good age control. Ocean Drilling Program (ODP) Site
1260 also marked by a red star is used here for comparison with Site 1051 but it is

stratigraphically incomplete.

O. beckmanni is a particularly useful biostratigraphic marker because it divides what
would otherwise be a very long ∼4 Myr biozone, the totality of biozones E11 through
E13, between the LO of the planktic foraminifera Guembelitriodes nuttalli at 42.3 Ma
and the LO of Morozovelloides crassata at 38.0 Ma. In addition, this interval of time is of
palaeoclimatic significance because it hosts the global warming event, the Middle Eocene
Climatic Optimum (MECO) (Bohaty and Zachos, 2003). Yet, no quantitative or high-
resolution study of the relative abundance of O. beckmanni has ever been conducted
to assess the reliability of the datums on which E12 is defined. In this chapter new
high resolution quantitative records of the biostratigraphic marker species O. beckmanni
are presented from ODP Sites 1051 and 1260. These are used to refine the existing
biomagnetocalibration and assess the reliabilty of the bioevents that define planktic
foraminferal biozone E12.
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6.1.1 Stratigraphy of ODP Site 1051

ODP Site 1051 was drilled during Leg 171B on the Blake Nose Plateau in the western
North Atlantic (Fig. 6.1), and comprises a stratigraphically complete (to magnetochron
level) and expanded Middle Eocene sequence of siliceous nannofossil ooze, that includes a
complete planktic foraminiferal E12 biozone. Estimated palaeowater depths for Site 1051
from benthic foraminiferal assemblages are 1500 - 2000 m (Shipboard Scientific Party,
1998) and the estimated palaeolatitude of the site is ∼25◦N (Ogg and Bardot, 2001).
A continuous shipboard splice was generated for the Middle Eocene at Site 1051. The
high sedimentation rates (∼4 cm/kyr) and good magnetochronology at Site 1051 (see
Chapter 5) allows high resolution calibration and a test of the reliability of the evolution
and extinction of Orbulinoides beckmanni as markers for planktic foraminiferal biozone
E12.

6.1.2 Stratigraphy of ODP Site 1260

Complimentary relative abundance records of O. beckmanni were generated at ODP Site
1260, at a palaeolatitude of 1◦S (Ogg and Smith, 2004), in order to assess the synchrony
of the FO of O. beckmanni between different sites in the Atlantic Ocean. ODP Site 1260
was drilled during ODP Leg 207, as part of a depth transect aimed at recovering ex-
panded sequences of shallowly buried Cretaceous and Paleogene sediments on Demerara
Rise in the tropical Atlantic (Fig. 6.1). Middle Eocene sediments are primarily composed
of greenish gray nannofossil chalks with foraminifera and radiolarians. The Demerara
plateau is thought to have reached water depths close to the present day, 2549 mbsf, at
Site 1260 by the Late Cenomanian (Arthur and Natland, 1979). Palaeodepth interpre-
tations based on the dominant benthic foraminifera in the assemblage at Demerara Rise
are indicative of depths between 2500 and 3000 m, consistent with a palaeodepth close
to the present during the Middle Eocene (Fig. 6.2). A continuous shipboard splice was
generated for the Middle Eocene, except for a 1 m gap that was not recovered in holes
A and B, at 57 mcd (Shipboard Scientific Party, 2004).

6.2 Results

6.2.1 Planktic foraminiferal biozone E12 at ODP Sites 1051 and 1260

High-resolution quantitative biostratigraphic analysis was carried out on the same sam-
ple splits (≥ 300 µm size fraction) used to assess biotic turnover ∼40.0 Ma in Chapter
7. At ODP Site 1051, planktic foraminifera were counted between 61.40 and 102.20 mcd
with a sampling resolution of between 10 and 30 cm equivalent to 3 - 9 kyrs resolution
respectively, based on sedimentation rates determined for Site 1051 in Chapter 5 (Fig.
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Figure 6.2: Reconstruction of palaeowater depth from benthic foraminiferal assem-
blages at ODP Site 1260 in the Middle Eocene. Grey bar indicates estimated palae-
owater depth range at Site 1260 based on the dominant components of the benthic
foraminiferal assemblage. Benthic foraminiferal taxonomy and the palaeowater depth

estimates for each species or genera follow that of Tjalsma and Lohmann (1983).

5.20). At ODP Site 1260, samples were counted between 38.27 and 60.27 mcd at 30
cm spacing, equivalent to ∼12 kyr resolution (Fig. 6.7). The main bioevents recorded
within the study interval are the evolution and extinction of the short-lived planktic
foraminiferal species Orbulinoides beckmanni (Saito, 1962), whose total range defines
planktic foraminiferal biozone E12 (Berggren and Pearson, 2005). O. beckmanni typi-
cally has a large (≥500 µm) and almost spherical test with an embracing final chamber
that comprises more than 50% of the total foraminiferal test. At the base of the final
chamber are multiple small secondary sutural apertures and numerous spiral supplemen-
tary apertures in the early whorls, some individuals may also possess areal apertures
in the the (pen)ultimate chambers (Saito, 1962). In contrast, O. beckmanni’s closest
ancestor Globigerinatheka euganea, from which O. beckmanni evolves (Fig. 6.3), is dis-
tinguished by the presence of three chambers in the final whorl that may increase rapidly
in size, a compact and spherical test with fewer and larger secondary apertures (typ-
ically 2 - 4), rarely recorded apertures in the inner spire and absent areal apertures
(Proto Decima and Bolli, 1970).
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Globigerinatheka euganea Orbulinoides beckmanniTransitional G. euganeaGlobigerinatheka curryi

Figure 6.3: Evolutionary lineage between Globigerinatheka curryi - Globigerinatheka
euganea - Orbulinoides beckmanni. Within this lineage there is a trend towards in-
creasing sphericity of the foraminiferal test as the final chamber becomes progressively
larger and more encompassing of the earlier chambers. At the same time sutural aper-
tures become smaller and more abundant, and the sutures between the earlier chambers

become less pronounced (Proto Decima and Bolli, 1970).

The samples studied contained a relatively diverse planktic foraminiferal assemblage typ-
ical of (sub)tropical environments in the Middle Eocene (Berggren, 1978; Keller et al.,
1992; Sexton et al., 2006b). Samples are dominated by the genera Acarinina, Morozovel-
loides, Globigerinatheka, Subbotina and Turborotalia with subordinate Orbulinoides and
Hantkenina (described in detail in Chapter 7). Planktic foraminiferal assemblages are
characteristic of planktic foraminiferal biozones E11 through E13 (P12 through P14 in
previous biozonation scheme of Berggren et al. 1995). Planktic foraminifera show ev-
idence of recrystallisation, i.e., are not glassy, but are free of carbonate infilling and
overgrowths based on observation under the binocular light microscope.

Figure 6.4 is a compilation of available data from deep sea drill sites (DSDP, ODP and
IODP) and exposed marine sections, to evaluate the palaeobiogeographic distribution of
O. beckmanni. This map is constructed using the standard presence/absence mapping
method applied in biological and ecological studies (Miller, 2004). Sites labelled ‘absent’
have recovered carbonate sediments of the appropriate Middle Eocene age, i.e., covering
the biozone E12 interval, but O. beckmanni is not present (solid yellow circles in Fig.
6.4). Sites where erosion has removed the E12 biozone interval or carbonate sediments
are absent have been excluded from this reconstruction. Where available, the paleolat-
itude of the site is used. Where an estimated paleolatitude is not already available it
has been estimated using the present day location of the site and the paleolatitude of
surrounding sites. Figure 6.4 provides a good first order approximation of the palaeogeo-
graphic distribution of O. beckmanni, indicating that it is present in all Eocene ocean
basins, with the exception of the high latitude Southern and Arctic Oceans. In fact,
O. beckmanni appears to only be present at sites between ∼30◦S and 45◦N, supporting
previous interpretations that it is restricted to tropical and warm mid-latitudes (Bolli,
1972; Premoli-Silva et al., 2006).

O. beckmanni is present at both ODP Sites 1051 and 1260 and its relative abundance in
the total planktic foraminiferal assemblage is shown in Figures 6.5 and 6.6 alongside the
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Figure 6.4: Palaeobiogeographic reconstruction of planktic foraminiferal species Or-
bulinoides beckmanni. Solid red and yellow circles indicate the presence and absence
of O. beckmanni, respectively. Data are compiled from deep sea drill sites (DSDP,
ODP and IODP) and exposed marine sections, that have recovered Middle Eocene
carbonate sediments that encompass the time interval in which the biozone E12 oc-
curs. To prevent introducing bias, sites where the O. beckmanni is not found because
of hiatuses, dissolution, lack of carbonate sediments or non-recovery of this interval,
are excluded from the map. Deep sea drill site data available from http://www-
odp.tamu.edu/. Exposed marine sections containing O. beckmanni from Beckmann
(1953); Bolli (1957b); Saito (1962); Cordey (1968); Samanta (1970); Mohan and Soodan
(1970); Salaj; Lowrie et al. (1982); Warraich and Nishi (2003); BouDagher-Fadel and
Clark (2006); Babić et al. (2007). Palaeogeographic base map for 40 Myr ago generated

at www.odsn.de/odsn/serices/paleomap/paleomap.html.

shipboard assignment of bioevents, also outlined in Table 6.1. At Site 1051 the FO of
O. beckmanni occurs at 106.45 mcd and at Site 1260 at 58.87 mcd. Figures 6.5 and 6.6
show that O. beckmanni has a low relative abundance (≤0.5 %) and sporadic occurrence
in the lowermost part of its stratigraphic range in magnetochron C18r at both sites.

At Site 1051 the relative abundance of O. beckmanni remains low in the bottom ∼20
m of the study interval. From 86.80 mcd, O. beckmanni is consistently present in every
sample until close to the top of its range at 63.30 mcd. It is therefore possible to define
a first and last common occurrence (FCO and LCO) of O. beckmanni at Site 1051 that
may, upon further investigation, prove to be stratigraphically or palaeoceanographically
significant. Indeed, Raffi et al. (2006) suggest that use of species common occurrence
or acme intervals as a means for defining biozones, may in some cases be more reliable
than using the FO and LO of the same species. At 86.70 mcd there is a large and
abrupt increase in the relative abundance of O. beckmanni from 0.5 to ∼3 - 6% within
≤30 cm. Relative abundance of O. beckmanni in the foraminiferal assemblage then
gradually decreases from the highest relative abundances at ∼86.70 mcd through to
61.40 mcd, in a series of steps at 80, 71 and 63 mcd, at which mean relative abundance
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Figure 6.5: Relative abundance of Orbulinoides beckmanni at ODP Site 1051 plotted
against depth. Site 1051 core splice through the study interval is shown. Data presented
as % relative abundance of total planktic foraminiferal assemblage. Magnetostratigra-
phy determined in Chapter 5. Planktic foraminiferal ‘P’ zones of Berggren et al. (1995)
shown against new ‘E’ zones of Berggren and Pearson (2005). Biozone boundaries are
based on shipboard biostratigraphic assignment of the first and last occurrence, FO
and LO respectively, of O. beckmanni (Shipboard Scientific Party, 1998), new relative
abundance counts of O. beckmanni indicate the need to revise the position of these

boundaries (see arrows).
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decreases, superimposed on this trend are cyclical variations in relative abundance. From
63.30 mcd, O. beckmanni becomes progressively less abundant and appears in several
pulses each separated by several samples where O. beckmanni is absent. The LO of O.
beckmanni at Site 1051 is determined at 61.90 mcd because O. beckmanni is absent in
the top five samples in the study interval. Frequently, high-resolution studies of marine
plankton indicate several pulses in species separated by intervals where it is absent, prior
to its final occurrence (Backman, 1986; Raffi et al., 1993; Gibbs et al., 2005).

At Site 1260, O. beckmanni has a low relative abundance (0.5 to 2.5%) and discon-
tinuous presence throughout the study interval which appears to correlate to the low
abundance zone observed in magnetochron C18r at Site 1051, between the FO and FCO
of O. beckmanni (Fig. 6.6). The subsequent trend in the data set is towards increasing
relative abundances of O.beckmanni from ≤0.5 to 2.5% up splice, with the highest rela-
tive abundances of O. beckmanni recorded at ∼42.80 mcd. O.beckmanni is still present
in in the topmost sample of the Site 1260 core splice preventing identification of the LO
of O.beckmanni and indicating that the E12 biozone is not complete at this site. At 36.1
mcd, the sedimentary succession is interrupted by a hiatus that spans approximately five
million years of geological time (Shipboard Scientific Party, 2004). The top of magne-
tochron C18r and the whole of C18n are absent from Site 1260, making it impossible to
test whether the abrupt increase in the relative abundance of O.beckmanni observed in
the base of magnetochron C18n, at Site 1051 is repeated at Site 1260. Two clay horizons
observed in core photos and physical property records at Site 1260 coincide with minor
decreases in the relative abundance and preservation of O.beckmanni at ∼41.80 and
43.60 mcd. Coincident clay horizons are not present at Site 1051 presumably because it
is significantly shallower (∼1 km) site.

6.3 Interpretation

6.3.1 Calibration of planktic foraminiferal biozone E12

The lowermost part of the study interval at Sites 1260 and 1051 corresponds to planktic
foraminiferal zone E11 of Berggren and Pearson (2005). The biozone E11/E12 boundary
defined by the FO of Orbulinoides beckmanni falls in the topmost part of magnetochron
C18r and is assigned an age of 40.5 Ma (Berggren et al., 1995). Using the new age model
developed for ODP Site 1051 in this study (Fig. 5.20), and assuming a constant linear
sedimentation rate between magnetic reversals, the base of biozone E12 as determined
in this study occurs at ∼40.5 Ma, in good agreement with the existing (sub)tropical
calibration (Berggren et al., 1995; Berggren and Pearson, 2005).

Assigning an age to the base of the E12 biozone at Site 1260 is complicated by the
presence of a hiatus. While magnetochrons C20n through C19n are recovered and well
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resolved, the top of magnetochron C18r (Shipboard Scientific Party, 2002b) and the top
of planktic foraminiferal biozone E12 are absent at Site 1260. Supplementary investi-
gation to determine the LO of the calcareous nannofossil species Chiasmolithus solitus,
which defines the base of biozone CP14b and is assigned an age of 40.4 Ma (Berggren
et al., 1995), at Site 1260 was unsuccessful because C. solitus is still present in the top-
most sample of the core splice at this site and therefore could not be employed as an
age control point.

In principle, three different methods can be employed to calculate the age of the FO of
O. beckmanni at Site 1260. First, if we assume that the calibrated age of 40.5 Ma for the
base of the O. beckmanni biozone is correct, this corresponds to a fourfold decrease in the
sedimentation rate from 2 to ∼0.6 cm/kyr between the top of magnetochron C19n and
the FO of O. beckmanni, followed by a rapid increase in excess of 6 cm/kyr for the top
20 m of the core splice (A in Fig. 6.7). Such large and rapid shifts in sedimentation rate
seem unrealistic. A second method assumes that the calibration of the LO of C. solitus
to the GPTS is robust and that the absence of this datum at Site 1260 can be used to
constrain sedimentation rates in the topmost of the core splice, i.e., sediments can not
be younger than 40.4 Ma. Employing the LO of C. solitus as an age control point results
in sedimentation rate estimates of ≥3.2 cm/kyr and an age estimate for the FO of O.
beckmanni older than 41.1 Ma (B in Fig. 6.7). Given the poor calibration of calcareous
nannofossil datums to the GPTS during the Middle Eocene, use of this datum as an age
control point may not be appropriate (Berggren et al., 1995). A third method utilises
the absence of the top of magnetochron C18r calibrated to 40.13 Ma (Berggren et al.,
1995) as a relative age control point to constrain sedimentation rates. This provides a
more realistic estimate of sedimentation rate, ∼2.5 cm/kyr for the topmost part of the
core splice (C in Fig. 6.7) consistent with previous sedimentation rates inferred between
older magnetic reversals. Although, this method still yields an age for the FO of O.
beckmanni of 41.0 Ma, significantly older than previously reported or estimated at Site
1051 in this study.

The LO of O. beckmanni is calibrated by Berggren et al. (1995) to the base of mag-
netochron C18n.2n, corresponding to an age of 40.1 Ma. More recently, the LO of O.
beckmanni was reassigned to 40.0 Ma by Wade (2004) using the shipboard biostratig-
raphy already generated at ODP Site 1052 (Shipboard Scientific Party, 1998). If the
astronomical timescale generated at ODP Site 1052 by Pälike et al. (2001) is employed
this assigns an even younger age to the top of the E12 biozone of 39.7 Ma. At ODP
Site 1051 the LO of O. beckmanni occurs at 61.85 mcd and falls in the lowermost part
of magnetochron C18n.1n, giving an age of 39.4 Ma. This is 600 kyrs earlier than pre-
viously reported. In addition, this leads to an estimated duration of the E12 biozone
of 900 kyrs - almost double previous estimates of the zones duration but more realistic
than the even younger age and two million year duration inferred using the shipboard
age model. The much younger LO of O. beckmanni reported here is attributed to the
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magnetochron C18r, planktic foraminiferal zone E12 and nannofossil zone CP14a are
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C is considered to be the best estimate (discussed in Section 6.3.1). B and T represent

the first and last occurrence of a species, respectively.

typically poor recovery and ambiguous age control at the top of this biozone at deep
sea sites, that has hindered previous recognition of its true age. Further investigation
of this datum is required to assess the reliability of the new age assigned to the top of
biozone E12.

6.3.2 Diachroneity of the of Orbulinoides beckmanni

There is a significant temporal offset by ∼500 kyrs in the estimated age of the FO
of Orbulionoides beckmanni between the two sites investigated in this study, that has
not been previously documented. Diachrony is commonly reported for biostratigraphic
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Table 6.1: Revised planktic foraminiferal biostratigraphic data for biozone E12. Ab-
breviations used are F(C)O and L(C)O = first and last (common) occurrence respec-
tively, T and B = top and bottom, and mcd = metres composite depth. Starred (*) top
and bottom of datum are from the Shipboard Scientific Party (2004) and (**) ages are
from Berggren and Pearson (2005). Revised ages are calculated using the age models
outlined in this study (Figs 5.20 and 6.7) and are reported relative to the time scale of

Cande and Kent (1992a, 1995).
Datum T - B (mcd)* T - B (mcd) Age (Ma)** Rev. age (Ma)
ODP Site 1051
LO? O. beckmanni 73.26 - 82.95 61.80 - 61.90 40.0 39.4
LCO O. beckmanni - 63.20 - 63.30 - 39.5
FCO O. beckmanni - 86.80 - 86.90 - 40.1
FO O. beckmanni 91.45 - 101.35 106.15 - 106.45 40.5 40.5
ODP Site 1260
FO O. beckmanni 57.80- 59.30 58.77 - 59.07 40.5 41.0

datums in the geological record but caution is warranted, temporal discrepancies can
reflect a number of factors, and it is therefore important to distinguish between ap-
parent diachrony and genuine geological diachrony. Apparent diachrony can arise in
four main ways. Firstly through sampling artifacts, biostratigraphic analysis is typically
conducted on widely spaced samples, ∼5 - 10 m spacing at deep sea sites, resulting in
poor temporal and stratigraphic resolution of bioevents introducing potential offsets to
bioevents correlated between sites (Raffi, 1999). Second, while species extinctions are
often unambiguous and easily recognisable datums, the FO of a species can be more
difficult to accurately identify. Particularly, if the datum is defined by a gradual tran-
sition between two morphospecies, e.g., Globigerinatheka euganea and O. beckmanni,
which will be placed in subtly different places by different workers, imparting a degree
of uncertainty to the calibration of this datum (Pearson and Chaisson, 1997). Indeed, in
a global survey of Neogene planktic foraminiferal datums, Spencer-Cervato et al. (1994)
indicate greater, by ∼ 200 kyr, error on reported FO compared to LO of species. It is
therefore important that all workers adopt a strict species taxonomic concept to enable
accurate inter-site comparisons. Third, ambiguous or lack of magnetostratigraphy at
a number of sites limits the accuracy of the calibration of biostratigraphic datums to
the GPTS. Fourth, unrecognised hiatuses and unconformities in sampled sections can
distort species apparent ranges and produce patterns that mimic diachrony (Aubry and
Van Couvering, 2005).

The 500 kyr offset in the FO of O. beckmanni between Sites 1260 and 1051 reported here
exceeds the variability expected from methodological or age model inconsistencies and
is therefore interpreted to represent a genuine case of geological diachrony within the
Atlantic Ocean. The oldest FO of O. beckmanni is recorded at Site 1260 at 41.0 Ma, this
suggests that O. beckmanni may have had its evolutionary first appearance in equatorial
waters, at least in the Atlantic, and later expanded its biogeographic range (FO at Site
1051, 40.5 Ma). Examples of latitudinal diachrony are relatively common among datums



Chapter 6 Refining planktic foraminiferal biozone E12 102

defined by the FO of a species in all the marine plankton; diatoms (Spencer-Cervato
et al., 1994), radiolarians (Moore et al., 1993), calcareous nannofossils (Raffi et al.,
1993) and planktic foraminifera (Spencer-Cervato et al., 1994; Kucera and Kennett,
2000), typically with the oldest FO of a species recorded in the equatorial regions/lower
latitudes and a lag of up to several hundred thousand years before that species appears
at higher latitudes (but in extreme cases several million years). This finding is consis-
tent with studies that document the highest rates of speciation, i.e., evolutionary first
appearances, amongst the marine plankton, particularly planktic foraminifera, in the
tropics (Allen and Gillooly, 2006). Mechanisms that are invoked to explain latitudinal
diachrony include the gradual migration of a species and/or expansion of its geographic
range due to changing environmental conditions or gradual evolutionary adaptation of
the species through ‘adaptive immigration’ (Spencer-Cervato et al., 1994).

6.3.3 Environmental change associated with the evolution and extinc-

tion of Orbulinoides beckmanni

Intriguingly, Orbulinoides beckmanni’s stratigraphic range broadly coincides with the
global warming event, the Middle Eocene Climatic Optimum (MECO) ∼40.0 - 40.5
Ma (Bohaty and Zachos, 2003; S. Bohaty, written pers. comm. 2007), leading to the
possibility that the MECO may have played a role in the evolution and extinction of
O. beckmanni. The MECO is associated with a gradual 1‰ increase in δ18O values
(Fig. 6.8) generated in bulk carbonate and benthic foraminiferal calcite, coincident
with a small shift to more positive δ13C values, inferred to represent carbon cycle-led
warming of surface and deep waters of ∼4◦C (assuming no ice volume contribution to the
δ18O signal) (Bohaty and Zachos, 2003). Minimum δ18O values, i.e., warmest inferred
temperatures at ∼40.0 Ma are associated with a small 0.5‰ short lived negative δ13C
excursion (Bohaty and Zachos, 2003). The end of the MECO is characterised by an
increase in δ13C and δ18O values.

In Figure 6.8 new benthic foraminiferal δ18O (δ18Obenthic) records from ODP Sites 1260
and 1051 generated in this study are presented with published δ18Obenthic records from
ODP Site 748 in the Southern Ocean (Bohaty and Zachos, 2003) on a new agescale
(see Chapter 7) against the relative abundance records of O. beckmanni generated here.
These data show that the FO of O. beckmanni at Site 1260 predates the large shift
in benthic foraminiferal δ18Obenthic values (see arrows in Fig. 6.8) used to define the
onset of the MECO by several hundred thousand years suggesting that the evolution
of O. beckmanni may not be related to the onset of MECO. However, changes in the
composition of the planktic foraminiferal assemblage at Site 1260, discussed in Chapter 7,
indicate that environmental changes in the surface waters predate the shift in δ18Obenthic

values and inferred deep water warming. It is also worth noting, as shown in Figure
6.8, that only the onset of the MECO is recovered at Site 1260, the peak and recovery
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Chapter 6 Refining planktic foraminiferal biozone E12 104

of the event are not captured because of the hiatus at ∼36 mcd. At ODP Site 1051,
the FO of O. beckmanni occurs at 40.5 Ma shortly after the onset of MECO. The
coincidence between the FO of O. beckmanni and the onset of the MECO suggests
that the poleward expansion of warm surface waters inferred to have accompanied the
MECO at ∼40.5 Ma may have created more favourable conditions for this species and
enabled O. beckmanni to migrate to the subtropics, e.g, Site 1051. Indeed, the highest
relative abundances of O. beckmanni recorded at Site 1051 do appear to broadly coincide
with minimum δ18O values in stable isotope records shown in Figure 6.8 and more
importantly with published bulk stable isotope records (not shown here) (Bohaty and
Zachos, 2003; Spofforth et al., 2008), i.e., highest inferred temperatures, coupled with the
restricted palaeobiogeographic distribution of O. beckmanni shown in Figure 6.4, this
strongly suggests that sea surface temperature is the dominant control on O. beckmanni’s
biogeographic distribution.

The relative abundance data from Site 1051 indicate a gradual decline of O. beckmanni
from peak abundances at ∼39.9 Ma, prior to its extinction ∼600 kyrs after MECO
(Fig. 6.8) ruling out an abrupt extinction mechanism such as a killer virus (Emiliani,
1982, 1993) or comet impact (Raup, 1986). If temperature is the dominant control on
O. beckmanni’s distribution as suggested it seems most likely that the gradual decline
and eventual extinction of O. beckmanni is related to global cooling that follows the
MECO (Zachos et al., 2001; Bohaty and Zachos, 2003), because either it had only a
narrow environmental tolerance or the ecological niche that it occupied was disrupted
or destroyed by cooling (Norris, 2000).

6.4 Conclusions

At ODP Site 1051 in the western North Atlantic, an expanded and stratigraphically com-
plete, to magnetochron level, sedimentary section through planktic foraminiferal biozone
E12 was recovered. Sediments host moderately to well preserved planktic foraminifera
with an assemblage containing Orbulinoides beckmanni, and a highly resolved mag-
netostratigraphy generated in Chapter 5. High-resolution quantitative biostratigraphic
analysis of O. beckmanni calibrated to a high-resolution magnetostratigraphy has yielded
the following results:

1. High-resolution relative abundance records of the planktic foraminiferal species
O. beckmanni from ODP Site 1051 show that the FO of O. beckmanni occurs in
the top of magntochron C18r and is assigned an age of 40.5 Ma, consistent with
previous work. However, the FO of O. beckmanni determined at ODP Site 1260 in
the equatorial Atlantic occurs in the bottom of magnetochron C18r and is assigned
an age of 41.0 Ma, 500 kyrs older than previously reported. This large temporal
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discrepancy in the FO of O. beckmanni between the two sites is most likely an
example of latitudinal diachrony.

2. O. beckmanni is inferred to have had its evolutionary first appearance in equatorial
waters as recorded at Site 1260, and subsequently migrated to the subtropics as
recorded at Site 1051, with the poleward expansion of warm surface waters inferred
to have accompanied the MECO ∼40.5 Ma.

3. O. beckmanni is a short-lived species that is an important biostratigraphic marker
and can still be employed as such but caution must be applied when using the FO
of O. beckmanni to assume an age, in these cases it may be more appropriate to
employ a regional rather than a global calibration scheme to this datum.

4. The LO of O. beckmanni at Site 1051 occurs in magnetochron C18n.2n and is
assigned an age of 39.4 Ma, 600 kyrs younger than previously reported. This
revised age for the top of biozone E12 is attributed to the typically discontinuous
recovery of sediments and poor age control across this biozone in earlier work.

5. The total range of O. beckmanni recorded at ODP Site 1051 indicates that the
E12 biozone is 900 kyrs in duration, not 500 kyrs as suggested by the IBMS.

6. The mapped palaeobiogeographic distribution (Fig. 6.4) and the diachrony of the
stratigraphic FO of O. beckmanni associated with the MECO implies that sea
surface temperature plays an important role in controlling its distribution.

6.5 Future work

This study clearly highlights the importance of generating multiple quantitative records
of key species abundances at a number of sites to assess the reliability and the degree
of synchrony/diachrony of biostratigraphic datums. Further work will involve generat-
ing additional quantitative records of Orbulinoides beckmanni at other deep sea sites to
validate the conclusions and hypotheses of this study. For instance, are the highest rel-
ative abundances of O. beckmanni coincident with the peak of the MECO (and inferred
peak warmth) at other deep sea sites? Is the LO of O. beckmanni also latitudinally
diachronous? Is the FO of O. beckmanni similarly diachronous in other ocean basins?

Further work will include the development of astronomical age models for Sites 1051 and
1260 using physical property data. This will enable a more accurate assessment of the
age of the bioevents identified in this study and the degree of diachrony, avoiding the
circularity inherent to calibrating biostratigraphic datums to magnetostratigraphic time
scales, i.e., assigning magnetochrons using the biostratigrapic datums and subsequently
determining the age of biostratigraphic datums from the magnetostratigraphy.
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To determine if the LO of O. beckmanni defined at Site 1051 in this study is valid, the
count record will be extended for this species.

Observation of planktic foraminif eral samples at ODP Site 1051 appears to indicate an
increase in the size and sphericity of O. beckmanni coincident with its abrupt increase
in relative abundance observed in the base of magnetochron C18n, and the ‘peak’ of
the MECO (Fig. 6.5). A pilot study will be conducted to determine the diameter and
sphericity of individuals throughout O. beckmanni’s stratigraphic range in order to test
this observation and investigate any potential link between morphological variation and
environmental change.



Chapter 7

Planktic foraminiferal response to

the Middle Eocene Climatic

Optimum

7.1 Introduction

Superimposed on the long-term Eocene cooling trend is a transient ∼600 thousand year
(kyr) long warming event (Fig. 7.1), the Middle Eocene Climatic Optimum (MECO)
(Bohaty and Zachos, 2003) across the magnetochron C18r/C18n boundary (S. Bohaty
written pers. comm., 2007) ∼40 million years ago (Ma) based on the timescale of
Cande and Kent (1992a, 1995). The MECO was originally reported as occurring at 41.5
Ma (Bohaty and Zachos, 2003) based on nannofossil biostratigraphic datums (the last
occurrence (LO) of Chiasmolithus solitus at 40.4 Ma and the first occurrence (FO) of
Reticulofenestra umbilica at 43.7 Ma Berggren et al., 1995) but its timing has since been
revised in light of new stable isotope records with better age models (Bohaty written
pers. comm., 2007). The MECO was first identified in stable isotope records from the
Southern Ocean at ODP Sites 689, 738 and 748 (Fig. 7.2) but has now been identified
in stable isotope records from other localities - ODP Site 1260, Demerara Rise (Sexton
et al., 2006a) and in the Alano di Piave (Agnini et al., 2007; Spofforth et al., 2008) and
Contessa sections in Italy (Jovane et al., 2007) (Fig. 7.2), indicating that the MECO was
global in nature, and represented a significant climatic reversal in the Earth’s long-term
cooling trend. Stable isotope records generated in benthic foraminiferal calcite (Bohaty
and Zachos, 2003; Sexton et al., 2006a) and bulk sediment (Bohaty and Zachos, 2003;
Agnini et al., 2007; Spofforth et al., 2008) show a gradual shift of 1‰ to lower δ18O
values over ∼600 kyrs, followed by a rapid (∼10 kyrs) decline and then equally rapid
increase in δ18O signalling the end of the MECO (Fig. 7.1). Continental ice sheets at this
time were most likely small (≤ 50% of the modern Antarctic ice volume, Chapter 4) and
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thus, at most, have the potential to account for only approximately half of the decrease
in δ18O values associated with the onset of the MECO. Thus, at least ∼0.5‰ of the δ18O
signal must reflect warming of bottom and surface waters by at least 2◦C. The MECO
is terminated by rapid cooling. Coincident with minimum δ18O values, i.e. the peak of
the MECO, is a short-lived negative δ13C excursion (Fig. 7.1) that may reflect a brief
injection of isotopically light carbon to the ocean-atmosphere system associated with
bottom water warming (Bohaty and Zachos, 2003). A shift to more positive δ13C values
across the onset of the MECO rules out the input of isotopically exogenic carbon to
the ocean-atmosphere system as a mechanism to explain the inferred warming. Instead,
a transient rise in the partial pressure of carbon dioxide (pCO2) in the atmosphere as
a result of increased volcanic outgassing due to either North Atlantic rifting and/or
metamorphic decarbonation reactions associated with the collision of India and Asia
have been invoked (Bohaty and Zachos, 2003). Although existing pCO2 reconstructions
indicate high pCO2 levels ∼1000 - 2000 ppm for the Eocene (Pearson and Palmer, 2000;
Pagani et al., 2005), they are of insufficient resolution and agreement across this interval
of the Middle Eocene to provide a reliable test of this hypothesis.

Coincident with the MECO is a significant shoaling of the carbonate compensation
depth (CCD) in the Pacific (Lyle et al., 2005) and Atlantic Oceans (Tripati et al., 2005)
and a near global hiatus that truncates many deep-sea sedimentary sections around
the magnetochron C18r/C18n boundary (∼40 Ma) indicating either an interval of non-
deposition or erosion of material by more vigorous ocean circulation or corrosive bottom
waters.

Little is known about biotic turnover during this interval of the Middle Eocene because
previous work has focussed on only long term multi-million year faunal transition charac-
terised by the successive replacement of tropical fauna and flora by sub-tropical or tem-
perate taxa through the Middle Eocene to Early Oligocene (Kennett, 1977; McGowran,
1977; Berggren, 1978; Keller et al., 1992). Yet several lines of evidence indicate that the
MECO may be associated with changes in marine plankton assemblages. First, the new
placement of the MECO at the magnetochron C18r/C18n.2n boundary and the ∼500
kyr duration of the event is coincident with the placement of planktic foraminiferal bio-
zone E12 (Berggren and Pearson, 2005). Biozone E12 is defined by the FO and LO of the
low latitude planktic foraminifera, Orbulinoides beckmanni which shares several striking
similarities with the so-called Palaeocene-Eocene thermal maximum (PETM) ‘excur-
sion’ taxa (Kelly et al., 1996, 1998; Cramer et al., 2000). These similarities include the
distinctive morphology of O. beckmanni and its anomolously short stratigraphic range
(∼500 kyrs), which, based on the existing biozonation scheme (Berggren and Pearson,
2005), appears coincident with the duration of the MECO (Fig. 7.1). Second, faunal
assemblages in the Indian Ocean indicate invasion of warm water taxa to higher lati-
tudes in planktic foraminiferal biozone E12 (McGowran, 1977). Third, a large number
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Figure 7.2: Palaeogeographic reconstruction at 40 Ma showing location of sites
where MECO has been reported (Bohaty and Zachos, 2003; Sexton et al., 2006a;
Agnini et al., 2007; Edgar et al., 2007; Spofforth et al., 2008). Solid red cir-
cles indicate ODP Site 1051 and 1260 used in this study. Base map generated at

www.odsn.de/odsn/serices/paleomap/paleomap.html.

of stratigraphic FO and LO of Eocene planktic foraminifera are recorded during biozone
E12 based on stratigraphic range charts in Pearson et al. (2006).

The impact of global warming events on biotic assemblages is poorly understood but
concern over the fate of the marine biosphere in response to anthropogenically forced
increases in pCO2 means that this sort of information has never been more pertinent.
To date, the PETM ∼55 Ma has been the major focus of Paleogene biotic studies and
major shifts in both the marine and terrestrial biota have been identified, e.g., Tjalsma
and Lohmann (1983), Maas et al. (1995), Hooker (1996), Kelly et al. (1996), Bralower
(2002), Gibbs et al. (2006). In the marine realm, the benthic foraminifera suffer their
largest extinction of the past 90 Myr with 30 to 50% of benthic foraminiferal species
becoming extinct at the onset of the PETM (Tjalsma and Lohmann, 1983; Speijer et al.,
1996; Thomas and Shackleton, 1996). In surface waters, PETM warming triggered a
rapid diversification among the shallow dwelling planktic foraminifera and calcareous
nannoplankton giving rise to several short-lived species or so-called ‘excursion’ taxa
thought to be confined to the PETM (Kelly et al., 1996, 1998; Cramer et al., 2000). The
marine plankton also demonstrate an expansion of low latitude marine taxa to higher
latitudes (Bujak and Brinkhuis, 1998; Bralower, 2002; Kelly, 2002; Sluijs et al., 2006) and
significant shifts in assemblage composition (Kelly et al., 1996, 1998; Kelly, 2002; Gibbs
et al., 2006; Petrizzo, 2007). However, the MECO differs from the PETM in several
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ways. First, the PETM is characterised by an initial large, abrupt ≤10 kyr shift to more
negative δ13C (by ∼3‰ in marine carbonate) and δ18O values (by ∼1 to 2‰), followed
by a gradual recovery (≥100 kyrs) to near pre-excursion stable isotope values (Kennett
and Stott, 1991; Norris and Röhl, 1999; Zachos et al., 2003, 2005). The isotope profile
of the MECO is very different. The onset of the MECO is defined by a gradual shift
to heavier δ13C and lighter δ18O values over ∼500 kyrs and rapid (≤10 kyrs) recovery
of isotope values following the peak of the event (Bohaty and Zachos, 2003). However,
there is a short-lived negative δ13C excursion at the peak of the MECO superimposed
on the longer term trend towards more positive δ13C values. Second, the PETM is
estimated most recently to be ∼170 - 220 kyrs in duration (Farley and Eltgroth, 2003;
Röhl et al., 2007), significantly shorter than the ∼600 kyr long duration inferred for the
MECO (Bohaty and Zachos, 2003). Third, Earth’s baseline climate was much warmer
at the PETM than the MECO (Zachos et al., 2001).

The main aim of this study is to present high-resolution quantitative records docu-
menting the response of the planktic foraminifera to the MECO. Changes in the relative
abundance of the dominant groups of planktic foraminifera reflect changes in the physical
and biological character of the environment in which they live and can therefore be used
to examine the relationship between environmental changes and planktic foraminiferal
assemblage changes. To construct a continuous faunal assemblage record across the
MECO, ODP Site 1051 in the western North Atlantic (Fig. 7.2) was utilised. The
sedimentary section recovered at Site 1051 comprises an essentially continuous, at least
to magnetochron and biozone level, Middle Eocene sedimentary section of pale green/-
grey, siliceous nannofossil oozes with excellent magnetostratigraphic age control refined
in Chapter 5. Site 1051 was located at a subtropical latitude ∼25◦N from the Aptian
through Eocene (Ogg and Bardot, 2001). To assess any similarities and/or differences in
the plankton response at lower latitudes, an additional planktic foraminiferal assemblage
record was generated at ODP Site 1260 (Fig. 7.2) situated at a palaeolatitude of ∼2◦S
in the Eocene (Ogg and Smith, 2004). ODP Site 1260 contains an expanded Middle
Eocene sedimentary section comprised of predominantly light greenish grey foraminifera
and nannofossil oozes but is interrupted by a hiatus at the top of magnetochron C18r,
so the MECO is not fully recovered at this site (Shipboard Scientific Party, 2004).

7.2 Results

7.2.1 Stable isotope stratigraphy of the MECO at ODP Site 1051

A low resolution benthic foraminiferal stable isotope stratigraphy was generated at ODP
Site 1051 to identify the MECO at this site (Fig. 7.3a and d). The age model for this
site assumes constant linear sedimentation rates between the well constrained magnetic
reversal stratigraphy generated at Site 1051 presented in Chapter 5. Included with
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the benthic stable isotope record generated in this study (crosses in Fig. 7.3) are data
generated during a University of Southampton undergraduate project from the interval
between 40.6 and 41.0 Ma (circles in Fig. 7.3) (Hindley, 2003). Benthic foraminifera
have a relatively sporadic occurrence and low abundance in the majority of samples
at Site 1051 making it difficult to generate a continuous high-resolution, monospecific
stable isotope record across this interval. Therefore, three different benthic foraminiferal
species, Cibicidoides eoceanus, Nuttallides truempyi and Oridorsalis umbonatus, were
utilised. The stable isotope record generated in benthic foraminiferal calcite shows a
∼1‰ shift towards more negative δ18O values (Fig. 7.3a) approximately coincident
with a ∼0.5 ‰ increase in δ13C (Fig. 7.3d) in the top half of magnetochron C18r
at ∼40.7 Ma. Minimum δ18O values are recorded in all three benthic species at the
base of magnetochron C18n.2n at ∼40.0 Ma and are associated with a large negative
∼0.8‰ δ13C excursion recorded in C.eoceanus and N. treumpyi (Fig. 7.3a). Thereafter,
δ18O and δ13C values rapidly recover to more positive values. At present the benthic
foraminiferal stable isotope record at Site 1051 is of insufficient resolution to determine
whether recovery from minimum δ18O values was as rapid as inferred from published
Southern Ocean records (Fig. 7.1).

The planktic foraminiferal stable isotope stratigraphies for Site 1051 are shown in Figure
7.3b, c, e and f. Stable isotope records were generated across the onset, peak and recov-
ery of the MECO in the planktic foraminifera Acarinina praetopilensis and Subbotina
angiporoides because these are the most continuously abundant species in the study
interval, and are inferred to be surface and thermocline dwellers respectively (Sexton
et al., 2006a; Pearson et al., 2006). The planktic δ18O stratigraphies differ from the
benthic isotope stratigraphies (Fig. 7.3) in that both of the planktic species record a
broad minimum in δ18O values in the top half of magnetochron C18r (∼40.3 Ma), δ18O
values then increase by 0.5‰ around 40.2 Ma (most clearly in the A. praetopilensis
record). Coincident with minimum δ18O values in the benthic isotope stratigraphy is a
short-lived, rapid decrease in δ18O values of about 0.5‰ in the planktics in the base of
magnetochron C18n.2n. δ18O values increase immediately following this minimum and
continue to trend towards more positive values. The δ18O record generated in planktic
foraminiferal calcite at Site 1051 differs from the isotopic profile recorded in the δ18O
of benthic foraminiferal calcite at this site (Fig. 7.3) and at other deep-sea sites in the
Southern Ocean (Bohaty and Zachos, 2003) (Fig. 7.4). However, it is worth noting that
at Site 1051 the MECO appears to coincide with the appearance of anomolously heavily
calcified planktic foraminifera (horizontal grey bar in Fig. 7.4d), this phenomenon is
most pronounced in the surface dwelling genera Acarinina and Morozovelloides but is
also noticeable in the genus Globigerinatheka (P. F. Sexton, oral pers. comm., 2007)
(discussed further in Section 7.3.2). Yet, in these new stable isotope records S. angi-
poroides a deeper-dwelling taxon, also records a shift to heavier δ18O values. The genera
Acarinina and Morozovelloides may show the most pronounced thickening of calcite be-
cause the carbonate pustules or ‘muricae’ on their test surfaces act as nucleation points
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Figure 7.3: Foraminiferal stable isotope records from ODP Site 1051 across the
MECO. a) and d) stable isotope data generated in monospecific benthic foraminiferal
calcite. Crosses indicate data generated in this study and circles by Hindley (2003).
Species employed are Oridorsalis umbonatus, Cibicidoides eoceanus and Nuttallides
truempyi. Stable isotope values are adjusted to equilibrium using the values shown in
Table 7.1. b-c) and e-f) oxygen and carbon stable isotope data, respectively generated
on monospecific samples using the planktic foraminifera Subbotina angiporoides in pan-
els b and e and Acarinina praetopilensis in panels c and f. Absolute ages are relative to
the GPTS of Cande and Kent (1992a, 1995). Horizontal grey bar in panel a represents
interval of volcanic activity inferred from the presence of ash horizons identified at Site
1051, shown by arrows in panel e (Shipboard Scientific Party, 1998) and discussed in

Section 7.4.



Chapter 7 Planktic foraminiferal response to the MECO 114

for recrystallisation, whereas test thickening in Subbotina may be more difficult to detect
under the binocular light microscope.

The δ13C records generated in planktic foraminiferal calcite shown in Figure 7.3 c and
d, show more clearly defined isotopic trends. The S. angiporoides δ13C record (Fig.
7.3e) shows some variability in values in the top half of magnetochron C18r between
40.4 and 40.1 Ma superimposed on a general trend towards increasing δ13C values. In
contrast, the A. praetopilensis δ13C record shows a pronounced decrease in the δ13C
values over the same interval. These gradual changes in δ13C are punctuated in the
base of magnetochron C18n.2n at ∼40.0 Ma by a short-lived negative δ13C excursion of
≥0.6‰ similar to that recorded in the benthic isotope stratigraphy and coincident with
the brief decrease in δ18O values. Following the negative δ13C excursion, δ13C values in
both species recover rapidly within 200 kyrs to high δ13C values that remain relatively
stable for the remainder of the record.

Table 7.1: Stable isotope adjustment factors to ‘equilibrium calcite’ in Eocene ben-
thic foraminifera. All values determined on paired species isotope analysis relative to

Oridorsalis umbonatus by Katz et al. (2003).

Species δ18O δ13C
Cibicidoides spp. +0.28 -0.72
Nuttallides truempyi +0.36 -0.46
Oridorsalis umbonatus - -

7.2.2 Benthic foraminiferal stable isotope stratigraphy of the MECO

at ODP Site 1260

The benthic foraminiferal stable isotope stratigraphy for ODP Site 1260, Demerara Rise
is shown in Figure 7.5. Ages were determined by assuming constant linear sedimentation
rates between magnetic reversals refined by Y. Suganuma written pers. comm. (2007)
and numerical ages were assigned as in Cande and Kent (1992a, 1995) (see Chapter 6
for further details).

Figure 7.5 shows stable isotope data generated from the benthic foraminifera Cibici-
doides eoceanus. The δ18O record from Site 1260 shows a gradual decrease of 0.8‰ in
magnetochron C18r between 40.7 and 40.4 Ma and δ18O values plateau between ∼40.4
and 40.1 Ma. Associated with decreasing δ18O is a 0.6‰ shift to more positive δ13C
values in magnetochron C18r between 40.8 and 40.4 Ma that appears to lead the δ18O
shift by ∼100 kyrs.

These new stable isotope records reveal the existence of two short-lived (∼40 kyrs)
negative 0.8‰ δ13C excursions in magnetochron C18r superimposed on the gradual shift
to more positive δ13C values across the MECO. These excursions henceforth referred to
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Figure 7.4: Correlating stable isotope records from ODP Site 1051 in the North
Atlantic to ODP Site 748 in the Southern Ocean. a) and b) monospecific planktic δ13C
records generated in Acarinina praetopilensis and Subbotina angiporoides in this study.
Both records show a shift to more negative δ13C values at ∼40.05 Ma in the base of
magnetochron C18n.2n. c) Stable isotope record generated in benthic foraminiferal
calcite at ODP Site 748 from Bohaty and Zachos (2003) on revised time scale provided
by S. Bohaty, written pers. comm. (2007). Large negative δ13C excursion appears in
all three records a to c (shown by vertical grey shaded area) it is therefore possible
to correlate the Site 748 record to Site 1051 by simply aligning this δ13C excursion.
d) Planktic foraminiferal δ18O records generated in this study. Horizontal grey bar
in panel d marks interval of anomolously heavily calcified planktic foraminifera (P.F.
Sexton, oral pers. comm., 2007). e) Benthic δ18O record from Bohaty and Zachos

(2003) shown on new timescale determined in this study.
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horizons. Absolute ages are relative to the GPTS of Cande and Kent (1992a, 1995).

Core photos downloaded from http://www-odp.tamu.edu/database/.

as δ13C-C18r-1 and -C18r-2 (Fig. 7.5) have not been identified in previous studies and
are not time equivalent to the negative δ13C excursion already documented at the peak
of the MECO in the base of magnetochron C18n.2n by Bohaty and Zachos (2003).
The δ13C excursions seen at Site 1260 have a distinctly symmetrical profile and are
coincident with minimum δ18O values and brown clay horizons up to 30 cm thick (Fig.
7.5). The upper δ13C excursion (C18r-2) has a double peak, with each of the δ13C
excursions coincident with a distinct clay horizon (Fig. 7.5). The position of these δ13C
excursions in the top of magnetochron C18r at Site 1260 suggests that these excursions
may be stratigraphically correlative to smaller negative δ13C excursions identified in the
planktic δ13C records generated in this study at Site 1051 (Fig. 7.6). It is uncertain
at present if the C18r-1 and C18r-2 δ13C excursions are global in nature because they
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are not observed in the benthic foraminifera stable isotope record generated at Site 1051
because of low sampling resolution (∼1 sample every 32 kyrs) and may not be seen in the
Southern Ocean records because of low sedimentation rates (∼0.4 cm/kyr) at the drill
sites investigated (Bohaty and Zachos, 2003). A number of thinner and less prominent
clay horizons are also present at Site 1260 across the onset of the MECO and correspond
to less pronounced δ13C minima. A hiatus at Site 1260 prevents recovery of the peak of
the MECO (Shipboard Scientific Party, 2004).

7.2.3 Planktic foraminiferal assemblage character across the MECO at

ODP Sites 1051 and 1260

Faunal abundance counts at Site 1051 were carried out on 459 samples using sample
splits of the ≥300 µm size fraction at 10 cm sampling resolution (∼3 kyr temporal res-
olution) throughout the MECO. Sample spacing was increased to 30 cm across the long
gradual onset of the MECO. At Site 1260 a total of 70 samples were counted from the
interval spanning the onset of the MECO at 30 cm sample spacing (∼12 kyr tempo-
ral resolution). Samples contain a relatively diverse planktic foraminiferal assemblage
typically comprising more than 20 species and of which the genera Acarinina, Moro-
zovelloides, Turborotalia, Globiogerinatheka, Hantkenina and Subbotina comprise over
90% of the assemblage (Table 7.2) typical of (sub)tropical environments in the Mid-
dle Eocene (Berggren, 1978; Keller et al., 1992; Sexton et al., 2006b). The planktic
foraminifera species Orbulinoides beckmanni was also counted because the FO and LO
of this species is stratigraphically important and may be useful for palaeoclimatic re-
constructions based on the findings in Chapter 6. All other planktic foraminifera were
counted as ‘planktic other’, which comprises a number of different Middle Eocene genera
including Dentoglobigerina, Catapsydrax, Globoturborotalia and Parasubbotina. Quali-
tative estimates of radiolarian abundance were also made by visual approximation of
the percentage of radiolarians from the total number of particles present in the sample
split to provide qualitative information on siliceous bioproductivity during the MECO.

High-resolution sampling of Middle Eocene sediments at ODP Sites 1051 and 1260 pro-
vides detailed records that reveal that the planktic foraminiferal assemblage underwent
marked changes in abundance across the MECO (Figs 7.7 and 7.8). Key findings in-
clude the following: (1) The genera Acarinina dominate pre-MECO assemblages with an
accompanying diverse non-Acarinina fraction comprising the genera Globigerinatheka,
Turborotalia, Morozovelloides, Hantkenina and Subbotina. Samples are characterised
by low equitability values (Fig. 7.9) throughout this interval (∼0.5). (2) Increases in
the relative abundance of the genera Globigerinatheka and Morozovelloides across the
onset of the MECO lead to an increase in equitability values (≥0.5). (3) Several abrupt
changes in the assemblage occur during the MECO and are coincident with the highest
equitability values (0.8) observed in the record (Fig. 7.9) representing an increase in the
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Table 7.2: Dominant planktic foraminiferal genera in assemblages at ODP Site 1051.
Genera counted in study comprise over 90% of the planktic foraminiferal assemblage at
any one time. All other planktic foraminifera were counted as ‘planktic other’ with the
exception of the biostratigraphic marker species Orbulinoides beckmanni which was also
counted but typically comprised ≤3% of the total planktic foraminiferal assemblage.

Genera Pre-MECO MECO Post-MECO
% Acarinina 52.3 22.3 15.6
% Subbotina 13.6 13.0 14.6
% Morozovelloides 10.4 9.9 1.5
% Globigerinatheka 8.7 27.6 31.7
% Turborotalia 4.9 18.3 27.8
% Hantkenina 2.7 3.6 0.8
% Total 91.6 94.7 92.1

evenness of the assemblage prior to the peak of the MECO. The Hantkenina and the
Radiolaria have a relative abundance maxima prior to the peak of the MECO but have
relatively low abundances (or are absent) across the peak and recovery of the MECO.
The Turborotalia increase in relative abundance during the MECO and remain high for
the remainder of the study interval. (4) Significant increases and decreases occur in the
relative abundances of several of the surface dwelling taxa at the peak of the MECO
in the base of magnetochron C18n.2n. Coincident with the peak of the MECO and the
lightest δ13C values is an abundance minimum in the large acarininids concomitant with
an abrupt increase in the relative abundance of O. beckmanni. There are no significant
changes in equitability values during this interval. (5) Following the peak of the MECO
the relative abundance of the Morozovelloides decreases abruptly coincident with re-
covery of the Acarinina. (6) The remainder of the study interval is characterised by
relatively stable foraminiferal assemblage.

While the overall pattern of assemblage change is very similar prior to and across the
onset of the MECO at the two sites, there are a number of differences in both the
assemblage composition and foraminiferal response. First, the stratigraphic FO of O.
beckmanni occurs in the base of magnetochron C18r (∼41.0 Ma) at Site 1260 but occurs
∼500 kyrs later in the top half of magnetochron C18r at Site 1051 (see Chapter 6 for
further details). Second, at Site 1260 the Morozovelloides and Globigerinatheka increase
in relative abundance approximately coincident with one another but at Site 1051 the two
are decoupled and the rise in the globigerinathekids is not accompanied by an increase in
the Morozovelloides. Third, increases in the relative abundances of the Morozovelloides
and Globigerinatheka at Site 1260 precede the onset of the MECO defined by the bulk of
the shift in benthic foraminferal δ18O values (Fig. 7.8). Fourth, the timing of the major
changes in abundance are offset from one another based on the age models currently
available for the two sites (see Fig. 7.9). Fifth, there is a higher relative abundance
of turborotaliids at Site 1260 prior to the MECO compared to Site 1051. Finally, the



Chapter 7 Planktic foraminiferal response to the MECO 120

10
20
30
40
50
60
700

10

20

30

40 0
10
20
30
40
50
60
70

2
4
6
8

10
12 0

10
20
30
40
50
60

0

10
20

30
40
50

0

5
10

15
20
25

5
10

15
20
25

%
 M

or
oz

ov
el

lo
id

es

%
 Turborotalia

%
 S

ubbotina
%

 A
carinina

0.2

0.6

1.0

1.4

1.8

39.4 39.6 39.8 40.0 40.2 40.4 40.6
Age (Ma)

B
en

th
ic

 δ
  O

  (
‰

 V
P

D
B

)
18

C18rC18n.2nC18n.1n C18n.1r

%
 H

an
tk

en
in

a

%
 G

lobigerinatheka

%
 O

. b
ec

km
an

ni

0

E
st.  %

 radiolarians

0%
 P

la
nk

tic
 o

th
er

0

0

20

40

60

80

20
40

60
80

100

%
 C

aC
O

3

ODP Site 748

D
eep-dw

eller
Interm

ediate-dw
ellers

S
urface-dw

ellers

MECO  P
ea

k 
of

 
 th

e 
M

E
C

O

Core recovery

Magnetochron

Figure 7.7: Compositional changes in the planktic foraminiferal assemblage across
the MECO at ODP Site 1051. Schematic representations of each genera illustrated.
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Figure 7.8: Relative abundance records for planktic foraminifera at ODP Site 1260.
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hantkeninids and radiolarians are virtually absent throughout the entire study interval
at Site 1260 in contrast to Site 1051.

To help extract the dominant signals associated with the MECO, principal component
analysis (PCA) was performed on each of the planktic foraminiferal datasets. PCA of the
datasets reveals that ≥87% of the total variance in both of the datasets can be explained
by just a few principal components (Tables 7.3 and 7.4). High loadings on Acarinina
in the first principal component at Sites 1051 and 1260 accounts for ∼50% of the total
variance in the datasets (Tables 7.3 and 7.4) thus, the decline in relative abundance
of the Acarinina is the dominant signal associated with these assemblages during the
MECO At Site 1051, high loading of Acarinina is accompanied by intermediate negative
loading for Turbortotalia illustrating the opposite trends shown by these genera prior
to and across the onset of the MECO. The dominant components for the second and
third principal components differ between the two sites because the assemblage record
from Site 1260 is half the length of that at Site 1051 and does not cover the peak
of the MECO or post-MECO interval. At Site 1051 the second principal component
shows a high positive loading for Globigerinatheka and intermediate negative loading for
Turborotalia indicating the opposite behaviour of these genera at the beginning and end
of the assemblage record. Whereas, at Site 1260 the second principal component shows
intermediate negative loadings for Globigerinatheka and Morozovelloides reflecting the
similar long term (∼800 kyrs) behaviour of these two genera and positive loading for
Subbotina indicating the opposite behaviour of these two groups. At Site 1051, the
third principal component shows a high negative loading for Morozovelloides. At Site
1260, the third principal component shows high positive loading on Globigerinatheka
and negative loading on Morozovelloides because of the covarying behaviour of these
two genera on short timescales (≤100 kyrs).

Table 7.3: Loadings of planktic foraminiferal genera onto the first three principal com-
ponents in the analysis of relative abundance data from ODP Site 1051. % variability
refers to the percentage of the variation in the data explained by each of the principal
components. Values in the table are ‘loadings’, these represent the relationship between
the principal components and the original variables. Highlighted loadings represent the

variables that contribute most strongly to the variance.

Principal component loadings
Genera PC1 PC2 PC3
Subbotina 0.040 -0.132 0.193
Hantkenina -0.267 0.032 -0.064
Turborotalia 0.569 -0.596 -0.267
Orbulinoides 0.203 0.087 0.174
Globigerinatheka 0.284 0.712 0.123
Acarinina -0.621 -0.293 0.335
Morozovelloides -0.310 0.159 -0.855
Variability 49% 18% 15%
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Figure 7.9: Sample scores along principal component (PC) axes and equitability for
ODP Sites 1051 and 1260. Equitability describes the evenness with which abundance is
distributed amongst the different genera, e.g., Pre-MECO samples have low equitability
values because they are dominated by the genus Acarinina. Note the similarity between
PC1 shown here and the relative abundance of Acarinina in Fig. 7.7. During the MECO
equitability values become higher and reach peak values as the Acarinina decrease in
abundance and other taxa increase in abundance. The shift to higher equitability values
occurs at ∼40.9 Ma at Site 1260 and ∼40.5 Ma at Site 1051. Equitability values remain
relatively stable (∼0.6) from several hundred kyrs prior to the peak of the MECO and
throughout the post-MECO interval indicating little change in the evenness of the

assemblage.
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Table 7.4: Loadings of planktic foraminiferal genera onto the first three principal com-
ponents in the analysis of relative abundance data from ODP Site 1260. % variability
refers to the portion of the total variation explained by each of the principal compo-
nents. Values in the table are ‘loadings’, these represent the relationship between the
principal components and the original variables. Highlighted loadings represent the

variables that contribute most strongly to the variance.

Principal component loadings
Genera PC1 PC2 PC3
Subbotina -0.281 0.555 -0.114
Hantkenina 0.019 0.036 0.043
Turborotalia 0.039 0.181 0.122
Orbulinoides -0.101 -0.088 0.067
Globigerinatheka -0.398 -0.469 0.715
Acarinina 0.858 -0.144 0.207
Morozovelloides -0.119 -0.640 -0.641
Variability 58% 24% 9%

Plots of individual sample scores along these principal components for Sites 1051 and
1260 (Figs 7.10 and 7.11) demonstrate the presence of several closely spaced ‘clusters’
comprised of stratigraphically adjacent samples that reflect the gradual evolution of the
assemblage. At Site 1260, two distinct clusters occur distinct from the main foraminiferal
assemblage (Fig. 7.11). Closer inspection of the samples that comprise these clusters
indicate that these samples fall within clay-rich horizons at Site 1260, in magnetochron
C18r at ∼40.25, 40.30 and 40.40 Ma (Fig. 7.5) and correspond to abrupt short-lived
changes in the faunal assemblage, negative δ13C excursions (C18r1-2 and C18n on Fig.
7.6) and abrupt decreases in equitability (Fig. 7.9). Within the assemblage, the clay-
rich horizons correspond to abrupt increases in the relative abundance of the genus
Subbotina (labeled 1-3 in Fig. 7.8) coincident with abrupt short-lived decreases in the
abundance of Morozovelloides, Acarinina and O. beckmanni. This finding is consistent
with the hypothesis that dissolution has modified the planktic foraminiferal assemblage
at Site 1260 within the clay-rich layers, with dissolution susceptible forms particularly the
Morozovelloides being preferentially removed. Previous studies have also documented
that it is the warm mixed-layer dwellers that are frequently the first to be removed from
assemblages by dissolution rather than the more heavily calcified deeper dwelling forms
(Savin et al., 1975; Erez, 1979; Wu and Berger, 1989). Although, this is not consistently
the case (Petrizzo, 2007).

7.2.4 Cyclicity in planktic foraminiferal abundance patterns

In addition to the longer term trends in planktic foraminiferal relative abundance that
are described above, the high resolution abundance record shown in Figure 7.7 shows
evidence of genera abundances fluctuating in a quasi-periodic manner around longer term
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original faunal composition.

mean values. This variability differs between genera in both its amplitude and apparent
duration. Spectral analysis of this data set (Fig. 7.12) reveals spectral peaks in the
dominant genera, e.g., Acarinina, Turborotalia, Morozovelloides and Globigerinatheka,
that generally fall between the 40 and 29 kyr obliquity cycles with average durations of
∼29 - 31 kyrs and ∼35 - 38 kyrs. Higher frequency cyclicities observed are generally a
few thousand years shorter than the 19 kyr precession cycle. None of the taxa in this
study show significant peaks with frequencies similar to eccentricity. The radiolarians
show significant peaks in the precessional band. Slight offsets in the estimated cycle
duration from expected orbital frequencies probably reflects assumptions of constant
sedimentation rates between widely spaced magnetic datums in the age model employed
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(see Chapter 5).
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7.3 Discussion

7.3.1 Environmental significance of planktic foraminiferal assemblage

variations during the MECO

All of the taxa investigated in this study are extinct thus, interpretations of palaeoe-
cology are deduced from the palaeobiogeography of taxa, stable isotope compositions of
foraminferal tests and by analogy to modern species where appropriate. In Table 7.5
the palaeoecologies of key Middle Eocene genera that occur across the MECO are sum-
marised. Palaeoecological affinities of genera are then used to infer palaeonvironmental
changes in surface waters from the biotic shifts observed in the dataset. Similarities in
the planktic foraminiferal assemblage response and composition before and during the
MECO between Sites 1051 and 1260 imply that similar biotic responses and palaeoen-
vironmental shifts occurred in the open ocean throughout the (sub)tropical Atlantic.
Overall, the pattern of environmental change across the MECO inferred from plank-
tic foraminiferal assemblages suggests a shift from warm, oligotrophic surface waters to
warmer, more mesotrophic conditions (Fig. 7.13).

Prior to the MECO, the assemblage is dominated by Acarinina a characteristic com-
ponent of most mid-low latitude assemblages in the Middle Eocene (Keller, 1982, 1983;
Boersma et al., 1987) and inferred to favour warm, oligotrophic surface water environ-
ments (see Table 7.5). Warm, nutrient depleted background conditions prior to the onset
of the MECO (Fig. 7.13a) are supported by low relative abundances of the cooler water-
favouring planktic foraminifera genera, Turborotalia and Subbotina, and radiolaria at
both sites (see Table 7.5). By analogy to the modern ocean (Ravelo and Fairbanks, 1992;
Andreasen and Ravelo, 1997), the dominance of photosymbiotic foraminifera (≥70%) in
the assemblage at these sites may also indicate a lack of seasonal variation in nearsurface
hydrography, i.e. stable mixed layer, and the presence of a deep nutrient depleted mixed
layer.

During the early stages of the MECO, the warm water-favouring genera Morozovelloides,
Globigerinatheka and Hantkenina (Table 7.5) exhibit increasing abundances inferred to
reflect gradual warming of surface-waters (Fig. 7.13b). The accompanying increase in
equitability, i.e., the evenness of the assemblage (Fig. 7.9), may represent increased
ecological niche availability at this time (Fig. 7.13b) consistent with inferred warming.
At Site 1260, where a high resolution stable isotope stratigraphy is available, the increase
of the warm-water genera Morozovelloides and Globigerinatheka precedes the onset of
the MECO and inferred bottom water warming by ∼200 kyrs (Fig. 7.8) suggesting
that surface and bottom water warming, at least at this site, were decoupled from one
another or that another environmental variable such as nutrient availability was more
important in controlling foraminiferal abundances than generally recognised. In contrast
to the apparent warming inferred by other warm-water favouring genera (Table 7.5),
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Cooling surface water
      temperatures

Warming surface water
        temperatures

b. Early stages of the MECO

Thermocline

a. Pre-MECO

Thermocline

d. Post-MECO

Warm
Oligotrophic

2. Increased 
   continental runoff

3. Volcanic fertilisation

Typical (sub)tropical warm 
 water assemblage

Dominant genus in warm 
mid-latitude assemblages
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d. Peak of the MECO
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Figure 7.13: Environmental reconstruction for the MECO based on biotic shifts.
Schematic illustration of taxa used to infer palaeoenvironmental changes during the
MECO, for identification see Figure 7.7). Solid yellow points represent nutrient avail-
iabilty in surface waters, i.e., the higher the number of points = higher fertility. a)
Warm, oligotrophic surface waters inferred prior to the MECO. b) Inferred surface wa-
ter warming and expansion of the warm mixed layer. c). Biotic shift implies an increase
in surface water fertility. Possible mechanisms that could increase surface water fer-
tility are shown and discussed in Section 7.4.3. d) Short-lived rapid warming inferred
during the peak of the MECO. e) Rapid cooling of surface waters inferred following the

MECO.
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the acarininids show a decrease in abundance suggesting that some aspect of Acarinina
palaeoecology was not favoured by increasing surface water temperatures inferred for
the MECO (see Section 7.3.3 for further discussion). Certainly, the acarininids appears
to have found environmental conditions unfavourable because they decline in abundance
in the low (herein) and mid latitudes (Nocchi et al., 1988) and also appear to undergo a
size reduction, both features observed during a number of other global warming events
in the Late Cretaceous and Cenozoic (Kelly, 2002; Abramovich and Keller, 2003; Keller,
2005).

Between ∼ 40.15 and 40.25 Ma, the pattern of environmental change is more com-
plex. The warm-water indicators, the Morozovelloides and Hantkenina, show no further
increase in abundance and a decline, respectively, at the same time as short-lived in-
creases in the abundance of the cool, eutrophic surface water indicators (Table 7.5),
the radiolaria and the Dentoglobigerina (included in planktic other), and a longer-term
increase in Turborotalia (Fig. 7.7). Given the relatively high abundance of the warm,
mesotrophic genus Globigerinatheka, an increase in surface water nutrient availability
rather than cooling during the MECO explains the biotic pattern (Fig. 7.13c). Super-
imposed on the shift to more mesotrophic conditions is a brief (≤100 kyrs) interval of
more ‘extreme’ conditions during which there may have been cooling as well as elevated
nutrients in surface waters accompanied by a reduction in watermass stratification as
evidenced by the transient rise in the radiolarians and deeper-dwelling planktic foram-
infera. The overall inferred shift to more fertile surface waters during the MECO would
also have been detrimental to the Acarinina and compounded the environmental stress
already observed during inferred initial surface water warming, and perhaps contributed
to the decline of the acarininids from their pre-MECO abundances.

The peak of the MECO between ∼40.02 and 40.06 Ma (Fig. 7.7), is accompanied by an
abrupt assemblage change amongst the shallow mixed-layer dwelling foraminifera (Fig.
7.7), Acarinina, Globigerinatheka and Orbulinoides beckmanni. The ecological affinities
of O. beckmanni are not well known but currently a number of lines of evidence (Table
7.5) indicate an affinity for warm surface waters. The coupled increases in O. beckmanni
and Globigerinatheka relative abundance may therefore reflect an increase in sea surface
temperatures at the peak of the MECO and/or increased ecological space availability
again linked to possible warming. The coincident relative abundance increases in O.
beckmanni and Globigerinatheka also suggests that these genera were able to thrive in
warm, mesotrophic surface waters. The acarininids reach their minimum abundances
during this interval of inferred peak warmth.

Following the MECO, the abrupt decline in the abundance of the warm-water genus
Morozvelloides (Table 7.5) at ∼40.0 Ma is inferred to indicate rapid (≤10 kyrs) cooling
of surface waters (Fig. 7.13e). This interpretation is consistent with the subsequent
return of the large acarininids, perhaps excluded from the assemblage during the peak
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of the MECO at Site 1051, and indicating that surface-water conditions once again be-
came favourable. A rapid drop in sea-surface temperatures in planktic foraminiferal
biozone E12 is also consistent with other low-resolution planktic foraminiferal studies
that demonstrate abrupt faunal changes to cooler-water taxa in the South Atlantic and
Indian Oceans (Keller, 1982). Subsequent increases in the percentage of the cool water-
favouring intermediate and deep-dwelling genera (Table 7.5), the subbotinids and tur-
borotaliids, around 39.6 Ma are coincident with further decline in the percentage of the
warm water taxa in the assemblage, e.g., the globigerinathekids and O. beckmanni, (Fig.
7.7) implying continued cooling of surface waters. Decreasing sea-surface temperatures
following the MECO may have been accompanied by shoaling of the thermocline and
decreasing water column stratification, detrimental to mixed layer-dwelling foraminifera
by reducing habitat and niche availability.

Overall, the pattern of change observed in the dominant foraminiferal genera illustrate
similarities across the MECO at low latitudes regions in the Atlantic Ocean. In terms of
inferring a global biotic patterns at the MECO, outside of the low latitudes it is perhaps
reasonable to expect that faunal assemblages will also respond to changes in ocean tem-
perature during the MECO, but to varying amounts depending on latitude, i.e., largest
biotic response to warming expected at higher latitudes, and that those biogeographic
shifts inferred herein could be tracked. Low abundance of the warm water-favouring gen-
era Acarinina and Morozovelloides during the MECO observed in this study is inferred to
represent the migration of these genera to higher latitudes as the surface ocean warmed
and (sub)tropical regions likely expanded to higher latitudes. Equally, abrupt cooling
following the MECO was presumably accompanied by the equatorward contraction of
these same zones. This inferred pattern of expansion and contraction of (sub)tropical
biogeographic provinces is similar to that observed for other global warming events such
as the PETM (Kelly et al., 1996; Kelly, 2002; Gibbs et al., 2006; Petrizzo, 2007) and
during the Cretaceous (Abramovich and Keller, 2003; Keller, 2005).

7.3.2 Evidence for surface water warming during the MECO

The overall interpretation here of surface water warming at Sites 1051 and 1260 dur-
ing the MECO is supported by faunal assemblage changes and stable isotope signals at
other sites. First, the invasion of the warm water favouring taxa Hantkenina alabamen-
sis and Acarinina spinuoinflata in magnetochron C18r at ∼40.5 Ma has been recorded
at ODP Site 1090, 44◦S in the South Atlantic (Galeotti et al., 2002). Second, warm
temperatures during E12 are inferred from the widespread deposition of carbonate shelf
facies, the southward migration of tropical taxa and the presence of large and abundant
Morozovelloides and Globigerinatheka in assemblages in the Indo-Australasian region
(McGowran, 1977; McGowran et al., 1997). Third, incursions of the tropical genus
Hantkenina to high northern latitudes (≥50◦N) have been documented towards the top
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of calcareous nannofossil biozone NP16 in the top half of magnetochron C18r (Ship-
board Scientific Party, 1987).

Somewhat paradoxically, the planktic foraminiferal δ18O records generated herein at
Site 1051 (Fig. 7.3) show an increase in δ18O suggesting at least 2◦C of surface water
cooling during the MECO (assuming that half of the δ18O signal accounts for the loss of
small continental ice sheets from Antarctica at this time). This contrasts with existing
bulk stable isotope records across the same interval (Bohaty and Zachos, 2003; Spofforth
et al., 2008; Ivany et al., 2008), including the original records which inferred surface-
water warming (Bohaty and Zachos, 2003). On the one hand, this discrepancy could
be explained by the presence of diagenetically altered foraminiferal calcite, i.e., shifting
foraminiferal calcite to heavier δ18O values. In fact, at Site 1051 the shift towards heavier
δ18O values in the MECO is coincident with an interval of anomolously heavily calcified
planktic foraminifera supporting this hypothesis (Fig. 7.4). However, this hypothesis is
inconsistent with an unpublished bulk δ18O record generated at Site 1051 (S. Bohaty,
written pers. comm., 2007) which implies surface water warming and is more in-keeping
with published stable isotope records (Bohaty and Zachos, 2003; Spofforth et al., 2008;
Ivany et al., 2008). This finding raises the question - why are stable isotope records
recording surface-water changes at ODP Site 1051 decoupled from one another?

7.3.3 Photosymbiosis and Acarinina during the MECO

Acarinina is a well established mixed layer dweller that is inferred to be a strongly
photosymbiotic taxa (see Table 7.5) this palaeoecological interpretation is supported by
the range of stable isotope values generated for Acarinina praetopilenis in this study
(Fig. 7.14). [Note that if the δ18O of planktic foraminiferal tests at Site 1051 are
overprinted by secondary calcite this would only lead to heavier δ18O values and therefore
an underestimation of surface water temperatures and a deepening of the acarininids
depth ranking in the water column]. At Site 1051 the decrease in the relative abundance
of the large acarininids is coincident with a shift to more negative δ13C values in A.
praetopilensis across the MECO (Fig. 7.15). In contrast, all other existing δ13C records,
derived in benthic and planktic foraminiferal calcite and bulk sediment, available across
this interval show a trend towards more positive δ13C values during the MECO, e.g.,
this study (Fig. 7.3), Southern (Bohaty and Zachos, 2003) and Tethyan Oceans (Jovane
et al., 2007; Spofforth et al., 2008).

One hypothesis for this observation is that at Site 1051 the apparent reduction of the
δ13C gradient in the water column (Fig. 7.3) may reflect a decrease in the efficiency of
the biological pump across the MECO, i.e., reduced primary productivity and carbon
cycling in the deep ocean. A decrease in primary productivity during the MECO is in-
consistant with biotic evidence for increased surface water fertility at this time (Section
7.3.1). Alternatively, a shift to progressively lighter δ13C values during the MECO by
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Figure 7.14: Model for the interpretation of the palaeoecology of planktic foraminifera
in the Middle Eocene (modified from Sexton et al. (2006b)). Shaded areas represent
the range of δ18O values recorded by Acarinina praetopilensis in yellow and Subbotina
angiporoides in blue, generated in this study. Stable isotope values are consistent with
previous interpretations (Pearson et al., 1993; Sexton et al., 2006b) of these species

palaeoecology.

A. praetopilensis may reflect the transient migration of this species to deeper subsurface
waters based on depth ranking of stable isotopes in which the heaviest δ13C values are
recorded by planktic foraminifera calcifying in surface waters and lighter δ13C values
by deeper dwelling foraminifera (Fig. 7.14). However, δ18O values for A. praetopilensis
are consistent with a surface layer habitat throughout the MECO (Fig. 7.14). The hy-
pothesis favoured here, therefore, is that the A. praetopilensis δ13C record can best be
explained by the transient loss or inhibition of photosymbiont activity during the MECO.
Photosymbionts preferentially take up 12C leaving the ambient water enriched in 13C
(Spero and DeNiro, 1987; Spero and Williams, 1988) resulting in the 13C enrichment of
the foraminiferal test relative to ambient seawater (Erez, 1978). Thus, a decline in phot-
symbiotic activity will lead to a reduction in the fractionation of carbon and lighter δ13C
values will be recorded in foraminiferal tests. The breakdown of this ecological strategy
would have hindered the success of the acarininids by affecting foraminiferal nutrition,
reproduction and calcification (Bé et al., 1982). Competition for the same resources
with other surface-dwelling genera, particularly the successful globigerinathekids, would
have exacerbated this enivronmental stress thereby, accounting for the rapid decrease
in relative abundance of the acarininids. Further support for this hypothesis is derived
from the large (1.2‰) amplitude of the recovery in δ13C following the negative δ13C
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Figure 7.15: Correlation between δ13C values and the relative abundance of Acarin-
ina.

excursion (labeled C18n in Fig. 7.6) at the peak of the MECO, almost twice the ampli-
tude of the δ13C recovery recorded by Subbotina angiporoides (Fig. 7.3). The amplified
δ13C signal during recovery from the MECO may reflect both sequestration of isotopi-
cally light carbon and recovery of the photosymbiotic relationship. Overamplification of
δ13C signal in photosymbiotic planktic foraminifera relative to asymbiotic taxa is also
recorded at the PETM (Kennett and Stott, 1991).

The short-term or permanent loss of photosymbionts or ‘bleaching’ in photosymbiotic
organisms, e.g., corals and planktic foraminifera, has been documented both in the mod-
ern oceans in response to extremes of temperature (Hallock and Schlager, 1986; Gates
et al., 1992; Fitt et al., 2001; Norris, 2007) and eutrophication (Hallock and Schlager,
1986; Edinger and Risk, 1994) in surface waters. Examples of symbiont bleaching can
also be found in the geological record. For example, at the PETM, global warming was
rapid and severe enough to completely eliminate symbiosis in symbiont bearing planktic
foraminifera for a ∼40 kyr long interval (Norris, 2007). During the MECO, the onset
of the decline in the relative abundance of the acarninids precedes the inferred shift to
more nutrient rich surface waters and the acarininid minimum is not associated with
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any large shifts in the relative abundance of the eutrophic or cold water favoured taxa
(Fig. 7.7). Thus, at the MECO, it is inferred that it is high surface water temperatures
that may have promoted bleaching. The loss or decline in photosymbiotic activity in
acarininids across the MECO is a relatively straightforward hypothesis to test and will
be investigated as part of future work (Section 7.6).

7.3.4 Evolutionary effects of the MECO?

So-called ‘excursion’ taxa are of interest in evolutionary studies for a number of reasons
including determination of the rate of evolutionary response to climatic events and the
magnitude or type of event needed to prompt an evolutionary response in the marine
plankton. The high-resolution abundance data generated here for Orbulinoides beck-
manni (a potential ‘excursion’ taxa) indicates that, while the FO of O. beckmanni at
Site 1051 appears to occur during the early stages of the MECO, its LO is recorded
more than 600 kyrs after the MECO (Fig. 7.7). This finding clearly indicates that
O. beckmanni is not an ‘excursion’ taxa although the MECO likely played a role in its
biogeographic distribution once it evolved (Chapter 6). To fully evaluate any potential
effects of the MECO on the evolutionary response of the planktic foraminifera would
require documentation of turnover in individual species beyond the scope of the current
study.

In terms of assessing any long-term evolutionary impacts of the MECO on the planktic
foraminferal assemblage, the record after the MECO is ≥600 kyrs long, sufficient to
suggest that the Post-MECO planktic foraminiferal assemblage did not return to its
pre-MECO composition. Instead a new assemblage was established characterised by
cooler water favouring planktic foraminifera. This pattern of change appears to be
superimposed on the long term faunal trend from tropical to subtropical taxa that
occurs in the Eocene indicative of a progressive shift to cooler surface waters and rather
than being gradual, this transition was comprised of a series of steps accompanied by the
successive replacement of tropical flora and fauna by subtropical or temperate species
(Kennett, 1977; McGowran, 1977; Berggren, 1978; Keller et al., 1992). The new high-
resolution biotic records presented here indicate that rapid cooling at the end of the
MECO centered on biozone E12 in the base of magnetochron C18n.2n at approximately
40 Ma may represent one of these cooling ‘steps’.

As a final note, one might speculate that the MECO may have had long-term effects
on planktic foraminifera by contributing to the extinction of the Morzovelloides and the
large acarininids. Both the Morozovelloides and large acarininids become extinct shortly
after the MECO at ∼38 Ma, in magnetochron C17n.3n but their abundance began to
decline at least 500 kyrs prior to their extinction (Wade, 2004). The extinction of the
Morozovelloides and Acarinina is frequently linked to cooling surface waters in the Late
Eocene (Berggren, 1969; Keller, 1983; Boersma and Premoli-Silva, 1991; Keller et al.,
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1992; Pearson, 1996), however, more recent studies have demonstrated that the extinc-
tion event itself does not coincide with any significant fall in sea surface temperatures
(Wade, 2004). An alternative explanation invokes the decline of the photosymbiont re-
lationship either through the expulsion of symbionts or the inhibition of photosynthesis
associated with eutrophication and/or the decline of niche availability, which may have
been a consequence of cooling sea surface temperatures (Wade, 2004; Wade et al., 2007).
The loss of symbionts would remove the Morozovelloides competitive advantage in nu-
trient depleted environments and have led to considerable ecological stress. New data
from Wade et al. (2007) document a 1.5 million year deterioration of the photosymbi-
otic relationship based on a reduction in the δ13C-test size gradient of Morozovelloides
crassatus between ∼39.5 Ma and 38.0 Ma. The abundance of the Morozovelloides at
Site 1051 decreases in the base of magnetochron C18n.1n at ∼40.0 Ma, 500 kyrs prior to
the study interval of Wade et al. (2007) suggesting that, the photosymbiotic relationship
may have begun to break-down even earlier. Thus, the low abundance of the Morozovel-
loides (≤5%) for at least 600 kyrs after the MECO at Site 1051 may imply that surface
water temperatures declined below some critical threshold for the first time following
this event below which temperatures were detrimental to the Morozovelloides and/or
their symbionts. Alternatively, the MECO may have disrupted the foraminiferal ecology
sufficiently to promote bleaching eventually leading to the demise of the Morozovelloides.

7.4 Mechanisms of palaeoenvironmental change during the

MECO

The following section proposes a possible mechanism for global warming during the
MECO based on the new data presented in this study and its links to short-term carbon
cycle perturbations such as the magnetochron C18r-1 and 2 excursions identified in
stable isotope records. Several hypotheses to are also presented to try and explain the
inferred increase in the nutrient availability in surface waters that accompanied surface
water warming during the MECO.

7.4.1 Mechanisms of global warming during the MECO

Volcanic CO2 is a powerful driver of climate change on multi-million year (Tarduno
et al., 1991; Eldholm and Thomas, 1993; Larson and Erba, 1999) through to decadal
timescales (Crowley et al., 1993; Robock, 2000). ODP Leg 165 scientists documented
a major episode of explosive volcanism in the Mid- to Late Eocene (∼45 to 35 Ma)
based on ash horizons found in Caribbean deep sea sediments that have been linked to
ignimbrite forming eruptions in Central America and Mexico (Sigurdsson et al., 2000).
Thus, the discovery here that there are a number of distinctive ash horizons (and vol-
canic glass identified in sediments) coincident with the MECO (Fig. 7.3) may imply a
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causal link. It is easy to infer from this apparent coincidence that large volumes of CO2

and other greenhouse gases released during these eruption events may have contributed
towards global warming at this time. This is consistent with Bohaty and Zachos (2003)
who propose that volcanic degassing of CO2 may have been one means of driving global
warming during the MECO. In fact, volcanically degassed CO2, from circum-Caribbean
volcanism (Bralower et al., 1997) and/or the emplacement of the North Atlantic Igneous
Province (Eldholm and Thomas, 1993; Schmitz et al., 2004; Storey et al., 2007), is hy-
pothesized to have been a potential cause of global warming at the PETM and may have
triggered the carbon isotope excursion (Bralower et al., 1997). However, it is important
to note that the record of volcanism based on ash horizons from Blake Nose appears
to post-date the initiation of warming inferred from the shift in benthic foraminiferal
calcite δ18O (Fig. 7.3) which may imply that these volcanic events are not the primary
cause of the initial warming but it does not rule out the possibility of other eruptions
that may not have been expressed at this location. It is important to consider the scale
of these eruption events and whether they were large enough to have contributed to and
sustained global warming on the timescales of the MECO (∼600 kyrs). The amount
of CO2 injected into the atmosphere from single eruption events is relatively tiny com-
pared to the scale of the atmospheric and oceanic ‘surficial’ carbon reservoir exchange
and thus, unlikely to impact global climate on long timescales. However, because of the
long residence time of CO2 in the ‘surficial’ reservoirs before being sequestered in to
the geological ‘rock’ reservoir, the cumulative effects of successive closely spaced large
eruptions could be significant (Kerrick, 2001).

7.4.2 A volcanic trigger for short-lived carbon isotope excursions in

the Eocene?

Individual ash horizons at Site 1051 appear to broadly coincide with the onset of negative
δ13C excursions recorded at ODP Sites 1051 and 1260, which may imply a volcanic
trigger for these events. The distinctive symmetrical δ13C profile recorded (Figs 7.3 and
7.5), indicates the equally rapid input and sequestration of isotopically light carbon to
the ocean-atmosphere system. However, the δ13C of volcanic CO2 is only approximately
-6 ±2‰ VPDB (Faure and Mensing, 2005) and thus, unrealistically large amounts of
this carbon (≥20,000 Gt C) would be required to create the observed 1‰ shift recorded
in the stable isotope records. It may be that volcanically released CO2 ‘conditioned’ the
Earth’s system and resultant warming may have triggered the subsequent abrupt release
of isotopically light carbon from another carbon reservoir in the system, a hypothesis
again invoked for the PETM interval (Eldholm and Thomas, 1993; Bralower et al.,
1997). The clay-rich horizons coincident with δ13C excursions at Site 1260 indicate
that the CCD shoaled repeatedly to at least 2.5 - 3.0 km depth in the tropical Atlantic
supporting the suggestion of the input of a large quantity of carbon to the system at this
time. [Note that no clay horizons are visible at Site 1051 because the site is situated at
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water depths ∼1 km shallower than Site 1260]. The events described here may therefore
be akin to additional smaller magnitude ‘hyperthermal’ events recently reported in the
Paleogene, e.g., the Early Palaeocene Dan-C2 event (Quillévéré et al., 2008), Early
Eocene, ETM-2 (Lourens et al., 2005), ‘X’ horizons (Röhl et al., 2004) and the H2, I1
and I2 events (Cramer et al., 2003; Nicolo et al., 2007) and the Middle Eocene C19r
event (Edgar et al., 2007). These events are characterised by prominent shifts in δ13C
values of up to ∼2‰, δ18O values up to 1.5‰ and are accompanied by a shift to more
clay-rich lithologies, but are smaller than the the isotopic signals documented at the
PETM at 55 Ma. The most frequently invoked carbon source to explain the negative
δ13C excursion at the PETM is methane hydrate which has a very light δ13C value,
∼-60‰ , and therefore far less carbon is required to create the δ13C excursion recorded
here, ∼400 GtC based on analogy to the PETM (Dickens et al., 1995, 1997; Zachos
et al., 2005). However, this hypothesis would imply multiple, closely spaced coupled
warming-gas hydrate release events which would require a rapid refill of the hydrate
resevoir. Estimates of the amount of biogenic methane that could have been stored in
seafloor sediments during the Paleogene and the long ‘refill’ time of this reservoir have
raised doubts about the viability of this mechanism (Buffett and Archer, 2004).

The PETM is accompanied by a long recovery phase during which carbon is re-sequestered
(Zachos et al., 2005). The absence of a long recovery phase associated with multiple
smaller Paleogene ‘hyperthermal’ events has led to the alternative hypothesis that these
events may be related to the astronomically paced release of carbon within the ‘surfi-
cial’ carbon reservoirs (Quillévéré et al., 2008). Certainly, ‘hyperthermal’ events appear
to be a pervasive part of the Paleogene climate system, suggesting a common trig-
ger mechanism that permits the repeated injection of isotopically light carbon into the
ocean-atmosphere system. However, the mechanism and source of the carbon remains
elusive.

From a biotic viewpoint, despite the high resolution biotic records generated in this
study, the planktic foraminiferal assemblage at Site 1051 shows no consistent pattern
of change across the negative δ13C excursions recorded. [Note that at Demerara Rise,
the original faunal composition appears to have been overprinted by dissolution (Fig.
7.11) and therefore only the assemblage records from Blake Nose which was situated
in water depths approximately 1 km shallower than Site 1260 in the Middle Eocene
are considered]. This implies one of a number of things: (i) that there was a biotic
response but it was over an interval of less than ∼3 kyrs, (ii) there is a threshold level of
environmental perturbation below which no biotic response is invoked and/or (iii) that
the foraminifera were insensitive to the environmental changes that accompanied these
δ13C excursions.
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7.4.3 Driving productivity changes in surface waters

At the present day, ODP Site 1051 on the Blake Nose plateau is an open-ocean site
that sits close to the western boundary current the Gulf Stream, a high velocity surface
water current that transports heat from the tropics to the high latitudes. Changes in
the position of the Gulf Stream across the plateau in response to global climate changes
(Kaneps, 1979; Pinet et al., 1981) can lead to significant temperature fluctuations in
surface waters of up to 8◦C over short distances. Stable isotope studies of the Eocene
palaeoceanography of Blake Nose during planktic foraminiferal biozones E13 and E14,
i.e., in sediments younger than 40 Ma, indicates significant variability in surface water
conditions that are attributed to temperature shifts of up to 10◦C on relatively short,
orbital timescales as a result of either changes in the position of the Gulf Stream across
the Blake Nose Plateau or large variability in ocean up-welling intensity at Blake Nose
(Wade et al., 2001; Wade and Kroon, 2002). Modeling studies indicate that changes
in wind driven upwelling and continental run-off on a precessional time scale in the
North Atlantic can account for (seasonal) temperature variability of up to 8◦C at 29◦N
(Huber et al., 2002). However, stable isotope records generated at ODP Site 1051 in
this study indicate maximum temperature fluctuations of 3◦C, significantly less than
previously documented at Blake Nose (Wade and Kroon, 2002) and may indicate more
stable surface water conditions during planktic foraminiferal biozone E12 than recorded
in younger sediments (Wade et al., 2001; Wade and Kroon, 2002). Apparent cyclical
changes in the relative abundances of planktic foraminifera at frequencies similar to
obliquity and precession (Fig. 7.12) support previous interpretations of the dominant
orbital frequencies recorded in sedimentary and geochemical records at this site (Wade
et al., 2001). Spectral peaks consistent with precessional frequencies are typical of low
latitude insolation effects on surface water conditions affecting abundances (Fig. 7.12)
and obliquity related signals in the faunal dataset may reflect upwelling of waters sourced
from higher latitudes.

The MECO at Site 1051 was marked by gradual warming of sea surface temperatures
over∼600 kyrs superimposed on shorter term (probably orbitally) driven changes in tem-
perature and/or nutrient availability. The foraminiferal assemblage data herein suggests
that this warming was accompanied by a shift to more mesotrophic/eutrophic surface
water conditions. In principle, nutrient-enhanced surface-waters at Blake Nose during
the MECO could be explained by a number of processes. Firstly, increased upwelling of
bottom waters during the MECO may have been one means of increasing the nutrient
concentration in surface waters. Blake Nose is thought to be sensitive to upwelling in the
Eocene because of large variations in surface water temperatures that periodically ap-
proach deep water temperatures (Wade et al., 2001; Wade and Kroon, 2002), a relatively
high abundance of radiolarians found at this site (Shipboard Scientific Party, 1998) and
high sensitivity of the Blake Nose region to upwelling in modeling studies (Huber et al.,
2002). A near global hiatus that occurs approximately at the magnetochron C18r/C18n
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boundary may also point towards more vigorous ocean circulation at this time. Increased
upwelling might be represented by a decrease in water column stratification that might
manifest in the faunal record by an increase in the deeper-dwelling foraminiferal taxa at
the expense of the shallow-dwelling taxa but this is not observed (except perhaps for a
brief interval at ∼40.2 Ma prior to the peak of the MECO, see Section 7.3.1). A second
and perhaps more likely hypothesis is that global warming at the MECO lead to an
intensification of the hydrological cycle promoting chemical weathering and continental
run-off, and hence the delivery of terrestrially-sourced nutrients to the surface ocean at
this time. This mechanism is invoked to explain observed increased productivity pat-
terns during other intervals of elevated global warmth such as the PETM (Bains et al.,
2001; Ravizza et al., 2001; Pagani et al., 2006; Gibbs et al., 2006). Finally, nutrient
levels, at least on a regional scale may have been briefly enhanced by volcanic fallout
inputing biolimiting nutrients (P, Fe, Si and Mn) into surface waters from the dissolution
of ash particles. At Site 1051 five distinctive ash horizons were identified (Shipboard Sci-
entific Party, 1998) spaced approximately 100 kyrs apart from one another within the
MECO (Fig. 7.3), a frequency consistent with large explosive volcanic events similar to
the Toba-size eruption at 75 ka (Sigurdsson et al., 2000). However, laboratory experi-
ments that investigate the impact of nutrient fertilisation on marine biota indicate that
the bulk of the nutrients are released from dissolved ash within the first day of contact
with seawater (Frogner et al., 2001; Duggen et al., 2007) and it may be that the marine
biota respond on an equally short timescale (Martin et al., 1994; Frogner et al., 2001).
Therefore, while the timescales over which this mechanism operates and the duration
for which it maintains elevated rates of primary production remain unclear (Boyd and
Law, 2001), it seems unlikely that increased nutrient concentrations in seawater could
be sustained over the timescales discussed in this study, i.e., ∼500 kyrs, unless accom-
panied by an additional source such as submarine volcanism or increased hydrothermal
activity (Leckie et al., 2002). An additional source of nutrients to the ocean at this time
could have come from submarine volcanism related to North Atlantic rifting, which was
still occurring above 60◦N around Greenland (Storey et al., 2007), and could have led
to the sustained release of nutrients into the water column. Thus, the interaction of the
two volcanic provinces in central America and the North Atlantic may have contributed
to elevated productivity during the MECO. Certainly, a similar hypothesis has been
invoked to explain elevated levels of primary productivity during various ocean anoxic
events (OAEs) in the Cretaceous (Bralower et al., 1994; Sinton and Duncan, 1997; Leckie
et al., 2002; Turgeon and Creaser, 2008).

7.5 Conclusions

New high-resolution records generated in this study provide the first insight into the
impact of the MECO on planktic foraminiferal assemblages. Similarities in the planktic
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foraminiferal response to the MECO at Sites 1051 and Site 1260 implies that similar
oceanographic conditions persisted throughout the (sub)tropical Atlantic at this time.
The overall assemblage shift suggests a change from warm, relatively oligotrophic surface
waters to warmer, more nutrient rich surface waters during the MECO. The most rapid
and ‘extreme’ environmental changes are inferred to occur during a brief 40 kyr long
interval indicated by abrupt shifts in the mixed-layer dwelling assemblages most likely
attributable to high sea surface temperatures. Following the MECO, typical warm water
genera are replaced by cooler water genera indicating surface water cooling consistent
with existing low-resolution records that document a similar pattern of long term faunal
turnover through the Middle and Late Eocene. Hypotheses to explain the inferred
increase in surface water nutrient availability during the MECO include an increase in
continental runoff at this time resulting from an intensified hydrological cycle associated
with global warming, more vigorous ocean circulation and upwelling and/or the addition
of volcanically sourced nutrients to the system.

Although the MECO is a relatively short-lived event, it may have had long-term effects
on planktic foraminifera, contributing to the extinction of the Morozovelloides and the
large acarininids in the late Middle Eocene. The short-term evolutionary effects, if any,
of the MECO on planktic assemblages are difficult to assess with the current dataset
but certainly O. beckmanni is not an ‘excursion’ taxa. The findings here suggest that
climatic and environmental changes associated with the MECO were sufficient to provoke
a response in planktic assemblages at low latitudes and further work is needed to reveal
its impact on the other marine plankton and at higher latitudes.

One of the major surprises arising from the new stable isotope records was that su-
perimposed on the ‘transient’ warming event the MECO are three prominent negative
δ13C excursions around the magnetochron C18r/C18n boundary that are coincident with
CCD shoaling and increasing ocean temperatures akin to ‘hyperthermal’ events reported
in the early Paleogene (Fig. 7.6). The rapid injection and sequestration of isotopically
light carbon to the ocean-atmosphere system during these events in the MECO may
have been triggered by volcanically driven bottom water warming.

7.6 Future work

To test the hypothesis that it was the demise of the photosymbiotic relationship in
Acarinina that led to the decline in their abundance during the MECO, monospecific size
segregated δ13C data will be collected across the MECO. In photosymbiotic foraminifera
δ13C values increase with test size, whereas asymbiotic taxa, e.g., subbotinids, show
no size related δ13C trends. Therefore, if the photosymbiotic relationship with the
acarninids broke down during the MECO a decrease in the size-related δ13C trend should
be observed.
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Thus far, the globgerinathekids have been assumed to host photosymbionts based on
the similarity of the ‘isotopic niche’ that they occupy to that of the modern photosym-
biotic genus Globigerinoides (Pearson et al., 1993). Yet no size fraction δ13C data has
been published on the globigerinathekids. Future work may involve a study of globigeri-
nathekid palaeoceology using stable isotope data.

Future work will involve extending the planktic foraminifera assemblage record at Site
1051 to cover the same interval of time as the record generated at Site 1260. This
new record will aid inter-site comparisons and allow assessment of whether the genus
Morozovelloides shows an increase in abundance prior to the onset of the MECO at
∼40.9 Ma as observed at Site 1260 (Fig. 7.8).

A low resolution stable isotope record in planktic foraminiferal calcite will be generated
at Site 1260 across the onset of the MECO to discern whether surface water warming
preceded bottom water warming as currently inferred (Fig. 7.8).

A pilot study will be conducted to examine changes in the size of different genera in the
planktic foraminiferal assemblage throughout the MECO. This study will predominantly
focus on the surface dwelling genera Acarinina, Morozovelloides, and Globigerinatheka
and species O. beckmanni which show the most pronounced response to the MECO.

Extension of the foraminiferal assemblage record at Site 1051 into the late Middle Eocene
to examine the decline of the Morozovelloides and the Acarinina in a quantitative man-
ner might help to shed light on the mechanisms of extinction and address the following
questions. (1) Do the Morozovelloides abundances remain consistently low following the
peak of the MECO until they become extinct in the late Middle Eocene? (2) Is there a
decrease in the test size of the genera Acarinina and Morozovelloides prior to the their
extinction in the late Middle Eocene? (3) Do the Acarinina and Morozovelloides show
the same pattern of decline prior to the extinction implying a common cause?
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Conclusions

In this thesis, new palaeoceanographic and faunal records are presented from Ocean
Drilling Program (ODP) sediments drilled during Legs 171B and 207 for the interval
between magnetochrons C18 and C19 (∼39 - 43 Ma) in the Middle Eocene. These records
shed new light on the nature, timing and consequences of carbon cycle perturbations
of the Middle Eocene. In this final chapter the scientific aims posed in Chapter 1 that
motivated this work are addressed, the main achievements and findings of this thesis are
summarised, and future directions for palaeoceanographic studies are proposed.

1) Develop a methodology for measuring trace metals with low concentrations in foraminiferal
calcite by inductively coupled plasma-optical emission spectrometry.

This investigation represents the first step towards the development of a new induc-
tively coupled plasma-optical emission spectrometer (ICP-OES) technique capable of
measuring Al, Mn, Fe and Ti in foraminiferal samples to screen Mg/Ca and Sr/Ca data
for contamination. Initial results indicate that the current methodology employed at
the National Oceanography Centre, Southampton (NOCS) to determine Mg/Ca and
Sr/Ca values in foraminiferal calcite is unsuited to the simultaneous determination of
the elements Al, Mn, Fe and Ti. These elements generally have low concentrations in
foraminiferal calcite samples and the ICP-OES technique is less sensitive to them than
to Ca, Mg and Sr and thus, the existing NOCS methodology requires modification.

The main conclusions of this study are that to quantitatively measure the elements Al,
Fe, Mn and Ti in association with the desired elements Mg, Ca and Sr by ICP-OES
requires the following: (1) sample [Ca] is ≥10 ppm, to ensure sufficient element con-
centrations for quantitative measurements on the ICP-OES. (2) The ICP-OES must
be configured to view the plasma axially to increase the instrument sensitivity to the
elements Al, Mn, Fe and Ti. (3) Longer integration times should be employed to mea-
sure Al, Fe and Ti than for the more abundant or for elements Mg, Ca, Sr and Mn
that are more sensitive for determination by ICP-OES, so to increase the number of
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photons counted during each measurement and therefore increase the precision of the
measurement. (4) A sample presentation system comprising a “Conikal” nebulizer cou-
pled to a “Twister” spray chamber should be employed to increase the sensitivity of the
instrument to the elements Al, Mn, Fe and Ti.

The best analytical precisions obtained during this investigation were better than 1%
for Mg/Ca and Sr/Ca values and ≤10% for other trace element/calcium ratios, which is
sufficient to detect any contamination that may be present in samples. The large [Ca]
range investigated in this study highlights what appears to be significant matrix effects
on the majority of elements measured. Thus, future work should target a sample protocol
with a narrow [Ca] range to negate or correct for matrix effects. Working within a
narrow range of [Ca] will enable the use of more tightly bracketed element concentrations
in calibration standards. This will also allow the use of extended integration times
and should lead to a significant increase in the precision of measurements. Ultimately,
this work contributes towards the development of a new ICP-OES methodology for
generating trace element data in foraminiferal calcite that will increase confidence in the
authenticity of data.

2) Evaluate the hypothesis that large transient continental ice sheets were present in both
hemispheres close to the top of magnetochron C19r (∼41.6 Ma) in the Middle Eocene.

New monospecific high-resolution stable isotope records generated at ODP Site 1260, are
used to test the hypothesis that large continental ice sheets developed in the Northern
Hemisphere, ∼30 Myrs earlier than the standard view, towards the top of magnetochron
C19r at ∼41.6 Ma in the Middle Eocene. The amplitude of the δ18O shift recorded in
benthic foraminiferal calcite (δ18Obenthic) at Site 1260 is almost half the amplitude of
that reported from the Pacific and used to formulate the bipolar glaciation hypothe-
sis. Therefore, even if the whole of the new δ18Obenthic shift recorded at Site 1260 is
attributed to the growth of ice sheets at this time, the estimated ice budget can be
accommodated on Antarctica alone and does not require contemporaneous ice growth
in the Northern Hemisphere to be invoked. Furthermore, if the δ18Obenthic signal from
Site 1260 comprises ∼50 % global cooling as inferred for previous ice building events
such as the Eocene-Oligocene boundary and the last glacial cycle then even smaller ice
volume estimates are calculated (∼40 - 60% of the present day Antarctic ice volume)
more inkeeping with existing climate and sequence stratigraphy records. These records
do not rule out the possible existence of small isolated ice sheets or mountain glaciers
draining the uplands of Greenland at this time, particularly in light of dropstones re-
cently discovered in Eocene strata at high northern latitudes (Moran et al., 2006; Eldrett
et al., 2007). Nevertheless, we can rule out the existence of large continental ice sheets
in the Northern Hemisphere at this time in the Middle Eocene. This finding implies
that large continental ice sheets would not have developed in the Northern Hemisphere
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until much later when Earth’s baseline climate was significantly cooler and poised closer
to the threshold for glaciation.

3) Document the link between transient carbon cycle perturbations and global climate
change in magnetochrons C18 and C19.

New high-resolution foraminiferal and bulk stable isotope records generated in this thesis
from ODP Sites 1051 and 1260 document the first short-lived (∼40 kyrs) carbon cycle-
led warming events in the Middle Eocene. These events are characterised by prominent
negative δ13C excursions of ∼1‰ , a decrease in δ18O inferred to represent an increase in
ocean temperatures and are accompanied by a decrease in wt% carbonate and/or promi-
nent clay rich horizons suggestive of coincident carbonate compensation depth (CCD)
shoaling. The magnitude of the palaeoceanographic signals documented here are smaller
than those seen during the well-known Palaeocene-Eocene thermal maximum (PETM)
(Kennett and Stott, 1991; Zachos et al., 2001, 2005) but are similar to multiple ‘hyper-
thermal’ events recently reported in the early Paleogene such as the Eocene Thermal
Maximum 2 (Lourens et al., 2005) and Dan C2 events (Quillévéré et al., 2008).

The first of the newly described carbon cycle events occurs towards the top of mag-
netochron C19r at ∼41.8 Ma, thus entitled the C19r event, and is superimposed on a
transient ∼600 kyr reversal in the Eocene long-term cooling trend. It is not possible to
determine at present whether the C19r event is global in nature. The next three events
identified (Chapter 7) occur in close proximity to one another in the top of magnetochron
C18r and the base of C18n at 40.4, 40.3 and 40 Ma (C18r-1, C18r-2 and C18n-1 events,
respectively) and are superimposed on an interval of longer-term warming - the Middle
Eocene Climatic Optimum (MECO). All of the magnetochron C18 events that have so
far been identified can be correlated between two separate deep sea sites at present and
may prove to be global in nature.

The significance of these findings are threefold. First, so-called ‘hyperthermals’ are not
restricted to the Early Eocene ‘greenhouse’ but also occur millions of years later when
Earth’s baseline climate had cooled substantially. This implies that ‘hyperthermal’
events are a pervasive part of the early Paleogene climate system. Secondly, the similar
palaeoceanographic signals observed during multiple ‘hyperthemal’ events implies the
operation of some common, but as yet unknown, carbon cycling process that allows
repeated rapid injection and sequestration of isotopically light carbon within the ocean-
atmosphere system. Thirdly, the majority of hyperthermal events thus far identified are
confined to the Palaeocene and Early Eocene with only a small number identified in
the Middle Eocene superimposed on reversals in the long term Eocene cooling trend.
This finding if substantiated may imply the presence of some ‘critical’, possibly thermal,
threshold in the Earth’s system.
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In a broader context, there are similarities in terms of carbon cycling between events
reported in this study during magnetochron C19 (∼41.6 - 41.0 Ma) and those at the
Eocene-Oligocene boundary. Both intervals are characterised by a brief interval of CCD
shoaling prior to a large (≥700 m) deepening of the CCD that persisted for ∼500 kyrs in
magnetochron C19 but was permanent at the Eocene-Oligocene boundary. This implies
the operation of some common carbon-cycling mechanism between the two intervals in
the Paleogene.

4) Refine and re-evaluate the existing magnetic stratigraphy at ODP Site 1051 between
magnetochrons C17 and C19 (39.5 to 42.0 Ma).

New high-resolution (∼1 sample every ∼250 yrs) magnetic polarity records generated at
ODP Site 1051 show a well resolved pattern of magnetic reversals between 65 and 150 me-
tres composite depth (mcd) that are assigned to magnetochrons C19r through C18n.1n.
Magnetochron boundaries are resolved to ±1 cm across the top and base of magne-
tochron C19n and base of C18n.1r and ±55 cm across the magnetochron C18r/C18n
boundary. New high-resolution magnetostratigraphy and and careful evaluation of ex-
isting shipboard and new biostratigraphic information generated in this thesis (Chapter
6), has led to the re-interpretation of the shipboard magnetostratigraphy between 5
and 95 mcd. The resulting new age model for Site 1051 results in the top of the core
splice being assigned to magnetochron C17n and an age of ∼37.8 Ma, about 2 million
years younger than previously suggested. The new age model yields a more realistic
sedimentation rate history of ∼3.5 cm/kyr for the core splice between 150 and 5 mcd
and is more inkeeping with biostratigraphic controls. Thus, Site 1051 offers an excellent
opportunity to improve the existing integrated biomagnetochronologic time scale and
contribute towards the development of a more reliable time scale for the Middle Eocene.

The new polarity record indicates a number of hitherto unreported short-lived polarity
(≤8 kyr) ‘events’ within magnetochrons C18r and C19n. The nature and origin of these
events is, as yet, unconfirmed but a number of lines of evidence suggest that at least
some of these events may reflect true variability in the geomagnetic field in the Middle
Eocene. Even if subsequent work shows that this is not the case, the unprecedented
temporal resolution of these new polarity records generated will also contribute to the
debate on the origin of tiny wiggles observed in marine magnetic anomaly profiles in the
Middle Eocene by enabling us to distinguish between the competing hypotheses that
they represent either full magnetic reversals or magnetic excursions.

5) Assess the reliability of the datums defined by Orbulinoides beckmanni and improve
their calibration to the geomagnetic polarity time scale.
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In this thesis, the first high-resolution and quantitative abundance records of the bios-
tratigraphic marker species Orbulinoides beckmanni that defines planktic foraminiferal
biozone E12 are generated from an expanded sedimentary section at ODP Site 1051,
which has a good magnetic stratigraphy (Chapter 5). Assuming that the reliability of a
datum can be considered to be an evaluation of the relative synchrony of a biotic event,
the records presented here strongly suggest that the first occurrence (FO) of O. beck-
manni is diachronous, at least within the Atlantic. O. beckmanni had its evolutionary
first appearance in equatorial waters in the base of magnetochron C18r at ∼41.0 Ma,
approximately 500 kyrs older than previously documented. However, O. beckmanni is
not recorded at Site 1051 in the subtropics until much later, in the top half of magne-
tochron C18r at ∼40.5 Ma in agreement with earlier biostratigraphic calibrations. The
resulting expansion of O. beckmanni’s geographic range may have been associated with
the poleward expansion of warm surface waters that accompanied the MECO. Given
O. beckmanni’s latitudinally restricted distribution (∼40◦N to 30◦S) it seems reason-
able to infer that sea surface temperature may have played a strong role in controlling
O. beckmanni’s biogeography. The stratigraphic last occurrence (LO) of O. beckmanni
(also recorded at Site 1051) occurs in magnetochron C18n.2n and is assigned an age of
39.4 Ma, 600 kyrs younger than previously reported. This revised age for the top of
biozone E12 is attributed to the typically discontinuous recovery of sediments and poor
age control across this biozone in earlier work. Based on the revised FO and LO of O.
beckmanni, the continuous record generated at ODP Site 1051 indicates that the E12
biozone is ∼900 kyrs in duration almost twice as long as previously thought.

The results of this study clearly highlight a number of important points. First, the
importance of working at deep sea sites with a reliable high-resolution magnetic stratig-
raphy with which to calibrate biotic events and the need to further test the reliability of
other Middle Eocene biostratigraphic datums. Second, the application of a strict tax-
onomic concept for biostratigraphic marker species is essential to prevent comparisons
of the stratigraphic occurrences of biotic events producing misleading interpretations.
Third, the need to better understand the environmental and ecological controls on the
biological species that are used to define biostratigraphic datums.

6) Document the ecological, environmental and evolutionary signals associated with the
MECO using planktic foraminifera.

New high-resolution records generated in this study provide the first insight into the
impact of the MECO on planktic foraminiferal assemblages. Planktic foraminiferal as-
semblages at ODP Sites 1051 and 1260 are sensitive to environmental changes that are
inferred to have occurred in the surface waters during the MECO as evidenced by a
series of successive assemblage changes across the event. Similar biotic responses at the
two sites during the initial stages of the MECO implies similar environmental forcing
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throughout the (sub)tropical Atlantic at this time. The major assemblage shift suggests
a change from warm, oligotrophic surface waters to warmer, more productive conditions.
The most abrupt assemblage changes occur among the mixed-layer dwelling genera at
the peak of the MECO indicating a brief interval of significant environmental stress in
surface waters at this time, most likely attributable to high sea surface temperatures.
The findings suggest that climatic and environmental changes associated with the MECO
were sufficient to provoke a response in planktic assemblages at low latitudes and thus,
it is likely that further work will also reveal its impact at higher latitiudes and on the
other marine plankton. Following the MECO, genera associated with warmer waters
were gradually replaced by cooler water-favouring genera indicating surface water cool-
ing inkeeping with existing low-resolution records that document a similar pattern of
turnover through the Middle and Late Eocene. Competing hypotheses to explain the
inferred increased in nutrient availability in surface waters during the MECO are an
increase in continental runoff resulting from an intensified hydrological cycle, increased
rates of upwelling and/or volcanically sourced nutrients.

8.1 Future perspectives

Our understanding of Eocene climate dynamics has increased dramatically since the
early 1990’s, in most part because of the increased recovery of more continuous and
expanded deep sea sediments enabling the generation of palaeoceanographic records
for the Eocene at temporal resolutions that in the past were rarely obtained beyond the
Plio-Pleistocene. As atmospheric pCO2 and global mean temperature continue to rise in
response to anthropogenic forcing it becomes increasingly important that we understand
the nature and causes of climatic variability and its impact on the environment during
previous globally warm, high pCO2 intervals.

Despite recent advances in our understanding of Eocene climatic behaviour some fairly
significant gaps persist in our knowledge of short-term climate variability, the mecha-
nisms responsible and impacts of climate change on the environment. This is primarily
still attributable to a dearth of appropriate sediments available on which to work for
some intervals of the Paleogene. Thus, future drilling initiatives should continue to
target shallowly buried and expanded sedimentary sections from poorly recovered time
intervals of the Paleogene and from ocean basins where few records are available. Ideally
sites with well preserved foraminifera, i.e., shallowly buried and/or clay rich sections,
should be targeted to facilitate the generation of reliable palaeoclimate records. One of
the first steps should be to target drilling at high northern latitudes, e.g., in the north-
ern North Atlantic and Arctic Ocean (the Arctic has no carbonate sediments before the
Neogene but non-carbonate based proxies can be employed), because there is a deficit
of continuous Paleogene sections with which to address current palaeoclimatic topics
of interest such as the timing of the onset and the magnitude of continental ice sheets
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in the Northern Hemisphere at present. Another ‘hot’ topic in palaeoceanography at
present that could be addressed with new drill sites in the Southern Ocean is the location
and timing of the onset of continental ice-sheets in the Late Cretaceous and Cenozoic.
Renewed scientific interest in this topic has been prompted by several studies which
invoke the onset of transient ice-sheets, at least on Antarctica, much earlier than widely
thought. In fact, one study even proposes transient ice sheets on Antarctica during the
Late Cretaceous - the warmest interval in the last 95 million years of Earth’s history. If
substantiated this finding has serious implications for the fate of continental ice-sheets
in the coming centuries. Thus, it is essential that we gain a better understanding of
the boundary conditions and triggers for ice growth, and the volume of ice sheets in the
past. Intervals of time that are poorly resolved and recovered include the interval of the
Middle Eocene between ∼43 and 49 Ma which is still only known at relatively coarse
≥100 kyrs resolution. Yet, this interval is of key importance because it comprises the
first interval of rapid global cooling following the Early Eocene climatic optimum and
thus, warrants investigation.
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Nature, 210:1212, 1966.

G. V. Chilingar. Dependence on temperature of Mg/Ca ratio of skeletal structures
of organisms and direct chemical precipitates out of sea water. Bulletin of South
California Academy of Science, 61:45–61, 1962.

B. M. Clement and D. G. Martinson. A quantitative comparison of two paleomagnetic
records of the Cobb Mountain subchron from North Atlantic deep-sea sediments.
Journal of Geophysical Research, 97:1735–1752, 1992.

T. B. Coplen, C. Kendall, and J. Hopple. Comparison of stable isotope reference samples.
Nature, 302:236–238, 1983.

W. G. Cordey. Morphology and Phylogeny of Orbulinoides beckmanni (Saito 1962).
Paleontology, 11:371–375, 1968.

H. K. Coxall and P. N. Pearson. Taxonomy, biostratigraphy, and phylogeny of the
Hantkeninidae (Clavigerinella, Hantkenina, and Cribrohantkenina). In P. N. Pearson,
R. K. Olsson, B. T. Huber, C. Hemleben, and W. A. Berggren, editors, Atlas of
Eocene Planktonic Foraminifera, volume 41, pages 213–256. Cushman Foundation
Special Publication, 2006.

H. K. Coxall, P. N Pearson, N. J. Shackleton, and M. A. Hall. Hantkeninid depth
adaptation: An evolving life strategy in a changing ocean. Geology, 28:87–90, 2000.

H. K. Coxall, P. A. Wilson, H. Palike, C. H. Lear, and J. Backman. Rapid stepwise
onset of Antarctic glaciation and deeper calcite compensation in the Pacific Ocean.
Nature, 433:53–57, 2005.

H. Craig. The measurement of oxygen isotopes paleotemperatures. In E. Tongiorgi,
editor, Proceedings Spoleto Conference on Stable Isotopes in Oceanographic Studies
and Paleotemperatures, volume 3, pages 3–24. Pisa, 1965.



REFERENCES 156

B. S. Cramer, K. G. Miller, M.-P. Aubry, R. K Olsson, J. D. Wright, D. V. Kent, and
J. V. Browning. The Bass River section: An exceptional record of the LPTM event
in a neritic setting. Bulletin de la Société Géologique de France, 170:883–897, 2000.
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D. L. Royer, R A. Berner, I. P. Montañez, N. J. Tabor, and D. J. Beerling. CO2 as a
primary driver of Phanerozoic climate. Geological Society Today, 14:4–10, 2004.

D. L. Royer, S. L. Wing, D. J. Beerling, D. W. Jolley, P. L. Koch, L. J. Hickey, and
R A. Berner. Paleobotanical Evidence for Near Present-Day Levels of Atmospheric
CO2 During Part of the Tertiary. Science, 292:2310–2313, 2001.



REFERENCES 170

T. Saito. Eocene Planktonic Foraminifera from Hahajima (Hillsborough Island). Trans-
actions of the Palaeontological Society of Japan, N. S., 45:209–225, 1962.
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