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Summary 

The Cenozoic represents the transition from the greenhouse world of the 

Cretaceous to the ice house world of today. Nonetheless, it was not a steady 

linear trend from an ice free world to an ice house, and there were several 

reversals along the way. One such reversal was the Mid Miocene Climatic 

Optimum (MMCO, 14-17 Ma). 

 

Material from the Ocean Drilling Program Site 926 on Ceara Rise in the 

Equatorial Atlantic Ocean is used to examine two intervals within the MMCO 

from 16.4-15.9 Ma and 15.7-15.3 Ma. Stable isotopes and trace element ratios in 

two species of benthic foraminifera, Cibicidoides wuellerstorfi, and Oridorsalis 

umbonatus, and one planktonic foraminifer, Globigerinoides trilobus are used to 

reconstruct multiple climatological parameters at 2-4 kyr resolution. 

 

Paired Mg/Ca and δ18O measurements from the benthic species examined 

suggest that sea level varied by as much as 40m during the MMCO. Sea level 

variability was accompanied by changes in sea surface salinity, as measured 

using δ18O and Mg/Ca from G. trilobus, which suggests that the Intertropical 

Convergence Zone (ITCZ) was responding to high-latitude forcing centred 

upon the Northern Hemisphere. The implication is that significant Northern 

Hemisphere ice sheets were present during the Middle Miocene, some 13 Ma 

before their currently held date of inception during the Pliocene. 

 

These changes in sea level were accompanied by large changes in benthic 

and planktonic carbonate saturation states (Δ[CO32-]), which are inferred to be 

representative of changes to global alkalinity and dissolved inorganic carbon. 

Changes in global export productivity, as evidenced by benthic foraminiferal 

accumulation rates and the planktonic-benthic gradient of δ13C, are inferred to 

be controlling the carbon cycle and atmospheric pCO2ATM during the MMCO. 

The ITCZ is also inferred to be controlling primary productivity at Ceara Rise. 

 

Additionally, the relationship between multiple trace element/Ca ratios and 

Δ[CO32-] are examined using core-tops taken from the Norwegian Sea. The 

relationship between Mg/Ca and Δ[CO32-] in C. wuellerstorfi is confirmed by 

expanding the available holothermal data. Mg/Ca in the benthic species Pyrgo 

murrhina appears to respond exclusively to changes in Δ[CO32-], and the 

relationship of U/Ca in P. murrhina to Δ[CO32-] is the opposite of that seen in C. 

wuellerstorfi and O. umbonatus. 
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Little attention has been paid to warming intervals in the Cenozoic outside of 

the modern day to the Pliocene, and the Palaeocene and Eocene. Just as the 

present is key to understanding the past, so too is the past the key to 

understanding the future. Analyses of warming intervals that are analogous to 

modern climate are essential for predictive work in understanding what is to 

come in the not-too-distant future. Studies of Palaeocene and Eocene 

hyperthermals (e.g., Bohaty et al., 2009; Bowen, 2013; Carozza et al., 2011; 

Tripati and Elderfield, 2005; Zachos et al., 2008) are useful to give an idea of 

what the world might be like under much higher atmospheric CO2 

concentrations (pCO2ATM), but give no indication of what the transition to that 

world might be like as those intervals have no ice in either hemisphere to melt. 

The ice sheets play a major role in Earth’s climate through increasing the Earth’s 

albedo, keeping sea levels low, and locking up methane within permafrost. 

Looking towards deglaciations in the Pliocene and Pleistocene has merit, but 

pCO2ATM was between 180 and 240ppmv (van de Wal et al., 2011; Zhang et al., 

2013); lower than today’s levels of just above 400ppm (IPCC, 2013). Ice volumes 

in the Northern Hemisphere were far greater, with the Eurasian, Siberian, and 

Laurentide ice sheets sitting on top of Eurasia, Siberia and the North American 

continent, respectively (Lisiecki and Raymo, 2005; Miller et al., 2005; Woodard 

et al., 2014). Therefore deglaciations at those times are not directly applicable to 

what we may experience in the next 100-1000 years. What is needed is an 

interval with conditions between that of the Pliocene and the Eocene to provide 

something of a road-map from where we are now to the extreme conditions 

represented by the Eocene hyperthermals. The Miocene (25-5 Ma) exists 

temporally and climatologically between the extremes represented by the 

Pliocene and the Eocene, and so may offer us that map. 
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Figure 1 – Global deep sea composite oxygen and carbon isotope record of the Cenozoic, data taken 

from Zachos et al. (2001). The MMCO is outlined in red. 

 

1.1 The Mid Miocene Climatic Optimum 

The Mid Miocene Climatic Optimum (MMCO, 17-14 Ma, Figure 1) is a 

geologically brief period of elevated temperatures and stands above the general 

background of Cenozoic cooling(Zachos et al., 2001). It presents an ideal 

interval for this study. pCO2ATM by both recent geochemical estimates (Foster et 

al., 2012; Greenop et al., 2014; Zhang et al., 2013) and by analysis of leaf 

stomatal indices (Kürschner and Kvaček, 2009; Retallack, 2002) was analogous 

to the modern value; estimates fall between 300 and 500ppmv (c.f. the modern 

value of ~400ppmv; IPCC, 2013). Ice volumes (sea level) during the MMCO are 

thought to be lower (higher) than the modern day, as evidenced by the presence 

of southern beech tree and nothofagus grass pollen near the Antarctic continental 

margin (Warny et al., 2009), but nonetheless there still may have been some at 

least ephemeral ice in the Northern Hemisphere, as evidenced by ice rafted 

debris (IRD) on the Lomonosov Ridge (St John, 2008). 

 

1.1.1 Palaeoclimate Records of the MMCO 

Analysis of sea levels in the Miocene have focused primarily on the Middle 

Miocene Climate Transition (MMCT, 14.2-13.8 Ma; e.g., Flower and Kennett, 

1994; Holbourn et al., 2010; Holbourn et al., 2007; Holbourn et al., 2004; Lewis et 
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al., 2007; Shevenell et al., 2004; Shevenell et al., 2008), a period of cooling and 

ice-growth. Studies on the MMCO have tended towards low-resolution ice-

proximal sedimentological records from the ANDRILL sites (e.g., Fielding et al., 

2011; Passchier et al., 2011), or come from more terrestrially-based records of 

floral and faunal assemblages (Böhme, 2003; Warny et al., 2009). Other records 

have focussed on the increased weathering associated with the warmer 

temperatures and higher pCO2ATM (Wan et al., 2009). John et al. (2011) identified 

eight intervals of eustatic sea level change between 18 and 9 Ma from sequence 

stratigraphic analyses, however they focus on the sea level fall associated with 

the MMCT. 

 

1.1.1.1 Bottom Water Temperature 

Bottom water temperature (BWT) estimates across the MMCO either include 

long-term, and low resolution records (e.g., Lear et al., 2000), or become lower 

resolution at the MMCO due to coring gaps, or similar (Shevenell et al., 2008). 

Shevenell et al. (2008) estimates bottom water temperatures around 16Ma at 

between 3 and 6oC at the Southern Ocean ODP Site 1171, however the record is 

patchy and low resolution between 15 and 16 Ma. Lear et al. (2010) covers from 

16.8 Ma to 11.5 Ma, and so captures the very end of the MMCO warming, but 

their BWT estimates between 17 and 15 Ma show (Δ[CO32-]-corrected) 

temperatures from Mg/Ca in O. umbonatus of 9-11oC at the subtropical ODP Site 

761 on the Wombat Plateau. 

 

1.1.1.2 Sea Surface Temperature  

Sea surface temperature (SST) estimates have been made using various proxy 

methodologies and at varying latitudes. A number of estimates have been made 

across the MMCT, and some extend into the latest parts of the MMCO. 

LaRiviere et al. (2012) have made estimates from alkenone records, and show 

SSTs in the subtropical East Pacific of ~27oC (ODP Site 1010) and ~23oC in the 

Northeast Pacific (ODP 1021). Similarly, estimates of SST from foraminiferal 
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Mg/Ca subtropical South China Sea show temperatures of 28-30oC at ~15.5 Ma 

(ODP Site 1146, Holbourn et al., 2010). Estimates from the  SST estimates in the 

Southern Ocean at 16 Ma vary between ~16 – 18oC from foraminiferal Mg/Ca 

(Shevenell et al., 2004). Ice-proximal records from Prydz bay palynological 

assemblages (Warny et al., 2009) give SST ranges between -2.1 to 29.6oC and 

11.5-29.2oC, depending on the palynomorph taxa examined, and so SSTs at this 

high latitude probably varied seasonally between -2.1 and 11.5 oC during the 

MMCO. More directly relevant to this study is the work of Zhang et al. (2013), 

conducted at Ceara Rise ODP Site 925, whose TEX86 and Uk’37 data suggest a 

tropical Atlantic SST of between 28oC and 30oC. It is worth noting that the 15-

25Ma is about the only period of their 40 Ma study where the two proxies are in 

good agreement, though this is likely due to a changing seasonal bias in one or 

both proxies. Similar results were obtained by Rousselle et al. (2013) using Uk’37 

from IODP Site U1338 in the Equatorial Pacific Ocean. 

 

1.1.1.3 Ice volume 

 

Figure 2 – Palynological results from Warny et al. (2009). Land plants and fresh water algae on 

Antarctica is key evidence of reduced ice volume during the MMCO. 
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A number of modelling efforts have been made that study ice volume across 

the MMCO (Goldner et al., 2014; Herold et al., 2012; Justino et al., 2014; You et 

al., 2009), but few geochemical estimates have been made to support or inform 

them. One study of δ18O across the MMCO suggests that sea levels rose by 20-

60m at that time (Pekar and DeConto, 2006), which is consistent with a 

warming and deglaciation. Sedimentological studies have focused on IRD at 

ice-proximal sites, with IRD records suggesting sea ice minima in Antarctica at 

16.5-16.3 and 15.7-15.6 Ma (Passchier et al., 2011). The West Antarctic ice sheet is 

suggested to be very dynamic across the MMCO, with glacially proximal (large 

ice sheets) conditions at the current location of the Ross Sea ice shelf between 

17.3 and 16.7Ma, turning to distal (smaller ice sheets) conditions from 16.7-

16.5Ma, followed by a gradual trend towards more proximal conditions from 

16.5 to 14.5 Ma (Fielding et al., 2011). These are borne out by palynological 

records from near the Ross Shelf (Warny et al., 2009) that show increases in land 

plants on the Antarctic continent at around 17.2 Ma and 15.7-15.5 Ma, and one 

spike in pollen in between (not dated, Figure 2). 

 

1.1.1.4 pCO2ATM  

pCO2ATM estimates across the MMCO are far more numerous and easy to 

come by, not least because of the attention that has been paid to obtaining long-

term records of pCO2ATM for the Cenozoic in recent years (e.g., Pagani et al., 

2005; Pearson and Palmer, 2000; Zhang et al., 2013), though a number of records 

have also focused on the MMCO (Foster et al., 2012; Kürschner and Kvaček, 

2009) to resolve the discrepancy found in early records between the warm and, 

apparently, low-CO2 Miocene found by Pearson and Palmer (2000) and Pagani 

et al. (2005). It is worth noting that this discrepancy has more-or-less been 

resolved by studies conducted after the Pagani et al. (2005) alkenone-based 

pCO2ATM reconstruction. 

Current estimates of pCO2ATM during the MMCO are between 300 and 500 

ppmv (Figure 3). These values are well agreed upon between different proxy 
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estimates, including stomatal densities of Laurophyllum pseudoprinceps, Ocotea 

hradekensis, and Laurus abchasica leaves (280-520 ppmv; Kürschner and Kvaček, 

2009), δ11B  of G. trilobus (300-500 ppmv during the peak of the MMCO; Foster et 

al., 2012), and δ13C of C37-C39 ethyl and methyl ketones (350-550 ppmv; Zhang et 

al., 2013). A recent, and far higher resolution study (Greenop et al., 2014) 

suggest that variability of pCO2ATM may have been between 200 and 800 ppmv 

on 100ka timescales across the MMCO. pCO2ATM from calcitic palaeosols of 

Miocene age in the Railroad Canyon, Idaho, USA, show a similar range of 

values, suggesting that pCO2ATM during the MMCO was highly variable 

(Retallack, 2009). 

 

 

Figure 3 – pCO2ATM estimates throughout the MMCO. Brown squares are from analyses of carbonate 

soil nodules (Retallack, 2009). Red stars show stomatal indices.(Kürschner and Kvaček, 2009)Purple 

triangles show data from δ11B (Foster et al., 2012). Green circles are from δ13C of alkenones (Zhang et al., 

2013). 

 

1.1.1.5 Sea Surface Salinity 

Sea surface salinity (SSS) is a key climatological parameter intimately tied 

with evaporation and precipitation rates, and more directly the difference 

between the two (E-P; Bingham et al., 2010; Bingham et al., 2012; Yu, 2011). E-P 

at the equator is strongly tied to the position of the intertropical convergence 

zone (ITCZ; Arbuszewski et al., 2013), which is in turn linked to the volume of 

ice sheets and temperature of the Southern and Northern Hemispheres (Chiang 
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et al., 2003; Chiang and Bitz, 2005; Xie and Philander, 1994). It is clear, then, that 

at near-equatorial sites, such as Ceara Rise, that information about SSS can give 

information about the movement of the ITCZ with respect to the ice sheets. SSS 

changes in palaeoclimate records are difficult to quantify because of the lack of 

direct and independent proxies for it. The closest available proxy for SSS is 

planktonic δ18O, which is also affected by δ18O of sea water (itself a function of 

salinity, temperature, and ice volume), and SST. Nonetheless estimates of SSS 

during the Miocene have been made, and first order approximations suggest 

that it is highly variable (Holbourn et al., 2010; Rousselle et al., 2013; Shevenell 

et al., 2004). 

 

1.1.2 MMCO Summary 

It is clear from the brief review above that the MMCO is an understudied 

interval in the Cenozoic, and moreover one which would welcome high-

resolution geochemical analyses to allow for quantification of the MMCO 

climatic conditions. Many extant geochemical studies either skip the MMCO to 

focus on the MMCT (e.g., Holbourn et al., 2007), or include it only as part of a 

low resolution, long-term study (e.g., Lear et al., 2000; Zachos et al., 2001; 

Zachos et al., 2008). This study aims to re-address that balance somewhat by 

providing a high resolution, mutli-proxy, focused and holistic look at intervals 

within the MMCO. In doing so it is hoped that this will provide real insight into 

a dynamic palaeoclimatological interval with enormous relevance to modern-

day global climate changes. 

 

1.2 Core Top Benthic Foraminifer Trace Metal Geochemistry 

1.2.1 Mg/Ca and Δ[CO32-] 

Foraminiferal Mg/Ca was first hypothesised to be affected by the saturation 

state of sea water ([CO32-]in situ – [CO32-]at saturation; Δ[CO32-]) by Martin et al. (2002), 

though other authors quickly came to the same conclusions (e.g., Lear et al., 

2004; Marchitto and deMenocal, 2003; Skinner et al., 2003). The link between 
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Δ[CO32-] and foraminiferal Mg/Ca was first formalised by Elderfield et al. 

(2006), who corrected a global coretop Mg/Ca study to a uniform temperature 

of 3oC and compared the residual data to the Δ[CO32-] of the sites that data were 

acquired from. They found a small, but significant sensitivity of Mg/Ca in 

Cibicidoides wuellerstofi (C. wuellerstorfi) to Δ[CO32-] of ~0.0086 mmol mol-1 µmol 

kgsw-1. This has massive implications for Mg/Ca palaeothermometry as estimates 

of ice volume changes from δ18O require an independent thermometer to 

deconvolve the temperature and δ18Osw signals from foraminiferal δ18O. It also 

helps to explain many strange anomalies, such as ice-growth across the Eocene-

Oligocene Climate Transition (EOCT) without an apparent cooling (Coxall et 

al., 2005; Lear et al., 2000; Lear et al., 2004). Since then , a number of studies 

have been conducted to further constrain and correct foraminiferal Mg/Ca for 

variations in Δ[CO32-] (Bryan and Marchitto, 2008; Dawber and Tripati, 2012a; 

Lear et al., 2010; Yu and Elderfield, 2007, 2008). Despite this, there is much work 

still to be done in both expanding the number of species examined for Δ[CO32-] 

effects on their geochemistry, and in searching for a reliable and independent 

proxy for Δ[CO32-] to allow Mg/Ca to be corrected. 

 

1.2.1.1 Mg/Ca in O. umbonatus versus C. wuellerstorfi 

One potential method to at least confirm the veracity of temperature trends 

inferred from foraminiferal Mg/Ca is to compare records derived from infaunal 

and epifaunal species. Infaunal species exist in permanently CO32- under-

saturated conditions within pore waters and so appear to be less sensitive to 

changes in Δ[CO32-], but still reflect changes in BWT (Elderfield et al., 2010). 

Oridorsalis umbonatus (O. umbonatus) is one such species that tends to live 

infaunally (Murgese and De Deckker, 2005; Rathburn and Corliss, 1994), and 

moreover is a commonly used foraminifer for palaeooceanographic work (e.g., 

Coxall and Wilson, 2011; Dawber and Tripati, 2012b; Lear et al., 2000; Lear et al., 

2010; Lear et al., 2003; Tripati and Elderfield, 2005). Confirmation that it has a 

lower sensitivity to changes in Δ[CO32-], as well as the addition of other species-
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specific calibrations to the palaeoceanographer’s arsenal, would be of great 

benefit to palaeoceanography. 

 

1.2.1.2 U/Ca 

Currently calibrated geochemical proxies for Δ[CO32-] include B/Ca (Brown et 

al., 2011; Dawber and Tripati, 2012a; Foster, 2008; Rae et al., 2011; Yu and 

Elderfield, 2007; Yu et al., 2010b), Sr/Ca (Dawber and Tripati, 2012a; Raitzsch et 

al., 2010; Rosenthal et al., 2006), and U/Ca (Keul et al., 2013; Raitzsch et al., 

2011). Of those, U/Ca is calibrated for only three species: C. wuellerstorfi (also 

referred to as Planulina wuellerstorfi), C. mundulus (Raitzsch et al., 2011), and 

Ammonia sp. (Keul et al., 2013). U/Ca appears to show a strong, negative, and 

linear relationship with Δ[CO32-] (Keul et al., 2013; Raitzsch et al., 2011), and 

expansion upon the effect of Δ[CO32-] upon foraminiferal U/Ca would be 

beneficial. Uranium precipitation in seawater is strongly related to oxygenating 

bottom water conditions (Anderson, 1982; Boiteau et al., 2012; Francois et al., 

1993; McManus et al., 2005), but Mn precipitation is predominant under 

oxygenating conditions (Boyle, 1983; Calvert and Pedersen, 1996; Chun et al., 

2010; Mangini et al., 2001) and so analysis of both Mn/Ca and U/Ca can rule out 

these effects. 

 

1.2.2 Morphotype effect on Mg/Ca 

 One key conclusion of Rae et al. (2011) was that B/Ca is not only different 

between species (specifically C. mundulus and C. wuellerstorfi), but also between 

species morphotypes. C. mundulus and C. wuellerstorfi both have two 

morphotypes: the species sensu stricto and the species variant and the sensitivity 

of B/Ca to changes in Δ[CO32-] is different for the different morphotypes. In 

addition to this, planktonic foraminiferal Mg/Ca can show slightly different 

relationships to temperature depending on coiling direction (e.g., Cleroux et al., 

2008), though not in all cases (e.g., Duckworth, 1977) and occasionally even 

show different ecological behaviour (e.g., Lombard et al., 2009). One study that 
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is worth a cursory look, therefore, is if sinistral and dextral benthic foraminifera 

are sufficiently different morphotypes to show different relationships between 

their trace element/Ca ratios and the conditions in which they grew. A culturing 

experiment on Ammonia tepida by De Nooijer et al. (2014) suggests not, but this 

remains to be seen in core-tops, as sinistral and dextral foraminifera may 

occupy a slightly different ecological niche. 

 

1.3 The Intertropical Convergence Zone (ITCZ) 

 

Figure 4 – Schematic of the ITCZ. A) The position of the wind cells relative to one another on the globe 

and principal directions of the trade winds. B) The effect of Hadley Cell circulation on sea surface 

currents and upwelling. C) Mean Sea Surface Temperature (red) and salinity (blue) distribution with 

latitude (Levitus, 1982). The mean position of the ITCZ (dotted line labelled ITCZ) can be seen as a 

maximum in temperature and a minimum in salinity. Its position relative to the equator (dashed line 

labelled Eq) is shown.  
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In the northern hemisphere, rising air at the equator eventually reaches 

equilibrium and flows northwards. Once it cools enough it sinks in the Horse 

latitudes (30-35oN) and the air flows southwards back towards the equator, 

forming the trade winds (e.g: Karnauskas and Ummenhofer, 2014; Stachnik and 

Schumacher, 2011). This circulation forms the Hadley wind cell and is one of 

three such cells in each hemisphere. The other cells (Figure 4a) are the Polar 

Cell, and the Ferrell Cell (e.g:Huang and McElroy, 2014).. At Earth’s surface the 

Hadley Cells are associated with Northerly winds in the Northern Hemisphere 

and Southerly winds in the Southern Hemisphere. The ITCZ is the region of the 

globe near to the equator at which the two Hadley Cells converge (Philander et 

al., 1996; Xie and Philander, 1994; Xie and Saito, 2001). 

Due to Earth’s rotation, Coriolis forces deflect the Northerly winds to the 

right (left) in the Northern (Southern) Hemisphere (Figure 4a). The effect of this 

is that to the north and the south of the ITCZ the Trade Winds that transport air 

towards the equator associated with the Hadley Cells are deflected to become 

Easterlies. These drive the currents in the surface ocean and, due to Coriolis 

forcing once again, the primary Ekman transport direction is away from the 

equator (Figure 4b). This divergence of water masses forces the upwelling of 

cold, deep, nutrient rich waters to the surface producing a zone of high 

productivity and low salinity (Figure 4b).  

Due to the asymmetrical distribution of the continents about the equator the 

Northern Hemisphere is warmer than the Southern Hemisphere. As a result, 

the mean position of the ITCZ is ~5oN of the equator (Figure 4c), though it 

varies on multiple timescales from seasonal (e.g., Bingham et al., 2010; Bingham 

et al., 2012; Kaandorp et al., 2005), to glacial-interglacial, (e.g., Arbuszewski et 

al., 2013; Sepulcre et al., 2011; Tachikawa et al., 2014) up to Myr (e.g., Armstrong 

and Allen, 2011; Hofmann and Wagner, 2011; Hyeong et al., 2014). The position 

of the ITCZ over land is far more dynamic due to the lower heat capacity of 

land compared to the sea, and it is not considered here. The principal control 

over the position of the ITCZ is the temperature contrast between the Southern 
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and Northern Hemispheres and cross-equatorial energy transport (Bischoff and 

Schneider, 2014; Broccoli et al., 2006; Chiang et al., 2003; Chiang and Bitz, 2005; 

Xie and Philander, 1994). As the Northern Hemisphere cools (warms), relative 

to the Southern, the ITCZ will move south (north) towards the Equator (North 

Pole). Changes in the mean temperature of a hemisphere relative to the other 

can have a strong effect on the position of the ITCZ, which can be seen in the 

geological record as changes in salinity at near-equatorial ocean sites 

(Arbuszewski et al., 2013; Armstrong and Allen, 2011; Holbourn et al., 2014; 

Holbourn et al., 2010; Hyeong et al., 2014; Schmidt and Spero, 2011). A change 

in ice volume in one hemisphere will therefore move the ITCZ away from that 

hemisphere (Broccoli et al., 2006; Chiang and Bitz, 2005). Analysis of how δ18O 

of sea water, which is affected by global ice volumes, and how sea surface 

salinity co-vary should give an indication of the location of any changes in ice 

volume if a position of an ocean site relative to the ITCZ can be assumed. 

 

1.4 Sites used in this Thesis 

 

Figure 5: Location of the sites used in this thesis. A) Location of Ceara Rise (red star) and the 

Norwegian Sea (white star). B) Location of Ceara Rise in the Atlantic (Red star) and the principal ocean 

currents (highlighted regions. Arrow lengths show the relative strength and direction of the ocean 

currents) 1- the North Equatorial Current (Bischof et al., 2004b); 2 – The North Equatorial Counter-

Current (Bischof et al., 2004a); 3 – The South Equatorial Current (Bonhoure et al., 2004). Principal 

hydrography of the water column at Ceara Rise is shown in; C – temperature. D – Salinity, E- Δ[CO32-]. 

Data from GEOSECS Site 40 and Lewis and Wallace (1998). 
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A more detailed outline of the sites examined will be used in the relevant 

chapters. Sites in the Norwegian Sea used for the core top calibrations will be 

described in Chapter 3, and the geology of Ceara Rise will be described in 

Chapter 4. Nonetheless, the Norwegian Sea is a marginal sea off the coast of 

Norway (Figure 5a) and is notable due to its approximately holothermal bottom 

waters (Elderfield et al., 2006; Jordan, 2008). This feature allows it to be used for 

core-top calibrations that need to be independent of changes in temperature. 

Ceara Rise is a bathymetric high in the Western Equatorial Atlantic (Figure 5a) 

that was the target of the Ocean Drilling Program’s (ODP) Leg 154 and contains 

sediments from the modern day to the Eocene (Shipboard Scientific Party, 

1995a). 

Ceara rise sits just to the South of the North Equatorial Counter Current 

(NECC, Figure 5b2) and to the North of the South Equatorial Current (SEC, 

Figure 5b3). The SEC transports around 17-26 Sv of warm (~26oC, ±2oC 

dependant on season) waters from the subtropics towards Ceara Rise 

(Bonhoure et al., 2004) and extends down to around 100m depth. Beneath that, 

the eastward-flowing equatorial under-current follows the approximate depth 

of the thermocline and brings cooler (~20oC) waters to the surface, forced by 

Ekman-driven divergence at the equator. 

The NECC (Figure 5b2) is a seasonal current that is highly subject to wind-

forcing and is strongest during austral winter when the SEC is also at its 

strongest (Bischof et al., 2004a). The influence of subtropical cells, which 

connect the subtropics to the surface equatorial currents via equatorward flow 

at the thermocline, brings a tongue of cold (<15oC) waters that are eventually 

upwelled. At other times, the region is dominated by the Northern Equatorial 

Current (NEC, Figure 5b1). The NEC brings relatively warm (24-32oC, from 

boreal winter to summer, respectively) with a mean transport of ~8.5 Sv from 

the north-western coast of Africa (Bischof et al., 2004b). 
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1.5 Outline 

Chapter 2: Methods, will outline the methods used in this study and examine 

the reproducibility of the data obtained herein.  

In Chapter 3: Core-Top Calibration of Trace Metal Ratios of Benthic 

Foraminifera from the Norwegian Sea, this study will first examine core top 

samples from the Norwegian Sea for Mg/Ca, Li/Ca, B/Ca, and U/Ca in C. 

wuellerstorfi, O. umbonatus, and Pyrgo murrhina (P. murrhina) against changes in 

Δ[CO32-]. In addition, the coiling direction of C. wuellerstorfi will be examined for 

differences in the above trace element ratios between the sinistral and dextral 

forms. 

Following that the findings of that chapter will be used in Chapter 4: Mid-

Miocene ITCZ Changes in Response to Northern Hemisphere Ice Sheet Growth. 

Temperature, ice volume and salinity will be examined across two intervals in 

the MMCO to examine climate variability and infer movements of the ITCZ 

during that period. A hypothesis for a deglaciation centred on the Northern 

Hemisphere and accompanying evidence for that will be presented.  

Chapter 5: Carbon Cycling During the MMCO, will present further evidence 

for movement of the ITCZ by examining changes in proxies for productivity. 

The reliability of temperature changes inferred in Chapter 4 will be examined 

by looking at changes in Δ[CO32-]. In addition, estimates of Δ[CO32-] and 

pCO2ATM will be presented and the changes in global carbon cycling that they 

represent will be explored. 

Chapter 6: Synthesis and Conclusions, will conclude this study, and provide 

a summary of the key findings with reference to the research questions 

presented above. 
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2.1 Introduction 

The processing of the sediment for running on an inductively coupled 

plasma mass spectrometer (ICP-MS) is comprised of five phases, which will be 

summarised herein. The first phase is the washing of the raw sediment through 

63 µm mesh sieves to separate the sand-size fraction (>63 µm) and free up the 

individual foraminifera for picking. The second phase is to pick the 

foraminifera and to sort for species and size fraction. The third phase is to crush 

the individuals to open up the chambers and facilitate the cleaning. The fourth 

phase is to clean the crushed foraminifera to remove contaminants such as 

clays, oxides and organic material (Boyle and Keigwin, 1985/1986). Finally, the 

foraminifera are dissolved and the solutions are diluted prior to analysis by 

ICP-MS (Rosenthal et al., 1999). 

Several small tests have been performed over the course of the washing and 

cleaning process to test the efficacy of each phase. These include experiments to 

examine the techniques used in washing the sediment, and experiments to 

assess the optimal wash time of the sample introduction system during 

analysis, the reproducibility of the element ratio analyses and the long-term 

precision of the ICP-MS analyses. The results of these tests are detailed here. 

Finally, the climate parameters examined, geochemical proxies used, and the 

calibrations used to convert one to the other are outlined. An explanation of 

each and justification for their use are provided where appropriate. 

 

2.2 Sample Preparation 

2.2.1 Washing 

The purpose of this phase is to disaggregate the sediment to free the 

individual foraminifera for picking and to calculate the percentage coarse 

fraction by weight. The raw sediment was removed from its bag and soaked 

overnight in 15 MΩ de-ionised water (DI H2O) in a labelled and sealed 60 ml 

glass jar. While the sediment was soaking, it was placed on a spinner to gently 

assist the disaggregation. 
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Subsequently, the jars were slowly emptied into a 63 µm sieve. A garden 

sprayer was used to gently spray the sediment with 15 MΩ DI H2O in order to 

wash away the <63 µm fraction. The <63 µm material was washed into a 

labelled bag so that it could be dried and weighed. The >63 µm material was 

labelled and left to dry in the oven at 40oC. Once dry, they were put into vials 

and weighed. 

The material from ODP Site 926 is relatively consolidated and can easily take 

up to 15 L of DI H2O per sample to be washed through properly. To save on 

time, and to protect the foraminifera from being leached by the mildly acidic DI 

H2O, the sediment was only washed through with 2 L before stopping the 

washing process. Anything more than this was too likely to damage the 

foraminifera and removed progressively less and less of mud fraction.  

 

2.2.2 Picking 

The purpose of this phase is to separate out individual species of 

foraminifera within a given size fraction. This allowed single-species analyses 

to be used to ensure that vital effects are accounted for in the final data. The >63 

µm material is sieved into >355 µm, 250-355 µm and 150-250 µm size fractions. 

The size fractions to be used were picked using a fine artists’ brush that has 

been dampened in 15 MΩ DI H2O.  

 

2.2.3 Crushing 

The purpose of this phase is to open up the individual chambers of the 

foraminifera so that the cleaning phase can remove contaminants more 

thoroughly. It is a delicate operation as crushing too much makes the 

foraminifers’ test material prone to being siphoned off during the cleaning, 

whereas crushing too little can leave contaminants inside the test. 

Around 20 individuals between 250 and 355 µm were crushed for a single 

sample. When there is not enough material, fewer foraminifera are used per 

sample. No fewer than three individuals were used for a given analysis. The 
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work area was wiped down with 15 MΩ DI H2O and the foraminifera to be 

crushed were placed on a clean glass slide using a clean artists’ brush damped 

with fresh DI H2O. The foraminifera were placed in two rows with larger 

individuals in one row and the smaller individuals in the other. A second clean 

glass slide was lowered onto the foraminifera and then pressed down to crack 

the foraminifers’ tests. Placing the foraminifera in two rows allowed the top 

glass slide to rest on the tests evenly to ensure that no foraminifers are over or 

under-crushed. The crushed foraminifera are put into individually labelled, 

acid-cleaned micro-centrifuge tubes. 

 

2.2.4 Trace Metal Cleaning 

The purpose of this step is to remove contaminants that could interfere with 

the trace metal ratio signals. The methodology is the cadmium-cleaning 

protocol using a reducing step adapted from Boyle & Keigwin (1985) and has 

been modified based on the results of other publications (Barker et al., 2003; 

Martin and Lea, 2002; Pena et al., 2005), though it differs from that used in 

Barker et al. (2003) due to the use of an oxide removal reducing step. This is 

included because the full suite of trace metals were analysed on each sample. 

The full process is provided in the appendices (Section 8.1). The same method 

was used for both benthic and planktonic foraminifera. 

 

2.2.5 Analysis 

2.2.5.1 Stable isotopes 

Samples were split after crushing for stable isotope analysis and analysed on 

a ThermoFinnigan MAT252 with online sample preparation using an 

automated Kiel III carbonate device at Cardiff University. The long term-

precision of the in-house standard is better than 0.09 ‰ in δ18O and better than 

0.06 ‰ in δ13C (1σ). Results are reported relative to Vienna Pee Dee Belemnite 

(VPDB). Larger samples were further split to bring the sample weights in 

between 50 and 100 µg and each split was run separately.  
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 Mg/Ca Sr/Ca B/Ca Li/Ca U/Ca Mn/Ca 

 
Mean ratio 
(mmol mol-1) 

Precision 
(1σ) 

Mean ratio 
(mmol mol-1) 

Precision 
(1σ) 

Mean ratio 

(mol mol-1) 
Precision 
(1σ) 

Mean ratio 

(mol mol-1) 
Precision 
(1σ) 

Mean ratio 
(nmol mol-1) 

Precision 
(1σ) 

Mean ratio 

(mol mol-1) 
Precision 
(1σ) 

CS1 1.19 0.0080 0.44 0.0027 14.6 1.19 5.78 0.26 4.85 0.19 28.4 0.53 

CS2 6.81 0.033 1.66 0.0099 219 5.20 43.2 1.74 29.3 0.85 196 8.89 

C. mundulus 1.39 0.13 1.15 0.04 125 5.62 13.8 0.71 19.8 3.07 407 63.9 

O. umbonatus 1.87 0.14 0.93 0.027 32.9 9.89 14.0 0.93 34.3 8.75 585 143 

G. trilobus 3.71 0.10 1.23 0.028 69.0 4.34 12.6 0.60 46.7 6.75 672 50.8 

Table 1 – Mean element/Ca ratios and precision for consistency standards and foraminifera examined in this study. The precision of the standards reflects 

analytical precision. The precision for the foraminifera reflects sample reproducibility, and is the mean 1σ taken from samples run multiple times (between 2 and 4 

times) using different individuals from the same samples. 
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2.2.5.2 Trace elements 

Samples were cleaned and analysed for trace metal composition as described 

above and in in the appendices (Section 8.1). Samples were analysed on a 

Thermo Element XR ICP-MS at Cardiff University. Sample [Ca] were between 1 

and 4 mmol mol-1, and where they were above 4 mmol mol-1 they were diluted 

down to 4 mmol mol-1 by further addition of trace-metal pure (Optima) 4 mM 

HNO3.  

Mg/Ca analyses by ICP-MS are strongly affected by matrix effects (Lear et al., 

2002; Rosenthal et al., 1999). Matrix matching of samples was performed by 

analysing a diluted aliquot of each sample for its calcium concentration. 

Individual standards of the same calcium concentration were produced for each 

sample, and analysed in pairs by ICP-MS. A “blank” solution, comprising the 

same acids used for sample dissolution and dilution was analysed in between 

six samples. The isotope intensities of the blank solution were subtracted from 

the isotope intensities of the samples. Where the sample intensities were less 

than five times that recorded in the blank solution, the results for that 

element/Ca ratio were discarded. 

Sample results were then screened for contaminants by examining the Al/Ca, 

Fe/Ca, and Mn/Ca ratios. Where Al/Ca was greater than 100 mol mol-1, or 

Fe/Ca, and/or Mn/Ca were greater than 1000 mol mol-1 it was assumed that the 

cleaning had not been thorough enough and so all data were discarded for that 

sample. 

 

2.2.5.3 Long term precision 

Long-term precision was analysed using two consistency standards (CS1 & 

CS2) during each run. The two standards are mixed and maintained at Cardiff 

University and are run at a concentration of 4mM Ca. They are compared to the 

multi-element calibration standard (MCS) that is used throughout each run. 

During 2012 the standard lab procedure was that each user would maintain 
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their own set of consistency standards to prevent cross-contamination between 

users. In 2013, the procedure was changed so that all users take from a centrally 

maintained batch of consistency standards to ensure consistency between users’ 

runs. There is no clear change between 2012 and 2013 to suggest that this 

compromised the standards’ consistency 

Long term precision for Mg/Ca ratios in CS1 (Figure 6a) and CS2 (Figure 7a) 

were both high. In the cases of both standards, the standard deviations 

represent less than 1% of the mean, and the ranges represent around 2% of the 

mean (Table 1). Variations in Mg/Ca between samples are real, and not down to 

analytical error within the mass spectrometer. 

 

 

Figure 6 – Measured trace metal ratios of Consistency Standard CS1 over time. A) Mg/Ca. B) Li/Ca. C) 

B/Ca. D) Sr/Ca. E) U/Ca. F) Mn/Ca Error bars show one standard deviation. 

 

The long-term precision for Li/Ca is 4% of the mean (1) for CS1 and 3% of 

the mean for CS2 (Table 1). Long term precision for B/Ca, was within 10% of the 

mean for CS1 and within 2% of the mean for CS2. The relatively poor long-term 

precision for B/Ca in CS1 results from the very low B/Ca ratios for this 

particular standard (14.6 µmol mol-1, Table 1).  



Sam Bradley   Methodology   Cardiff University 

23 

 

 

 

Figure 7 – Measured trace metal ratios of Consistency Standard CS2 over time. A) Mg/Ca. B) Li/Ca. C) 

B/Ca. D) Sr/Ca. E) U/Ca. F) Mn/Ca. Error bars show one standard deviation, 

 

2.3 Tests 

2.3.1 Reproducibility of foraminiferal trace metal data 

In order to assess sample reproducibility, a monospecific sample of 400 

individuals of the planktonic foraminifera Neogloboquadrina pachyderma was 

picked from a core-top sediment sample JR 179BC 492 Y 0-1cm from the 

Southern Ocean. These were crushed together and the resultant material was 

mixed up to ensure that the results were as homogenous as possible and 

separated out into 20 samples, in a similar manner to the same test performed 

by Barker et al. (2003). These 20 samples were cleaned using the method of 

Barker et al. (2003). 

In general, the sample reproducibility for Mg/Ca, Li/Ca and B/Ca is good 

(Figure 8). Ignoring samples 7 and 17, the Mg/Ca data are normally distributed, 

with a 1σ standard deviation of 0.042 around a mean of 0.639 mmol mol-1. This 

means the 95% confidence interval for the natural variability of Mg/Ca is ± 0.084 

mmol mol-1, or ± ~13%. For Li/Ca, the 1σ is 0.433, with a mean of 16.04 µmol 
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mol-1. This equates to the 95% confidence of natural variability being ± 0.866, or 

± ~5%. For B/Ca, the 1σ is 2.292 around a mean of 48.62 µmol mol-1. The 95% 

confidence interval of natural variability is ± 4.584 or ± ~9%. The lower 

reproducibility values for Li/Ca and B/Ca is due the low concentrations of Li 

and B in N. pachyderma, which meant that the isotope intensities were less than 

ten times that of the blank solution.  Species with higher Li/Ca and B/Ca ratios 

will have higher levels of reproducibility, as observed by comparing the 

precision of the two different consistency standards. 

Samples 7 and 17 show elevated values of Mg/Ca, Li/Ca and B/Ca and have 

thus been discarded as anomalous. Sample 17 also shows elevated Al/Ca 

(Figure 8g) and Fe/Ca (Figure 8f) which suggests that the clay removal step was 

less effective than for other samples (Barker et al., 2003). Similarly, the Mn/Ca 

(Figure 8h) is elevated for samples 3, 7 and 17 which suggests that the reducing 

step was not as effective as it should have been for these samples. This is 

supported by the Fe/Ca (Figure 8f) results for samples 3 and 17, which may 

suggest that the problem, for those samples at least, lies in the crushing stage 

rather than with the cleaning; if all the chambers were not opened sufficiently, 

then contaminants on the inside of the chambers will not have been removed 

properly. 

 

2.3.2 Experiment to determine the optimum wash time 

A series of standards and acids were run in sequence to determine the 

optimum length of the wash time. Standards were used to contaminate the 

probe before each wash cycle and then a 0.5M HNO3 solution was analysed for 

the full suite of trace metals. The wash time was set at 2 minutes, 3 minutes, 4 

minutes, 5 minutes and 6 minutes. Standards were run at Ca concentrations of 

1mM, 2mM, 3mM, and 4mM to assess how the washout time varied with 

concentration.  
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.  

Figure 8 – Measured element/calcium ratios from the sample reproducibility test. Error bars represent 

the 1σ of multiple measurements on the same sample made by the ICP-MS, and as such are an 

underestimate of the total error.  A) Mg/Ca. B) Li/Ca. C) Sr/Ca. D) U/Ca. E) B/Ca. F) Fe/Ca. G) Al/Ca. H) 

Mn/Ca. In general the samples show element/Ca values of around the same value, which would be 

expected, however there are notable exceptions. Sample 3 is highlighted as a yellow circle. Sample 7 is 

highlighted as a red triangle. Sample 17 is highlighted as a green square. Where a break in the y axis is 

necessary, a dashed line has been put across the graph to make it clear which points are above and 

below the break. Error bars show one standard deviation. Where no error bars are visible, the error bars 

are smaller than the size of the points. 

 

It seems, however that increasing the wash time between two and six 

minutes has an insignificant effect on the measured concentrations of the acid 
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sample (Figure 9). The major effect appears to loosely be the concentration of 

the preceding standard. Nevertheless a wash time of 4 minutes was chosen for 

samples in this thesis as a compromise between the observed lack of effect and 

any unforeseen effects that may not have been accounted for.   

 

Figure 9 – The effect of wash time on background signal intensity. [Ca] of the standard preceding the 

analysed acid sample is differentiated as follows: red square: 1 mM. Green diamond: 2 mM. Blue circle: 

3 mM. Pink triangle: 4 mM. 

 

2.4 Site Selection 

Several DSDP, ODP and IODP sites were reviewed for this study. Sites were 

selected based on the quality of preservation and the sedimentation rate. As the 

aim of the study is to produce high resolution records, sites with a 

sedimentation rate of less than 10 m Ma-1 were discounted. Because the depth of 
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burial tends to adversely affect the quality of preservation a compromise had to 

be reached. Sites on the short list included IODP Site 154-U1334, and ODP Sites 

154-925, 154-926, and 184-1148.   

IODP Site 154-U1334 (equatorial Pacific Ocean, 4.8 km water depth) was the 

preferred Site for this project. It consists primarily of nannofossil ooze and has a 

sedimentation rate through the Miocene of approximately 13 m Ma-1 (Pälike et 

al., 2009). Preservation of benthic foraminifera is described as good (though not 

glassy), and planktonics as medium to good. Oceanographically, U1334 is 

situated in the middle of the world’s largest ocean basin and so is well situated 

to make inferences about global changes. At the time of starting this project, 

material from U1334 was still under moratorium and so unavailable for use. On 

10th October 2010 it had come off of moratorium, however this project had the 

potential to conflict with ongoing work, and so U1334 was deemed best 

avoided.  

ODP Site 184-1148 (northern South China Sea, 2.1 km water depth) consisted 

of primarily clayey nannofossil ooze, which I had hoped would bode well for 

foraminiferal preservation (Wang et al., 2000). In addition the sediment 

accumulation rate was between 11 and 17 m Ma-1 during the Miocene. 

Unfortunately planktonic foraminiferal preservation is listed as moderate to 

poor and benthic foraminifera are hardly mentioned at all except as being “few 

to abundant”. From an oceanographic perspective, the South China Sea may be 

too restricted to allow for any inferences about global oceanographic changes 

that would have occurred as a result of any variability in the size of the global 

ice volume, and so ODP Site 1148 was rejected. 

ODP Sites 154-925 and 154-926 (Ceara Rise, western equatorial Atlantic 

Ocean, 3 km and 3.6 km water depth respectively) both contain relatively 

complete Miocene sections, though 926 is the more complete of the two. Both 

cycle between nannofossil ooze and nannofossil ooze with clay, and both show 

moderate to good preservation of benthic foraminifera and poor to moderate 

preservation of planktonics, though preservation is better in 925. Sedimentation 
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rates in 925 and 926 throughout the Miocene are reported as being between 11 

and 12 m Ma-1, respectively. Recovery of Miocene sediments in Site 925 was 

poorer than that of 926, and there are significant coring gaps over areas of 

interest to this study. Conversely, 926 hole B showed more than 100% core 

recovery throughout both intervals of interest. For this reason, Site 926 was 

chosen for this study. 

 

2.5 ODP Site 926 Age Model 

 

Figure 10 – ODP Site 926 age model. A) Original age model based purely on biostratigraphic data 

(black line), and revised age model incorporating results from physical property frequency analysis 

(Figure 11, see text for details). Solid lines show the range of the calculated linear age model, dotted 

line project the age model forwards and backwards. Crosses show age datums based on nannofossils, 

circles based on planktonic foraminifera (ShipboardScientificParty, 1995c; Wade et al., 2011). 

 

ODP Site 926 has strong biostratigraphic age control in general, but 

unfortunately the core material suffered from magnetic overprinting, and so it 

has no magnetostratigraphic age control. Sites on Ceara Rise show strongly 

cyclic bands of alternating light and dark sediment and material of Oligocene 

and Early Miocene age have been orbitally tuned (Pälike et al., 2004), however 

that tuning stops below the intervals being studied. Based on biostratigraphic 

data, the intervals being studied show a sedimentation rate of approximately 
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9.4 m Ma-1. A hiatus is postulated in material from site 926 between 15.5 and 

17.7 Ma based on magnetic susceptibility data (Shackleton et al., 1999), however 

biostratigraphic data suggest continuous sedimentation until at least 16.4 Ma 

(P.N. Pearson, pers. comm., 2012). The initial age model was produced by 

fitting a regression through the biostratigraphic data (Figure 10). The 

foraminiferal biostratigraphic depth datums from Pearson and Chaisson (1997) 

were assigned ages from Wade et al. (2011), and the nannofossil 

biostratigraphic depth datums from Raffi et al. (2006) 

The physical properties measured on board when the core was collected 

were analysed to determine their dominant frequencies of variability. As the 

biostratigraphic data suggest that the sedimentation rate stays constant between 

10 and 16.4 Ma, the data from this extended interval was examined to improve 

the fidelity of the spectral analysis. In order to perform the spectral analyses, a 

combination of REDFIT (Schulz and Mudelsee, 2002) and Analyseries (Paillard 

et al., 1996) were used. The advantage of the REDFIT program is that, aside 

from running on a windows machine without requiring an emulator, it 

calculates 95% and 99% confidence intervals for each spectrum it calculates. The 

advantage of Analyseries is that it is far more user-friendly and can easily 

perform other functions. For this study, calculation of spectra and confidence 

intervals was performed with REDFIT, and all other functions were done using 

Analyseries. 

Bulk density (Figure 11a) shows four prominent (>99% confidence) 

frequencies. Magnetic susceptibility (Figure 11b) shows five prominent 

frequencies. Only the frequency with a period of 23.5 ka bares any resemblance 

to a known orbital cycle (Earth’s precession cycle). It is interesting to note that 

the second-most prominent frequency with a period of 52.1ka would have a 

period of approximately 41ka if the sedimentation rate were around 17.5 m Ma-

1. In previous analyses of the periodicity present in ODP Site 926 from 17.9-26.5 

Ma, the obliquity cycle of 41ka was found to be the most prominent signal 

(Pälike et al., 2006a). Cyclicity in the colour reflectance of the core also shows a 
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range of periodicities with different frequencies more or less prominent 

depending on which colour reflectance metric is being examined. B* (Figure 

11c, strength of reflectance in the blue or yellow parts of the visible light 

spectrum) shows seven prominent frequencies. L* (Figure 11d, the lightness of 

the core) shows eight prominent frequencies. A* (Figure 11e red-green 

reflectance) shows four prominent frequencies. The different frequencies and 

their associated periods are shown in appendix 2 (Section 8.2).  

 

Figure 11 – Comparison of the dominant frequencies present in different physical properties of the 

sediment in 926 of Early to Mid-Miocene age (~1.5-16.5 Ma). A) Bulk Density, B) Magnetic 

Susceptibility, C) B* (yellow-blue reflectance), D) L* (lightness), and E) A* (red-green reflectance).  
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Figure 12 – Comparison of biostratigraphy-only age model to PPFI age model. A) Comparison of δ18O 

in bio-stratigraphy only (1), Zachos et al 2008’s record (2), and PPFI age model (3). B) Comparison of 

δ13C in biostratigraphy only (1), Zachos et al 2008’s record (2), and PPFI age model (3). 

 

Of all the frequencies only those labelled f11 and f14 (Table 6 in appendix 2, 

Figure 11; numbers refer to frequencies identified in physical property 

measurements, appendix 2, section 8.2) are shared across more than 2 of the 

physical properties. Assuming the linear sedimentation rate derived from the 

biostratigraphic age model, their periods are around 52 ka and 35 ka, 

respectively (Figure 11). Assuming the f11 (52kyr) signal actually represents the 

~41 kyr obliquity cycle implies a revised linear sedimentation rate between 225 

and 300 mbsf of ~17.3m Ma-1, which is still consistent with the biostratigraphic 
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age data (Figure 10). In this scenario the f14 signal has a revised period of 

around 26 kyr, which may correspond to orbital precession. This assumption 

allows a new age model, which is dubbed “physical-property frequency 

informed” (PPFI) to be estimated (Figure 10, red line). 

Comparison of the stable isotopes obtained in this study to the revised multi-

site benthic δ18O stack of Zachos et al. (2008) using both the biostratigraphy-

only and PPFI age models reveals a far better agreement using the latter age 

model (c.f. Figure 12a1, a2, and a3). This agreement holds less true for δ13C, 

however the record at this time is derived primarily from Deep Sea Drilling 

Program (DSDP) Site 588 in the Western Equatorial Pacific (Shipboard Scientific 

Party, 1982; Zachos et al., 2008). Given the potential differences in δ13C between 

the Atlantic and Pacific Oceans, differences in δ13C between this record and the 

one from Zachos et al. (2008) may be expected. 

 

2.6 Proxies used in this study 

2.6.1 Temperature 

Palaeotemperature can be calculated in a number of ways using various 

proxies, including TEX86 (Kim et al., 2008; Kim et al., 2010; Leider et al., 2010; 

Powers et al., 2004; Schouten et al., 2007), floral and faunal assemblage transfer 

functions (Chapman et al., 1996; Feldberg and Mix, 2002; Kucera et al., 2005; 

Mix et al., 1999; Ortiz and Mix, 1997), δ18O of biogenic calcite (Erez and Luz, 

1982; Kroopnic.P et al., 1972; Marchitto et al., 2014; O'Neil et al., 1969; 

Shackleton and Kennett, 1975), and Mg/Ca of foraminiferal calcite (Bryan and 

Marchitto, 2008; Dekens et al., 2002; Groeneveld and Filipsson, 2013; Healey et 

al., 2008; Lea et al., 1999; Lear, 2007; Lear et al., 2000; Lear et al., 2002; Marchitto 

et al., 2007; Rosenthal et al., 1997; Rosenthal et al., 2000; Tisserand et al., 2013; 

Yu and Elderfield, 2008).  

Organic proxies such as TEX86 suffer from concerns over seasonal bias which 

may not have been constant through time and requires that sufficient organic 

material be preserved to study. δ18O of foraminiferal calcite does not suffer from 



Sam Bradley   Methodology   Cardiff University 

33 

 

this shortcoming, however δ18O of calcite is also affected by the δ18O of the 

seawater that calcite was precipitated in, which is also a function of ice volume 

and local salinity (Cooke and Rohling, 2001). In this study foraminiferal Mg/Ca 

was used to calculate  bottom water and sea surface temperatures. 

The relationship of Mg/Ca with temperature in inorganic calcite is 

exponential and well defined (Katz, 1973; Oomori et al., 1987), however in 

biogenic calcite the temperature sensitivity relationship is stronger, may be 

more linear in form, and is heavily dependent on the organism being examined. 

So-called “vital effects” necessitate genus, or even species-level separation of 

taxa and individual calibrations. There are numerous calibrations for 

foraminiferal Mg/Ca with temperature in both benthic (e.g., Elderfield et al., 

2006; Healey et al., 2008; Lear et al., 2002; Marchitto et al., 2007) and planktonic 

species (e.g., Anand et al., 2003; Dekens et al., 2002; McConnell and Thunell, 

2005; Nurnberg, 2000; von Langen et al., 2005).  

In cold, deep waters with low levels of carbonate saturation, benthic 

foraminiferal Mg/Ca is also affected by the carbonate saturation state, the 

difference between [CO32-] of the sea water and the [CO32-] required for 

saturation (Δ[CO32-]). Surface-dwelling planktonic foraminifera live in 

carbonate-saturated waters and so a Δ[CO32-] effect on the Mg/Ca ratio of their 

tests does not need to be considered. Temperature estimates derived from 

planktonic foraminifera are more reflective of local conditions, however, and 

are less useful than benthic foraminifera for making estimates of global 

conditions.  

 

2.6.1.1 Bottom Water Temperature Variations 

In this study, I rely on δ18O and Mg/Ca, with additional support from Li/Ca. 

The calibration used to estimate temperature changes from Mg/Ca is from the 

work of Lear et al. (2002). (1): 
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𝑴𝒈/𝑪𝒂 = 𝟎. 𝟖𝟔𝟕𝒆𝟎.𝟏𝟎𝟗𝑻 

(1) 

 

This calibration was chosen in preference to others available due to its broad 

temperature range and use of multiple Cibicidoides species. Species specific 

calibrations (e.g., Healey et al., 2008; Marchitto et al., 2007) either suffered from 

effects other than temperature on the Mg/Ca ratio (e.g. Δ[CO32-]) or were not 

appropriate to C. mundulus or Oridorsalis umbonatus (O. umbonatus).  

Benthic foraminiferal Mg/Ca is affected by bottom water Δ[CO32-] as well as 

changes in temperature, and so temperature estimates made based on Mg/Ca 

need to either rule out or take into account the Δ[CO32-] conditions (Elderfield et 

al., 2006; Lear et al., 2010). Li/Ca is also affected by Δ[CO32-] and temperature, 

although Li/Ca decreases with increasing temperature (Bryan and Marchitto, 

2008; Dawber and Tripati, 2012a; Hall and Chan, 2004; Lear et al., 2010; Lear 

and Rosenthal, 2006). Li/Ca in O. umbonatus is less variable than in C. mundulus 

(Section 4.4.2), which I have interpreted as being a result of O. umbonatus’ 

infaunal habit; living immersed in sediment pore waters as opposed to direct 

contact with bottom waters is likely to have buffered it from large changes in 

Δ[CO32-], hence its Li/Ca signal is more stable (Mawbey and Lear, 2013). This 

would imply that the Mg/Ca temperature record derived from C. mundulus is 

less reliable due to the stronger effect that changes in Δ[CO32-] have the 

potential to have had. None the less, the Mg/Ca in O. umbonatus and Mg/Ca in 

C. mundulus records show many of the same features and agree on the timings 

and magnitude of changes in temperature. As a result it seems likely that C. 

mundulus was mainly above the threshold Δ[CO32-] for changes in Δ[CO32-] to 

impact Mg/Ca. Corresponding B/Ca and Sr/Ca can be used to support this 

interpretation (chapter 5) . 
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2.6.1.2 Near-Surface Water Temperature 

Temperatures from the near-surface were calculated using Mg/Ca from G. 

trilobus (Mg/CaG). G. trilobus is an extant planktonic foraminifera that first 

occurs at around 22.96-22.90 Ma (Shackleton et al., 1999; Wade et al., 2011). 

Nonetheless, it is poorly represented in core-top calibrations and so the 

calibrations for Globogerinoides sacculifer were used instead. G. sacculifer also has 

the advantage of having an empirically-derived H value (0.41), which allows 

correction for changes in sea water Mg/Ca and to account for vital effects in the 

partitioning of Mg into the foraminiferal test (Evans and Müller, 2012). The 

core-top calibrations of Dekens et al. (2002) and Nurnberg (2000) are identical to 

within error and the calibration of Dekens et al. (2002) was used here (2): 

 

𝑴𝒈/𝑪𝒂 = 𝟎. 𝟑𝟕𝒆𝟎.𝟎𝟗𝑻 

(2) 

 

The multi-specific Mg/Ca temperature calibration of Anand et al. (2003) 

differs in both the pre-exponential constant and the exponent by more than 

double and almost half, respectively. This equation has not been used partly 

because of its disagreement with the other two, and partly because of the nature 

of the calibration, which is based on sediment trap, rather than core-top 

samples.  

 

2.6.1.3 Correcting for changes in seawater Mg/Ca 

Temperatures were corrected for past variations in the Mg/Ca of seawater 

(Mg/Casw) using the model of Stanley and Hardie (1998) as it agrees with proxy 

estimates from around the same time (e.g., Coggon et al., 2010). A past seawater 

Mg/Ca of 3.1 mol mol-1 was used in conjunction with the modern day value of 

5.2 mol mol-1. In addition to this, vital effects on the partitioning of Mg+ into 

foraminiferal calcite was taken into account using the method of Evans and 

Müller (2012). An H value of 0.44 for C. mundulus was used (Evans and Müller, 
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2012). Because the residence time of Ca2+ in the oceans is ~1 Ma, Mg+ is ~3Ma 

(Broecker and Peng, 1982) and the duration of each of the two study intervals is 

no greater than 600 kyr, there will not be any consequential changes in oceanic 

Mg/Ca. In addition, the major temperature changes are corroborated by 

simultaneous changes in Li/Ca, and δ18O, and appear in multiple species 

records. 

In order to calculate an absolute temperature from Mg/Ca, the Mg/Casw at the 

time must be known. The assumption made in many previous studies to 

calculate this (e.g., Foster et al., 2012; Lear et al., 2000)  is that (3): 

 

𝑴𝒈/𝑪𝒂𝒇𝒐𝒓𝒂𝒎 = 
𝑴𝒈/𝑪𝒂𝒔𝒘

𝒕=𝒕

𝑴𝒈/𝑪𝒂𝒔𝒘
𝒕=𝟎
× 𝑩𝒆𝑨𝑻 

(3) 

 

Where B and A are empirically derived constants unique to individual 

species. This assumes that the relationship between Mg/Caforam and Mg/Casw is 

linear. It was shown by Segev and Erez (2006) and Hasiuk and Lohmann (2010) 

that a better approximation for the relationship between Mg/Caforam and 

Mg/Casw is (4): 

 

𝑴𝒈/𝑪𝒂𝒇𝒐𝒓𝒂𝒎 = 𝑭 ×𝑴𝒈/𝑪𝒂𝒔𝒘
𝑯 

(4) 

 

Where F and H are empirically derived and are unique for individual 

species, and Mg/Casw is the Mg/Ca of sea water, such that (5): 

 

𝑴𝒈/𝑪𝒂𝒇𝒐𝒓𝒂𝒎 = 
𝑭 ×𝑴𝒈/𝑪𝒂𝒔𝒘

𝒕=𝒕𝑯

𝑭 ×𝑴𝒈/𝑪𝒂𝒔𝒘
𝒕=𝟎𝑯

× 𝑩𝒆𝑨𝑻 

(5) 
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Where t=0 is in the modern ocean and t=t is in the ocean during the time 

period being studied. This can be rearranged as (6): 

 

𝑴𝒈/𝑪𝒂𝒇𝒐𝒓𝒂𝒎 = 
𝑩

𝑴𝒈/𝑪𝒂𝒔𝒘
𝒕=𝟎𝑯

×𝑴𝒈/𝑪𝒂𝒔𝒘
𝒕=𝒕𝑯𝒆𝑨𝑻 

(6) 

 

Evans and Müller (2012) point out that in order to calculate δ18Osw for a 

sample using coupled δ18O and Mg/Ca measurements, four values need to be 

constrained: Mg/Cat=tsw, and H as well as Mg/Caforam, and δ18Oforam. Assuming an 

ice free world has a δ18Osw of between -0.9‰ and  -1.2‰ (Lear et al., 2000) has 

allowed them to estimate the H of O. umbonatus as being between 0.44 and 0.48, 

though they have also made the assumption that the model estimate of Mg/Casw 

at 49 Ma by Stanley and Hardie (1998) is correct. It is worth noting that they 

calculated H using δ18Osw of -0.9‰ as well, giving a value between 0.52 and 0.54 

for HO. umbonatus. Despite the uncertainties associated with determining H, the 

Evans and Müller (2012) estimate of 0.44 is used here to calculate absolute BWT 

from C. mundulus Mg/Ca records. 

 

Figure 13 – Comparison of different bottom water temperatures obtained when differing values of H 

are assumed. H = 1 assumes a linear relationship between seawater Mg/Ca and foraminiferal Mg/Ca. 

H=0 assumes Mg/Ca from foraminifers does not need to be corrected for secular changes in seawater 

Mg/Ca. H=0.44 is the value calculated for O. umbonatus by Evans and Müller (2012). Despite there 

being large changes in the absolute value of temperature obtained, there is no difference in the relative 

change in temperature in each record. 
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The modelled estimate of Miocene (16 Ma) seawater Mg/Ca of Stanley and 

Hardie (1998) (~3.1 ± 0.5 mol mol-1) was used as this model agrees well with 

proxy data from the same time (Coggon et al., 2010; Evans and Müller, 2012; 

Fantle and DePaolo, 2006; Horita et al., 2002; Lowenstein et al., 2001). Of note is 

the fact that the relative changes in temperature do not change if H is changed 

or if no correction is applied at all (Figure 13). This means that uncorrected or 

even incorrectly corrected Mg/Ca temperature estimates are still useful in 

showing relative changes on timescales less than the residence time of Mg in 

sea water. 

Correcting the temperature estimates assuming that H=1 (i.e.: a linear 

response of foraminiferal test Mg/Ca to changes in Mg/Ca of seawater) results 

in 5oC higher bottom water temperatures when compared to the uncorrected 

temperature estimates and ~4oC higher than estimates assuming H=0.44 (Figure 

13). Bottom water temperature estimates of between 8 and 10oC are higher than 

previous estimates of bottom water temperatures during the MMCO (Lear et 

al., 2000; Shevenell et al., 2008), but fall in line with the temperatures reported 

by Foster et al. (2012). The difference between the uncorrected temperature and 

H=0.44 is ~1oC.  

 

2.6.2 Sea Level/Ice Volume  

Changes in global ice volume can be estimated from changes in benthic 

δ18Osw (e.g., Lear et al., 2008; Lear et al., 2000). The Cibicidoides spp. temperature 

versus δ18O calibration of Marchitto et al. (2014) was used to calculate δ18Osw (7): 

 

(𝜹𝟏𝟖𝑶𝒄 − 𝜹
𝟏𝟖𝑶𝒔𝒘 + 𝟎. 𝟐𝟕) = −𝟎. 𝟐𝟒𝟓𝑻 + 𝟎. 𝟎𝟎𝟏𝟏𝑻

𝟐 + 𝟑. 𝟓𝟖 

(7) 

Where T is the temperature in oC, δ18Osw is the δ18O of the ambient sea water 

(relative to SMOW) and δ18Oc is the δ18O of the foraminiferal carbonate. I use 

temperatures derived from Mg/CaM and δ18Oc from C. mundulus to calculate 
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δ18Osw. Calculating surface 18Osw was done in a similar manner, but using 

Mg/Ca and δ18O derived from G. trilobus, and the equation of O'Neil et al. (1969) 

(8): 

 

𝑻 = 𝟏𝟔. 𝟗 − 𝟒. 𝟑𝟖(𝜹𝟏𝟖𝑶𝒄 − (𝜹
𝟏𝟖𝑶𝒔𝒘 − 𝟎. 𝟐𝟕)) + 𝟎. 𝟏(𝜹

𝟏𝟖𝑶𝒄 − (𝜹
𝟏𝟖𝑶𝒔𝒘−𝟎. 𝟐𝟕))

𝟐 

(8) 

G. trilobus is a suitable species for estimates of surface conditions as it is 

surface dwelling (Be and Hutson, 1977), well-studied in terms of its 

geochemistry (e.g., Anand et al., 2003; Dekens et al., 2002; Nurnberg, 2000), and 

persists from the modern into the earliest Miocene (Shackleton et al., 1999; 

Wade et al., 2011). 

Benthic δ18Osw is then subtracted from the planktonic δ18Osw on the 

assumption that benthic δ18Osw is primarily controlled by ice volume and that 

planktonic δ18Osw is controlled by both ice volume and surface salinity changes. 

The resultant δ18O of the surface sea water (δ18Ossw) is assumed to reflect surface 

salinity. 

 

2.6.3 Saturation State 

Carbonate saturation state (Δ[CO32-]) is a key component of the global carbon 

cycle. It is defined as the difference between the measured [CO32-] in situ and 

[CO32-] at saturation and is an indication of the tendency of CaCO3 to dissolve 

(Broecker and Peng, 1982). [CO32-] at saturation in the ocean is estimated by (9): 

 

[𝑪𝑶𝟑
𝟐−]𝒔𝒂𝒕𝒖𝒓𝒂𝒕𝒊𝒐𝒏 = 𝟗𝟎𝒆

𝟎.𝟏𝟔(𝒛−𝟒) 

(9) 

 

Where Z is the water depth in km (Broecker and Peng, 1982). Δ[CO32-] is 

therefore estimated by (10): 

 

∆[𝐶𝑂3
2−] = [𝐶𝑂3

2−]𝑖𝑛 𝑠𝑖𝑡𝑢 − [𝐶𝑂3
2−]𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 



Sam Bradley   Methodology   Cardiff University 

40 

 

(10) 

 

Positive numbers indicate oversaturation, negative numbers indicate under-

saturation. Changes in Δ[CO32-] below a threshold of ~25 µmol kgsw-1 (Elderfield 

et al., 2006) appear to affect foraminiferal Mg/Ca enough to mask the signal 

caused by changes in temperature and so quantifying Δ[CO32-] is important for 

palaeothermometry. 

 There are several geochemical proxies that can be used when estimating 

saturation state. Those that have been used in this study are Sr/Ca (Dawber and 

Tripati, 2012a; Raitzsch et al., 2010; Rathmann and Kuhnert, 2008; Rosenthal et 

al., 2006), U/Ca (chapter 3, this thesis; Keul et al., 2013; Raitzsch et al., 2011), and 

B/Ca (Dawber and Tripati, 2012a; Rae et al., 2011; Yu and Elderfield, 2007; Yu et 

al., 2010b). 

 

2.6.3.1 Sr/Ca  

Foraminiferal Sr/Ca ratios have been used in several calibration studies to 

quantify changes in Δ[CO32-] (Dawber and Tripati, 2012a; Raitzsch et al., 2010; 

Rathmann and Kuhnert, 2008; Rosenthal et al., 2006). Sr/Ca is problematic in 

this regard, though, as it is also affected by temperature (Cleroux et al., 2008; 

Dawber and Tripati, 2012a; Mortyn et al., 2005). Foraminiferal Sr/Ca also 

reflects variations in seawater Sr/Ca, but the long residence times of Sr (~10 

Myr) and Ca (~1 Myr) in seawater means this is not a significant issue in this 

study. 

Estimates of benthic Δ[CO32-] using Sr/Ca are made in this thesis using the 

calibration of Dawber and Tripati (2012a) as it is specific to Oridorsalis 

umbonatus (11): 

 

𝑺𝒓/𝑪𝒂 = 𝟎. 𝟎𝟎𝟐𝟎𝟕(±𝟎. 𝟎𝟎𝟎𝟑)∆[𝑪𝑶𝟑
𝟐−] + 𝟎. 𝟖𝟕𝟔𝟒(±𝟎. 𝟎𝟎𝟕𝟐) 

(11) 
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2.6.3.2 U/Ca 

U/Ca offers a new alternative for bottom water Δ[CO32-] reconstructions 

(chapter 3, this thesis; Keul et al., 2013; Raitzsch et al., 2011). This proxy is 

similarly beset by problems, not least of which is its inclusion in authigenic 

coatings on foraminiferal calcite, and its close association with redox conditions 

below the sediment-water interface (Boiteau et al., 2012; Chun et al., 2010; 

Francois et al., 1993; Mangini et al., 2001; McManus et al., 2005). As it stands, 

much more work needs to be conducted upon U/Ca before it can be reliably 

used as an indicator of carbonate saturation conditions at the sea floor. In this 

thesis I attempt to use it in conjunction with Mn/Ca as an indicator of sea-floor 

redox conditions. 

 

2.6.3.3 B/Ca 

A global core-top study suggests that benthic foraminiferal B/Ca also 

correlates well with Δ[CO32-], with R2 values of ~0.8 in the two Cibicidoides 

species studied here (C. mundulus and C. wuellerstorfi, Yu and Elderfield, 

2007). This study is noteworthy in that they used foraminifera from multiple 

ocean basins with very different oceanographic profiles and yet still found a 

strong correlation between B/Ca and Δ[CO32-]. Yu and others have successfully 

applied foraminiferal B/Ca to changes in [CO32-] across the last glacial maximum 

(Yu et al., 2010a; Yu and Elderfield, 2007; Yu et al., 2008). None the less, Rae et 

al. (2011) caution against relying too heavily on B/Ca due to its sensitivity to 

vital effects that becomes apparent even at the species morphotype level (c.f. C. 

wullerstorfi sensu stricto, C. wullerstorfi var., C. mundulus var., and C. mundulus 

sensu stricto).  

Estimates of Δ[CO32-] used using B/Ca are made using the equation of Yu and 

Elderfield (2007) as it is specific to Cibicidoides mundulus (12): 

 

𝑩/𝑪𝒂 = 𝟎. 𝟔𝟗(±𝟎. 𝟎𝟕𝟐)∆[𝑪𝑶𝟑
𝟐−] + 𝟏𝟏𝟗. 𝟏(±𝟐. 𝟔𝟐) 

(12) 
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2.6.3.4 pCO2ATM 

Boron is useful in other capacities within geochemical analyses of 

foraminiferal calcite. δ11B is used as a proxy for pH and is used in conjunction 

with other carbonate-system parameters to calculate CO2 (e.g., Foster et al., 

2012; Greenop et al., 2014). Boron exists in sea water as boric acid (B(OH)3) and 

the borate ion (B(OH)4-), related by the acid-base equilibrium (13): 

 

𝑩(𝑶𝑯)𝟑 + 𝟐𝑯𝟐𝑶 ↔ 𝑩(𝑶𝑯)𝟒
− +𝑯𝟑𝑶

+ 

(13) 

 

The equilibrium constant of this reaction (KB*) is 10-8.6, pKB* is 8.6 in seawater 

of 25oC, 35 salinity and at atmospheric pressure (Dickson, 1990), the proportions 

of the two major boron-containing species should vary with ocean pH (typically 

~8) (Rae et al., 2011). This is the basis for the δ11B pH proxy, and it works on the 

assumption that it is exclusively the B(OH)4- ion that is incorporated into 

foraminiferal calcite, (Rae et al., 2011). The seawater carbonate system is defined 

by six variables: alkalinity, pCO2ATM , pH, total dissolved inorganic carbon, 

[CO32-], and [HCO3-], but has only two degrees of freedom. If two of the 

variables plus temperature, pressure, and salinity are known, then the rest of 

the variables can be estimated (e.g., Foster et al., 2012; Pearson et al., 2009).  

Boron exists as two stable isotopes in sea water: 11B (~80%) and 10B (~20%), 

expressed as a ratio δ11B  relative to the NIST 951 standard (Catanzaro et al., 

1970) such that  (14): 

 

𝜹𝟏𝟏𝑩 = [(
𝑩𝟏𝟏 / 𝑩𝒔𝒂𝒎𝒑𝒍𝒆

𝟏𝟎

𝑩𝟏𝟏 / 𝑩𝑵𝑰𝑺𝑻𝟗𝟓𝟏
𝟏𝟎

) − 𝟏] × 𝟏𝟎𝟎𝟎  

 (14) 
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δ11B of modern seawater is 39.61 ‰ (Foster et al., 2010b; Rae et al., 2011). 

Isotopic fractionation exists between B(OH)4- and B(OH)3 so that 11B is 

concentrated in B(OH)3. The proportions of B(OH)4- and B(OH)3 vary with 

ocean pH however the overall δ11B of seawater does not. The δ11B  of each 

species therefore varies with pH, and as B(OH)4- is the species incorporated 

into foraminiferal carbonate, the δ11B  of that carbonate will reflect ocean δ11B  

and thus pH (Rae et al., 2011) 

In this study, five samples were chosen for boron isotope analysis at NOC 

conducted by S. Sosdian and R. Greenop. pCO2ATM calculations follow Greenop 

et al. (2014). 

 

2.6.4 Productivity 

2.6.4.1 δ13C 

There are many proxies for productivity, one of which is δ13C of planktonic 

foraminiferal calcite. Preferential uptake of the lighter carbon isotope, 12C, 

causes marine organic matter to have heavily depleted δ13C values of ~-20 to -

23‰ (Cooke and Rohling, 2001). As a result, the remaining inorganic carbon, 

primarily HCO3-, is very depleted in 12C and calcium carbonate formed from 

that reservoir reflects that. As a result, all else being equal, heavier δ13C of 

planktonic carbonate reflects increased primary productivity (PP). 

Remineralisation of organic matter at depth results in the depleted δ13C 

signal re-equilibrating with HCO3- and so a signal relatively enriched in 12C 

occurs in carbonates formed at depth. If the rate of remineralisation in the deep 

ocean increases, this may result in an increased gradient between surface and 

deep δ13C, and so surface-deep δ13C has been suggested to reflect local 

productivity.  

In regions of upwelling, the isotopically light remineralised carbon may be 

brought back to the surface, complicating interpretation of δ13C records. 

Furthermore, benthic δ13C records can also be affected by changing water 

masses as well as numerous other factors (see Cooke and Rohling, 2001 for a 
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comprehensive treatment of the controls on δ13C). Nevertheless, there are some 

intervals where carbon isotope records have been used to explain global cooling 

via high productivity and burial of excess organic carbon, (e.g., post-MECO 

(middle Eocene climatic optimum) (Spofforth et al., 2010), and the post- MMCO 

Monterey interval (Flower and Kennett, 1993; Raymo, 1994)). 

 

2.6.4.2 BFAR 

Interpretation of δ13C can be aided by benthic foraminiferal accumulation 

rate (BFAR), a semi-quantitative measure of productivity. BFAR has been used 

to estimate export productivity in many palaeoclimatological studies, and serve 

as a useful guide to the amount of organic matter reaching the sea floor as it 

provides a good food source for benthic communities (Berger and Wefer, 1990; 

Diester-Haass et al., 2011; Herguera, 2000). Usually all tests >150 µm are used, 

however only foraminifera above >250 µm were counted here, as these were the 

specimens being used for geochemical analysis. The sedimentation rate used 

was the same as that used to calculate the age model for the record: 1.73cm ka-1. 

Dry bulk densities were taken from Shipboard Scientific Party (1995c). 

Calculation of BFAR (in tests cm-2 ka-1) was done using the following equation 

(15): 

 

𝑩𝑭𝑨𝑹 =
𝑫𝑩𝑫 × 𝒏

𝑺
 

 (15) 

 

Where DBD is the dry bulk density of the sediment, n is the number of 

benthic foraminiferal tests >250 µm in size and S is the sedimentation rate in cm 

ka-1 
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3 CORE-TOP CALIBRATION OF TRACE 

METAL RATIOS OF BENTHIC 

FORAMINIFERA FROM THE 

NORWEGIAN SEA 
Foraminiferal Mg/Ca is sensitive to changes in the carbonate saturation  

state of sea water  (Δ[CO3
2-

]) as well as temperature. Quantifying the 

effect of Δ[CO3
2-

] on Mg/Ca as well as other trace element/Ca ratios 

such as Li/Ca, B/Ca, and U/Ca will help to remove the effect of 

Δ[CO3
2-

] on estimates of temperature derived from this proxy. The 

benthic foraminiferal species: Cibicidoides wuellerstorfi ; Oridorsalis 

umbonatus; and Pyrgo murrhina from the Norwegian Sea were 

analysed. A suite of multiple element/Ca ratios were collected from 

each species using an inductively-coupled mass spectrometer at Cardiff 

University. The Norwegian Sea is unique in that its waters below 

~1500m are almost holothermal at around -1
o
C, allowing changes in 

Δ[CO3
2-

] to be analysed independently of temperature. The sensitivity 

of Mg/Ca in C. wuellerstorfi  to changes in Δ[CO3
2-

]  was found to be 

~0.0077 mmol mol
-1

 µmol
-1

 kg sw
- 1

, which is similar to results obtained 

in other studies. Mg/Ca in P. murrhina  was found to show very little or 

no sensitivity to changes in temperature below 2
o
C, but shows potential 

as a temperature-independent recorder of changes in Δ[CO3
2-

] .  

Additionally U/Ca shows negative sensitivity to changes in Δ[CO3
2-

] in 

all species analysed except P. murrhina .   
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3.1 Introduction 

Reconstructions of palaeooceanographic conditions require use of proxies in 

order to estimate past physical climatic conditions. Magnesium/Calcium 

(Mg/Ca) ratios of benthic foraminiferal tests are used as a proxy for deep ocean 

temperatures (e.g., Lear et al., 2000; Lear et al., 2002). In order to calibrate 

Mg/Ca for use as a palaeothermometer, modern analogues to ancient species 

are found and their test chemistry analysed and compared to the conditions 

under which their tests precipitated. The temperature at which inorganic calcite 

precipitates can effect a change in the ratio of magnesium to calcium within the 

calcite lattice (Burton and Walter, 1991). The same can be said for biogenically 

precipitated calcite, however the Mg/Ca ratio is strongly affected by the type of 

organism being studied (e.g., Chave, 1954). The sensitivity of the Mg/Ca ratio to 

changes in temperature can vary between the species being studied, making 

species-specific calibrations very important for analyses of changes in 

palaeotemperature (Healey et al., 2008; Lear et al., 2002).  

Foraminiferal Mg/Ca is sensitive to changes in bottom water CO32- saturation 

state (ΔCO32- = [CO32-]in situ – [CO32-]saturation), especially below 3oC (Elderfield et al., 

2006) and at saturation states below ~25 µmol/kgsw (Healey et al., 2008; Yu and 

Elderfield, 2008). The partitioning of Mg into CaCO3 is affected by changes in 

the Δ[CO32-] (Lear et al., 2004; Lear et al., 2002; Rosenthal et al., 2006). This can 

give a misleading temperature signal across intervals where the Δ[CO32-] has 

changed dramatically, such as the EOT (Lear et al., 2000; Lear et al., 2004). As 

the intervals being studied include significant changes in global ice volume, 

Δ[CO32-] may be variable due to the links between sea level & the global carbon 

cycle (Merico et al., 2008). 

Oridorsalis umbonatus (O. umbonatus) is a common benthic foraminifer that 

originated in the late Cretaceous, ~86 Ma (Kaiho, 1998). It is a cosmopolitan 

species that can tolerate a broad depth range within the sediment, can be found 

living between 0 and 4cm, and can tolerate conditions with low oxygenation 

and limited food supply (Rathburn and Corliss, 1994). Conversely, O. 
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umbonatus has also been found in cold, well oxygenated bottom waters 

(Murgese and De Deckker, 2005), though its preference for nutrient-poor waters 

is well documented. Its habit as a shallow-infaunal species makes it an ideal 

companion to trace metal studies of palaeoclimate with epifaunal species. Due 

to its infaunal habit O. umbonatus’ test chemistry may reflect pore water rather 

than bottom water conditions. One advantage of this is that its Mg/Ca signal 

may be sheltered from changes in the bottom-water Δ[CO32-] (Mawbey and 

Lear, 2013). O. umbonatus has been used multiple times in studies of deep-sea 

palaeotemperatures due to its relative abundance and longevity (Lear et al., 

2000; Lear et al., 2010; Lear et al., 2003; Tripati et al., 2005). Lear et al. (2003) 

used O. umbonatus in conjunction with Cibicidoides wuellerstorfi (C. wuellerstorfi) 

and Cibicidoides mundulus (C. mundulus) from ODP Site 926 in the Atlantic and 

ODP Site 806 in the Pacific. They note that the Mg/Ca ratio of O. umbonatus 

behaves more similarly to C. mundulus in their Atlantic record and more 

similarly to C. wuellerstorfi in their Pacific record. They speculate that this is to 

genetic differences between O. umbonatus individuals in either basin. 

 C. wuellerstorfi is an epibenthic foraminifera that evolved between 16.1 and 

15.7 Ma (Thomas, 2007; Thomas and Vincent, 1987). C. wuellerstorfi is one of the 

staple workhorses of benthic foraminiferal palaeoclimatology in the Neogene 

and has been used in numerous studies utilising stable isotopes and Mg/Ca to 

deconvolve ocean floor temperatures and global ice volume (Billups and 

Schrag, 2002; Lear et al., 2000; Lear et al., 2003). It lives on objects that stick out 

above the sediment-water interface to allow it to suspension feed (Thomas, 

2007). Its presence in the modern ocean is associated with regions of high PP 

and high proportion of coarse sediment (Mackensen, 1987). Living on the 

sediment-water interface makes it ideal for recording the conditions present at 

the sea-floor because it is not sheltered, like O. umbonatus, from any changes 

that occur and changes in bottom water δ13C are reflected almost 1:1 by changes 

in δ13C in the test of C. wuellerstorfi (Cooke and Rohling, 2001, and references 

therein). The negative consequence of this is that its tests’ Mg/Ca ratio may 
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therefore be vulnerable to large changes in Δ[CO32-] at low levels of carbonate 

saturation state (e.g., Elderfield et al., 2006). 

Pyrgo murrhina (P. murrhina) is a porcelaneous benthic (or miliolite) 

foraminifera less commonly used in palaeoceanographic studies. It occurs as far 

back as the Oligocene (Shipboard Scientific Party, 2002). In modern oceans it 

appears to thrive in cold (<2.5oC), well oxygenated (>3.5ml l-1) and oligotrophic 

conditions (Gudmundsson, 1998; Murgese and De Deckker, 2005). It has a 

relatively global modern day distribution, appearing in deep waters in the 

North Atlantic, in the Gulf of Mexico, and in the Pacific ocean (Gudmundsson, 

1998), as well as in the Indian Ocean (Murgese and De Deckker, 2005). P. 

murrhina is noted as having an unusually high Mg/Ca ratio in its test (Boyle, 

1983; Healey et al., 2008) and its Mg/Ca ratio shows high sensitivity to changes 

in bottom water temperature; between 1 and 3oC it shows ~6.3 mmol mol-1 oC-1 

change in Mg/Ca, or in exponential calibrations it appears to show a 43% 

increase in its Mg/Ca ratio per 1oC increase in temperature (Healey et al., 2008). 

This fact alone makes it appear as if it would be of great use as a 

palaeothermometer as a 1 mmol mol-1 change in its test’s Mg/Ca ratio could 

show <0.2oC changes in temperature. Its potential use is hampered by its poor 

representation amongst core-top and culture trace-metal calibrations (Healey et 

al. (2008) being the only one available at time of writing) and its poor tolerance 

for temperatures much above 7oC.  

Numerous temperature calibrations using foraminiferal Mg/Ca have been 

performed on both planktonic (Anand et al., 2003; Lea et al., 1999; McConnell 

and Thunell, 2005; Skinner and Elderfield, 2005; von Langen et al., 2005) and 

benthic (Allison et al., 2010; Elderfield et al., 2006; Lear et al., 2002; Marchitto et 

al., 2007; Rosenthal et al., 1997; Segev and Erez, 2006; Yu and Elderfield, 2008) 

foraminiferal tests. Predictions based on thermodynamic calculations for pure 

mineral phases suggest that the Mg/Ca ratio of calcite will increase by around 

3% per 1oC increase in temperature between 0oC and 30oC (Koziol and Newton, 

1995). The sensitivity of Mg/Ca to temperature determined from culture and 
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core-top studies of foraminiferal calcite suggests that Mg/Ca increases around 

10% per 1oC increase in temperature (Lea et al., 1999; Rosenthal et al., 1997). 

Recent calibrations show no statistically significant hints that foraminiferal 

Mg/Ca responds exponentially to temperature (Bryan and Marchitto, 2008; 

Healey et al., 2008; Marchitto et al., 2007) even though this would be expected 

from thermodynamics and experiments involving abiogenic uptake of Mg into 

calcite (Koziol and Newton, 1995). 

The differences in response, both between species and between biogenic and 

abiogenic uptake of Mg, of the Mg/Ca ratio in foraminiferal tests is affected by 

more than just simple thermodynamic processes, and that there may be some 

physiological component as well (Bentov and Erez, 2006; Elderfield et al., 2006; 

Lear et al., 2000; Lear et al., 2002; Rosenthal et al., 1997; Segev and Erez, 2006; 

Skinner and Elderfield, 2005). The difference in Mg/Ca ratios between species 

can give temperature discrepancies of as great as 5oC in samples from the same 

stratigraphic height (Skinner and Elderfield, 2005). This highlights the need for 

species specific Mg/Ca temperature calibrations. 

The partitioning of Mg into CaCO3 is also affected by changes in seawater 

Δ[CO32-] of the ocean when Δ[CO32-] is approximately <25 µmol kg-1 (Elderfield 

et al., 2006; Lear et al., 2004; Lear et al., 2002; Rosenthal et al., 2006; Yu and 

Elderfield, 2008). This can give a misleading temperature signal across intervals 

where the Δ[CO32-] has changed dramatically, such as the Eocene Oligocene 

Climate Transition (EOCT) (Lear et al., 2000; Lear et al., 2004). Changes in 

Δ[CO32-] can mask the temperature signal in Mg/Ca, so it is important to 

constrain the magnitude of changes in Δ[CO32-] when calculating 

palaeotemperatures. 

Yu and Elderfield (2007) found an empirical relationship between B/Ca and 

Δ[CO32-] of marine water. There are significant differences in the relationship 

between B/Ca and Δ[CO32-] between species and, as was shown by Rae et al. 

(2011), between species morphotypes.  Foraminiferal B/Ca as a proxy for 

seawater Δ[CO32-] is still in its infancy. A global core-top study suggests that 
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benthic foraminiferal B/Ca correlates well with Δ[CO32-], with R2 values of ~0.8 

in the two Cibicidoides species studied. (Yu and Elderfield, 2007). Their study 

included four species (C. wuellerstorfi, C. mundulus, Uvigerina spp. and 

Hoeglundia elegans), and it is noteworthy in that they used foraminifera from 

multiple ocean basins with very different oceanographic profiles and yet still 

found a strong correlation between B/Ca and Δ[CO32-]. Yu and others have 

successfully applied foraminiferal B/Ca to changes in [CO32-] across the last 

glacial maximum (Yu et al., 2010a; Yu and Elderfield, 2007; Yu et al., 2008). 

None the less, Rae et al. (2011) caution against relying too heavily on B/Ca due 

to its sensitivity to vital effects that becomes apparent even at the species 

morphotype level (c.f. C. wuellerstorfi sensu stricto, C. wuellerstorfi var., C. 

mundulus var., and C. mundulus sensu stricto). This highlights a pressing need for 

new foraminiferal B/Ca core-top calibrations to expand the current range of 

species available for palaeo-Δ[CO32-] reconstruction. 

Another promising proxy for sea water Δ[CO32-] is U/Ca . U is incorporated 

in the CaCO3 lattice as uranyl tricarbonate (UO2(CO3)34-), replacing both Ca and 

CO3. Because [UO2CO3] and [UO2(CO3)22-] both decrease with increasing [CO32-] 

in sea water, and U/Ca shows the same relationship, these species may 

substitute for UO2(CO3)34- in calcite  (Keul et al., 2013; Russell et al., 2004). It was 

noted that U/Ca varied with Mg/Ca ratios in sediments on the Sierra Leone Rise 

in the Equatorial Eastern Atlantic, and in the Caribbean sea (Russell et al., 1996). 

At the time, this was hypothesised to represent a temperature dependence on 

U/Ca, as a Δ[CO32-] dependence on Mg/Ca was not considered or was 

discounted. A culture study of Orbulina universa and Globigerina bulloides 

indicated that U/Ca in planktonic foraminifera decreases by 25% for every 100 

µmol kgsw-1 increase in [CO32-] (Russell et al., 2004). U/Ca also shows a strong 

dependence on test-size. This is thought to be related to the fact that larger 

foraminifera grow at a faster rate and so are less able to discriminate between 

ions that they incorporate into their tests (Ni et al., 2007). Ni et al. (2007) also 
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observed variations in U/Ca between sites with similar [CO32-], and so they 

suggest that other factors may influence U/Ca.  

Benthic foraminiferal U/Ca shows a linear relationship over a range of 

Δ[CO32-] from -10 to 40 µmol kgsw-1 with a sensitivity of -0.27 and -0.30 nmol 

mol-1 µmol-1 kgsw-1 in C. wuellerstorfi and C. mundulus, respectively (Raitzsch et 

al., 2011). The linear appearance of the relationship is attributed to the narrow 

range of Δ[CO32-] over which the study was conducted. The R2 values (0.58 for 

C. wuellerstorfi and 0.65 for C. mundulus) of the calibrations given by Raitzsch et 

al. (2011) are taken as an indication that only some of the trends seen can be 

explained as reflecting changes in bottom water Δ[CO32-], and that therefore 

there must be some other factor, or factors, controlling U/Ca ratios in benthic 

foraminifera. 

One potential other factor that affects U/Ca ratios is the concentration of U in 

authigenic coatings on foraminiferal tests. Authigenic U is added to sediments 

when soluble U(IV) from pore waters is reduced to insoluble U(VI) and 

precipitates out (Boiteau et al., 2012). The enrichment of U in sediments is 

limited by the flux of U from the overlying water column, which is in turn 

determined by the availability of oxygen, and the rate of supply of organic 

carbon to the sea floor (Barnes and Cochran, 1990). Elevated U/Ca values (>~70 

nmol mol-1) at 23.2 to 23 Ma from ODP Sites 926 and 929 were interpreted to be 

from an authigenic source due to the lack of any corresponding change in other 

Δ[CO32-] proxies (Mawbey and Lear, 2013). 
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3.1.1 Study Site- the Norwegian Sea 

 

Figure 14 – Location and oceanography of the Norwegian Sea. A) The study area. Sites are labelled with 

red circles. (PIP – the location of the Norwegian Sea bounded in red and the study area in dark blue in 

relation to it). B) Oceanography of the Norwegian Sea. NAW = North Atlantic Water. TL = Transition 

Layer. NSDW = Norwegian Sea deep water. NSBW = Norwegian Sea Bottom Water. Adapted from 

Mackensen et al., 1985. The location of study sites was taken from the Knorr KNR-177II Cruise 

 

This study uses benthic foraminifera collected from the Norwegian Sea, 

which is a marginal sea in the North Atlantic Ocean (Figure 14A). It is bounded 
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to the east by the west coast of Norway, to the north by the southern tip of 

Spitsbergen and to the west by the eastern tip of Iceland (International 

Hydrographic Organisation, 1953). Its average depth is around 2000m, though 

it is ~3800m at its deepest point.  

There are four primary water masses that fill the Norwegian Sea basin: North 

Atlantic Water (NAW) sits above the continental slope and bathes the 

Norwegian Coast in highly saline (>35‰) waters to a depth of around 500 m in 

waters that are between 6 and 14oC. below that is a layer of transitional water 

(TL) that forms a boundary between NAW and the homohaline (~34.91‰) 

Norwegian Sea Deep Water (NSDW). The NSDW itself goes down to a depth of 

~1500m, though the TL and the NSDW are between them only 200m thick on 

near the continental margin as the Norwegian Sea Bottom Waters (NSBW) are 

depressed upwards by the permanent pycnocline. The bottom of the 

Norwegian Sea and the continental slope to a minimum of 600m depth is 

bathed in NSBW (Mackensen et al., 1985). The water mass is almost 

homothermal at ~-1oC, which makes it a useful study area to investigate the 

effects of Δ[CO32-] on the chemistry of foraminiferal tests independently of 

temperature. 

The temperatures below 2000m in the Norwegian Sea vary between -0.76oC 

and -0.86oC, with the warmer temperatures at the deeper depths (Figure 15). 

Based on the linear temperature calibration of Healey et al. (2008) for Mg/Ca 

ratios in C. wuellerstorfi this could account for a 0.05 mmol mol-1 change in the 

Mg/Ca ratios, or ~0.01 mmol mol-1 using the equation of Lear et al. (2002). The 

instrumental error on individual measurements is around <1%, which will 

account for variation in Mg/Ca ratios of around 0.02 mmol mol-1. Typical 

sample reproducibility is around ±0.04 mmol mol-1 (Chapter 2), which suggests 

that variations in Mg/Ca due to variation in bottom water temperatures may 

not be discernible in these samples. In addition, bottom water salinity does not 

vary appreciably, however the increasing water depth means that Δ[CO32-] 

below 2000m varies between 34.8 and 7.2 µmol kgsw-1 (Figure 15). Therefore, 
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changes in Mg/Ca and other element/Ca ratios seen in the foraminiferal tests 

will most likely to be due to changes in bottom water Δ[CO32-] (Lear and 

Rosenthal, 2006). 

 

Figure 15 – Profile of bottom water conditions in the Norwegian Sea. Hydrographic data taken from the 

R/V Knorr cruises (Johnson et al., 2003). Sites used in this study are shown as horizontal lines and are 

labelled.  

 

3.1.2 Core samples 

Samples were collected during the KN177-2 (R/V Knorr) cruise in 2004 using 

a multicore. The samples span a range of water depths from 2641m to 3341m. 

Water temperature varied at each site from -0.82 to -0.86oC and Δ[CO32-] varies 

from site to site between 13.96 mmol kgsw-1 to 25.88 mmol kgsw-1 (Figure 15, Table 
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2). Salinity at the Norwegian sea sites was at a constant 34.91 PSU, and so 

variations in salinity will not affect the results shown here (Jordan, 2008). 

Samples are not true core-tops but instead come from a depth of 2-4 cm. The 

local sedimentation rate is low (~2cm kyr-1) and so modern bottom water 

conditions are used. Carbonate saturation was corrected for anthropogenic CO2 

emissions in the manner of Jordan (2008) using the estimates of anthropogenic 

CO2 of Sabine et al. (2004). Δ[CO32-] was calculated for each site using the 

CO2SYS macro for excel (Lewis and Wallace, 1998). Foraminiferal abundances 

were very high, and so not all foraminifera in a given sample were picked to be 

run. In general, 40 individuals were run for each species in the 150-250 µm size 

fraction, 20 individuals in the 250-355 µm size fraction, and 10 individuals in 

the >355 µm size fraction, with the exception of P. murrhina, which was much 

more massive than other foraminifera and so only 5 individuals were run in 

each sample. 

Latitude Longitude Core  

Water 

depth 

(m) 

Temperature 

(oC) 

Salinity 

(PSU) 
[CO32-] Δ[CO32-] 

64 02.717 N 001 12.37 W MC-23 2641 -0.86 34.91 98.8 25.88 

64 33.9111 N 000 43.4230 W MC-45 2799 -0.85 34.91 97.6 22.76 

64 30.239 N 002 34.02 W MC-24 3036 -0.84 34.91 96.0 18.25 

65 06.1803 N 002 24.9242 W MC-42 3185 -0.83 34.91 95.8 16.15 

64 50.9691 N 003 50.0797 W MC-27 3341 -0.82 34.91 95.7 13.96 

Table 2 – Hydrography of the sample sites used in this study.  

 

Core 

C. 
wuellerstorfi 
150-250 µm 

C. wuellerstorfi 
250-355 µm 

C. 
wuellerstorfi 

>355 µm 

O. 
umbonatus 
150-250 µm 

P. murrhina 
>355 µm 

Sin Dex Sin Dex Sin Dex 

MC-23 40 40 20 20 10 10 40 5 

MC-45 40 40 20 20 10 10 40 5 

MC-24 40 40 20 20 10 10 40 5 

MC-42 40 40 20 20 10 10 40 5 

MC-27 40 40 20 20 10 10 35 4 
Table 3 – Number of individual foraminifera picked and run for each size fraction  
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3.1.3 Sample preparation 

For information on sample preparation, please see methodology chapter 2 and 

Appendix 1 – Cleaning procedure. A modified version of the Cd-cleaning 

procedure of Boyle and Keigwin (1985/1986) was used. 

 

3.2 Results and Discussion 

3.2.1 Trace metal composition of different size fractions of benthic 

foraminifera 

Samples were picked from the 150-250 µm, 250-355 µm, and >355 µm size 

fractions. Mg/Ca ratios in C. wuellerstorfi in the 150-250 µm size fraction (n=10) 

vary between 0.22 and 1.33 mmol mol-1 (mean = 0.51 mmol mol-1). Mg/Ca ratios 

in the 250-355 µm size fraction (n=15) in C. wuellerstorfi vary between 0.90 and 

1.40 mmol mol-1 (mean = 0.99 mmol mol-1). In the >355 µm size fraction (n=13) 

Mg/Ca varies between 0.89 µmol mol-1 and 2.33 µmol mol-1 (mean = 1.18 µmol 

mol-1). Li/Ca in the 150-250 µm size fraction varies between 14.52 and 18.53 

µmol mol-1 (mean= 15.65 µmol mol-1). In the 250-355 µm size fraction Li/Ca 

ratios vary between 13.20 µmol mol-1 and 14.77 µmol mol-1 (mean = 14.07 µmol 

mol-1). In the >355 size fraction Li/Ca varies between 10.53 and 14.63 µmol mol-1 

(mean = 13.08 µmol mol-1). In the 150-250 µm size fraction B/Ca varies between 

181.62 and 203.78 µmol mol-1 (mean= 192.81 µmol mol-1). B/Ca ratios in the 250-

355 µm size fraction vary between 175.99 and 212.63 µmol mol-1 (mean = 200.69 

µmol mol-1). In the >355 µm size fraction B/Ca ratios vary between 181.01 and 

212.31 µmol mol-1 (mean = 198.68 µmol mol) (Figure 16). 
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Figure 16 –Comparison of trace metal ratios between different size fractions of samples of C. 

wuellerstorfi from a water depth transect from the Norwegian Sea. Charts show Mg/Ca (A, circles, top), 

Li/Ca (B, squares, middle), and B/Ca (C, triangles, bottom) split into three size-factions, 150-250 µm 

(red), 250-355 µm (green) and >355 µm (blue).  

 

Mg/Ca, Li/Ca and B/Ca across all size fractions all appear to cluster together 

with no clear trend in Element/Calcium ratios with increasing size, though 

there is some hint that the 150-250 µm size fraction has higher Mg/Ca and lower 

Li- and B/Ca than either the 250-355 or the >355 µm size fractions (Figure 16). 

This may be an artefact of the small sample size, however an independent 
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samples Kruskal-Wallis Test suggests that the element/Ca results for different 

size fractions are significantly (p<0.05) different (Mg/Ca p=0.041, Li/Ca p=0.000, 

B/Ca p=0.020). This suggests that where possible, a single, narrow size fraction 

should be used for trace metal analysis. In this thesis (chapters 4 and 5) the 250-

355m size fraction was used. 

 

3.2.2 Coiling direction 

Due to the abundance of C. wuellerstorfi in the samples from the Norwegian 

Sea, the species was separated into its sinistrally and dextrally coiled forms to 

determine whether coiling direction may affect the Mg/Ca ratios in benthic 

foraminifera, as can be seen in planktonic foraminifera (Cleroux et al., 2008). 

There is evidence that species morphotype can affect trace metal ratios in 

benthic foraminifera (Rae et al., 2011). Samples were split and run in three size 

fractions (Section 3.2.1), however the data have been collated and analysed as a 

single dataset here. 

 

Figure 17 – Comparison between dextrally coiled (right-pointing closed triangles) and sinistrally coiled 

(left-pointing open triangles) C.  wuellerstorfi from the Norwegian Sea. A) Mg/Ca, B) Li/Ca. C) B/Ca. D) 

U/Ca. 
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Mg/Ca ratios in sinistrally and dextrally coiled C. wuellerstorfi vary between 

0.89 and 2.11 mmol mol-1 (mean=1.04, n=20) and between 0.89 and 2.33 mmol 

mol-1 (mean=1.11, n=18), respectively. Li/Ca ratios in sinistrally and dextrally 

coiled C. wuellerstorfi vary between 10.53 and 18.53 mmol mol-1 (mean=14.01, 

n=20) and between 11.06 and 18.37 mmol mol-1 (mean=14.29 n=18) respectively. 

B/Ca ratios in sinistrally and dextrally coiled C. wuellerstorfi vary between 

175.99 and 212.63 mmol mol-1 (mean=199.91, n=20) and 181.01 and 212.31 mmol 

mol-1 (mean=196.33, n=18) respectively (Figure 17). There is no significant 

difference between the trace metal geochemistry of the two forms (at p<0.05), so 

they therefore have not been separated for analysis in this thesis (chapters 4 and 

5). 

 

3.2.3 Trace metal composition of benthic foraminifera from a Norwegian Sea 

water depth transect 

 

3.2.3.1 C. wuellerstorfi 

The Mg/Ca ratio in C. wuellerstorfi in the 150-250 µm size fraction varies 

between 0.93 mmol mol-1 and 1.2 mmol mol-1 over the temperature range of -

0.86oC to -0.82oC and a Δ[CO32-] range of 13.96 and 25.88 µmol kgsw-1. Li/Ca 

varies between 14.52 and 18.37 µmol mol-1. The B/Ca ratio varies between 181.62 

and 203.78 µmol mol-1. U/Ca varies between 3.87 and 5.91 nmol mol-1 (Figure 18, 

left hand side). The Mg/Ca ratio in C. wuellerstorfi in the 250-355 µm size 

fraction varies between 0.90 and 1.10 mmol mol-1 over the same temperature 

and Δ[CO32-] range as other size fractions. Li/Ca varies between 13.20 and 14.77 

µmol mol-1 and B/Ca varies between 175.99 and 112.63 µmol mol-1. U/Ca varies 

between 3.93 and 6.94 nmol mol-1 (Figure 18, centre graphs). The Mg/Ca ratio in 

C. wuellerstorfi in the >355 µm size fraction  varies between 0.89 and 1.17 mmol 

mol-1 over the same temperature and Δ[CO32-] range as the other size fractions. 

Li/Ca varies between 12.95 and 14.63 µmol mol-1 and B/Ca varies between 
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192.86 and 112.31 µmol mol-1. U/Ca varies between 3.86 and 9.16 nmol mol-1 

(Figure 18, right hand side). 

 

Figure 18 – Trace element data for C. wuellerstorfi from the Norwegian Sea plotted against bottom 

water temperature. Graphs are organised to show the 150-250 µm size fraction in the left hand column, 

250-355 µm in the middle column, and >355 size fraction in the right hand column. Mg/Ca ratios are 

shown on the first row, Li/Ca ratios in the second row, B/Ca ratios on the third row, and U/Ca on the 

fourth row. The upper and lower 95% confidence intervals for each line of best fit are shown as thin 

black lines above and below each line of best fit. 

 

C. wuellerstorfi Mg/Ca shows a positive trend with temperature in all size 

fractions (Figure 18) and a negative trend with bottom water Δ[CO32-] (Figure 

19). Li/Ca ratios show a very poor correlation with both temperature and 

Δ[CO32-], as does B/Ca. The sensitivity of Mg/Ca to temperature at the 250-355 

µm size fraction (the size fraction with the strongest linear fit with temperature) 
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is ~4 mmol Mol-1 oC-1 change in temperature. This is a far higher sensitivity to 

changes in temperature than other studies (e.g., Healey et al., 2008, ~0.3 mmol 

mol-1 oC-1; Lear et al., 2002, 0.109 mmol mol-1 oC-1; Martin et al., 2002, ~0.4 mmol 

mol-1 oC-1). Equations for the linear and exponential fits of the data with 

temperature can be found in Table 4. Equations with Δ[CO32-] can be found in 

Table 5. Errors on the coefficients of the equations given in brackets represent 

2σ. Of all the size fractions of C. wuellerstorfi analysed, the 250-355 µm fraction 

shows the lowest scatter and highest R2 values.  

 
Figure 19 - Trace element data for C. wuellerstorfi from the Norwegian Sea plotted against bottom 

Δ[CO32-]. Graphs are organised in the same manner as Figure 18. 
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 Mg/Ca versus temperature calibration equations 

Species Size Fraction 
 Linear Equation Exponential Equation 

n m c R
2
 B A R

2
 

C. wuellerstorfi 150-250 µm 10 4.16 (± 4.84) 4.58 (± 4.08) 0.27 27.98 (±102.01) 3.87 (± 4.42) 0.28 

 250-355 µm 15 4.06 (± 1.10) 4.37 (± 0.93) 0.82 30.52 (± 27.89) 4.12 (± 1.09) 0.83 

 >355 µm 13 4.98 (± 3.20) 5.17 (± 2.68) 0.55 59.20 (± 153.65) 4.87 (± 3.09) 0.55 

O. umbonatus 150-250 µm 5 7.43 (± 31.68) 7.21 (± 26.40) 0.07 5026 (± 151x10
3
) 10.25 (± 35.93) 0.10 

P. murrhina >355 µm 8 -28.48 (± 44.39) -16.97 (±18.73) 0.22 0.236 (± 1.28) -4.02 (±6.48) 0.20 

Li/Ca versus temperature calibration equations 

C. wuellerstorfi 150-250 µm 10 -44.23 (± 65.87) -21.88 (± 55.42) 0.20 1.64 (± 5.55) -2.65 (± 4.02) 0.20 

 250-355 µm 15 -14.68 (± 20.57) 1.75 (± 17.26) 0.14 5.84 (± 7.23) -1.05 (± 1.48) 0.13 

 >355 µm 13 15.66 (± 25.10) 26.65 (± 21.06) 0.16 34.72 (± 53.46) 1.126 (± 1.83) 0.16 

O. umbonatus 150-250 µm 5 334.6 (± 332.8) 298.7 (± 277.4) 0.57 5.47x10
6
 (±72.4x10

6
) 15.05 (± 15.87) 0.55 

P. murrhina >355 µm 4 7.85 (± 16.284) 7.46 (± 31.23) 0.10 53.13 (± 926.91) 4.18 (± 20.65) 0.076 

B/Ca versus temperature calibration equations 

C. wuellerstorfi 150-250 µm 10 -177.5 (± 397.8) 44.53 (± 334.7) 0.091 88.02 (± 153.2) -.094 (2.07) 0.093 

 250-355 µm 15 -141.8 (± 310.6) 81.76 (± 260.7) 0.060 107.12 (± 143.5) -0.75 (± 1.60) 0.063 

 >355 µm 13 -34.48 (± 348.9) 173.9 (± 292.8) 0.005 174.07 (±251.2) -0.182 (± 1.72) 0.006 

P. murrhina >355 µm 8 48.12 (± 555.2) 20.65 (± 657.9) 0.001 243.33 (± 4340) 2.51 (± 21.14) 0.009 

U/Ca versus temperature calibration equations 

C. wuellerstorfi 150-250 µm 10 14.66 (± 39.08) 16.94 (± 32.90) 0.07 64.95 (± 440.98) 3.16 (± 8.09) 0.07 

 250-355 µm 15 49.05 (±15.97) 46.19 (± 13.40) 0.74 15.7x10
3
 (± 38.2x10

3
) 9.61 (± 2.91) 0.77 

 >355 µm 13 53.77 (± 28.35) 50.02 (± 23.79) 0.64 25.5x10
3
 (± 122x10

3
) 10.22 (± 5.69) 0.57 

O. umbonatus 150-250 µm 5 250.6 (± 116.3) 215.5 (± 96.89) 0.86 56.82x10
12

 (± 490.1x10
12

) 35.80 (± 10.35) 0.80 

P. murrhina >355 µm 5 -69.45 (±41.54) -100.9 (± 49.54) 0.85 0.049 (± 0.14) -6.84 (± 3.35) 0.85 

Table 4 – Table of calibrations of element/Ca ratios versus temperature from this study. The values in the linear equation section are given in the form Mg/Ca = 

Temperature x m + c. Values in the exponential equation section are given in the form Mg/Ca = B exp (A x Temperature). R2 is the correlation coefficient. 

Uncertainties given are 2x the standard error. 
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Mg/Ca versus Δ[CO3
2-

] calibration equations 

Species Size Fraction 
 Linear Equation Exponential Equation 

n m c R
2
 B A R

2
 

C. wuellerstorfi 150-250 µm 10 -0.012 (± 0.016) 1.29 (±0.31) 0.37 1.31 (± 0.37) -0.011 (± 0.014) 0.22 

 250-355 µm 15 -0.011 (± 0.0060) 1.18 (± 0.10) 0.62 1.20 (± 0.12) -0.011 (± 0.006) 0.63 

 >355 µm 13 -0.015 (± 0.012) 1.28 (± 0.23) 0.44 1.31 (± 0.29) -0.015 (± 0.012) 0.45 

O. umbonatus  150-250 µm 5 -0.046 (± 0.16) 1.779 (± 2.742) 0.09 2.70 (± 8.40) -0.061 (0.19) 0.13 

P. murrhina >355 µm 8 0.11 (± 0.13) 4.902 (± 2.75) 0.30 5.15 (± 2.06) 0.015 (± 0.02) 0.29 

Li/Ca versus Δ[CO3
2-

] calibration equations 

C. wuellerstorfi 150-250 µm  10 0.18 (± 0.19) 11.90 (± 3.71) 0.34 12.46 (±2.83) 0.011 (± 0.012) 0.33 

 250-355 µm 15 0.066 (± 0.062) 12.83 (± 1.21) 0.25 12.87 (± 1.12) 0.005 (± 0.004) 0.25 

 >355 µm 13 -0.041 (± 0.88) 14.27 (± 1.64) 0.10 14.26 (± 1.74) -0.003 (± 0.006) 0.09 

O. umbonatus  150-250 µm  5 -1.67 (± 1.88) 47.49 (± 31.23) 0.51 67.63 (± 101.3) -0.075 (±0.09) 0.49 

P. murrhina >355 µm  4 1.81 (± 1.97) -0.012 (± 0.098) 0.031 1.75 (± 2.26) -0.0059 (± 0.064) 0.016 

B/Ca versus Δ[CO3
2-

] calibration equations 

C. wuellerstorfi 150-250 µm  10 0.55 (± 1.25) 183.36 (± 24.20) 0.09 183.31 (± 23.16) 0.003 (± 0.006) 0.09 

 250-355 µm 15 0.183 (± 1.04) 197.21 (± 20.25) 0.01 196.65 (± 20.48) 0.001 (± 0.006) 0.011 

 >355 µm 13 -0.04 (± 1.18) 203.60 (± 22.44) 6x10
-4

 203.37 (± 22.50) 1.6x10
-4

 (±0.006) 4x10
-4

 

P. murrhina >355 µm  8 33.53 (± 43.05) -0.14 (± 2.11) 0.003 35.58 (± 49.16) -0.010 (± 0.068) 0.014 

U/Ca versus Δ[CO3
2-

] calibration equations 

C. wuellerstorfi 150-250 µm  10 -0.017 (±0.13) 4.92 (± 2.60) 0.08 4.88 (± 2.48) -0.004 (± 0.026) 0.09 

 250-355 µm 15 -0.154 (± 0.058) 7.96 (± 1.11) 0.69 8.91 (± 1.74) -0.031 (±0.010) 0.74 

 >355 µm 13 -0.142 (± 0.12) 7.56 (± 2.37) 0.40 7.96 (± 3.72) -0.027 (± 0.024) 0.37 

O. umbonatus  150-250 µm  5 -1.30 (± 0.67) 28.17 (± 11.22) 0.83 140.30 (± 261.9) -0.188 (± 0.112) 0.79 

P. murrhina >355 µm  5 10.02 (± 4.42) 0.28 (± 0.23) 0.65 10.69 (± 3.27) 0.019 (± 0.019) 0.64 

Table 5 - Table of calibrations of element/Ca ratios versus Δ[CO32-] from this study. The values in the linear equation section are given in the form Mg/Ca = Δ[CO32-]  

x m + c. Values in the exponential equation section are given in the form Mg/Ca = B exp (A x Δ[CO32-]). R2 is the correlation coefficient. Uncertainties given are 2x the 

standard error. 
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3.2.4 Mg/Ca and Δ[CO32-] in C. wuellerstorfi 

Elderfield et al. (2006) performed a study on Mg/Ca ratios in C. wuellerstorfi 

and put forward an initial calibration for Mg/Ca ratios against Δ[CO32-]. This 

study included data from the Norwegian Sea which is directly comparable to 

the data presented here. The temperatures of the sites studied by Elderfield et 

al. (2006) vary between -1.15 and -0.77oC and the Δ[CO32-] of the sites vary 

between 27.66 and 61.15 µmol kgsw-1. The range of Mg/Ca values obtained by 

Elderfield et al. (2006) (1.0 to 1.5 mmol mol-1 for the >250 m size fraction) is 

similar to that observed here (0.9 to 1.4 mmol mol-1 for the 250-355 m size 

fraction). Combining the Norwegian Sea data set from Jordan (2008) Elderfield 

et al. (2006) and the data from this study shows a weak correlation between 

Mg/Ca and Δ[CO32-] (16), Figure 20). 

 

𝑴𝒈/𝑪𝒂 =  𝟎. 𝟎𝟎𝟕𝟒 ± 𝟎. 𝟎𝟎𝟏𝟒 × ∆[𝑪𝑶𝟑
𝟐−] + 𝟎. 𝟖𝟖 ± 𝟎. 𝟎𝟒𝟏 (𝑹𝟐 = 𝟎. 𝟑𝟗) 

(16) 

 

 

Figure 20 – Mg/Ca versus Δ[CO32-] in C. wuellerstorfi from the Norwegian sea only. Data from this 

study is in green circles, data from Elderfield et al. (2006) is in black triangles, data from Jordan (2008) is 

shown as black crosses. The Δ[CO32-] of the sites used in this study are lower than any of the sites used 

in Elderfield et al. (2006), which allows us to make an extended Norwegian Sea only calibration.  

 

The reproducibility of measurements of Mg/Ca test (Figure 8) gave a 

standard error of the mean of 0.010 mmol mol-1. Taking this equation in the 

general from of Mg/Ca = m Δ[CO32-] + c, and the errors of each term as σterm, the 

total error of Δ[CO32-] (σΔ[CO32-]) is given by equation (17: 
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√

(

 
√(𝝈𝑴𝒈/𝑪𝒂𝟐) + (𝝈𝒄𝟐)

𝑴𝒈/𝑪𝒂 − 𝒄

)

 

𝟐

+ (
𝝈𝒎
𝒎
)
𝟐

=
𝝈∆[𝑪𝑶𝟑𝟐−]

∆[𝑪𝑶𝟑
𝟐−]

 

(17) 

 

Where σc = 0.041; σm = 0.0014; and σMg/Ca = 0.010, and m = 0.0074; and c = 0.88. 

For values of Δ[CO32-] above 90 µmol kgsw-1, the % error obtained from equation 

(17 on a given estimate of Δ[CO32-] from equation (16 is around 19%. Estimates 

of Δ[CO32-] below 90 µmol kgsw-1 have greater % uncertainties. This translates to 

a temperature uncertainty from Mg/Ca estimates of ~12% of the calculated 

value (in this study, temperature ranges calculated for benthic foraminifera are 

between ~4oC and 8oC, so uncertainties from this alone are between ~0.5-0.9oC). 

 

 

Figure 21 – O. umbonatus Mg/Ca (top two graphs), Li/Ca (middle two graphs), and U/Ca (bottom two 

graphs) ratios versus temperature (left hand side) and Δ[CO32-] (right hand side). Low boron levels in O. 

umbonatus made analyses of the boron concentration indistinguishable from the blank, and so B/Ca 

ratios have been excluded.  
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The slope of the linear equation agrees with those given in other sources 

(Elderfield et al., 2006; Healey et al., 2008) and has the advantage that it is from 

core-top Mg/Ca data that has not been temperature-corrected. In addition, the 

apparent negative trend of Mg/Ca with Δ[CO32-] obtained from the dataset in 

this study appears to reverse when combined with the Norwegian Sea data 

from Elderfield et al. (2006) somewhere between 19 and 26 µmol kgsw-1, which 

agrees with the ~25 µmol kgsw-1 threshold hypothesised by Elderfield et al. 

(2006). It is difficult to narrow down the exact point at which the trend reverses 

further due to the broad spread of the data. None the less, if a broader range of 

Δ[CO32-] were covered either side of 25 µmol mol-1, it may be possible to 

produce two linear trends and see at what Δ[CO32-] they intersect. 

 

3.2.5 O. umbonatus 

Mg/Ca ratios in O. umbonatus in this dataset vary between 0.58 and 1.26 

mmol mol-1 over the temperature range -0.84 to -0.82oC and the Δ[CO32-] range 

13.96 to 18.25 µmol kgsw-1 (Figure 21). Li/Ca varies over the range 16.76 – 26.95 

µmol mol-1 over the same temperature and Δ[CO32-] range. B/Ca ratios are not 

shown due to the low concentration of boron in O. umbonatus’ tests making [B] 

almost indistinguishable from the blank. However, U/Ca ratios vary between 

3.71 and 10.74 µmol mol-1 over the same temperature range.  

 

 

Mg/Ca in infaunal O. umbonatus from the Norwegian Sea is slightly higher 

than expected for the temperature if the linear calibration of Healey et al. (2008) 

is extrapolated to cold temperatures, but similar to the expected temperature 

using the exponential calibrations of Healey et al. (2008) and Lear et al., (2002) 

(Figure 22a). The calibration of Mg/Ca with temperature for Cibicidoides spp. by 

Lear et al. (2002) predicts an Mg/Ca value of ~0.9 mmol mol-1 at ~-1oC. This is 

similar to the O. umbonatus data seen here, and may suggest that O. umbonatus 
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exists above the Δ[CO32-] threshold at these sites, despite the <25 µmol kgsw-1 

Δ[CO32-] recorded. Whether this is due to its shallow infaunal habit or due to the 

threshold for O. umbonatus being less than the 25 µmol mol-1 proposed by 

Elderfield et al. (2006) remains to be seen. Plotting O. umbonatus Mg/Ca from 

the combined dataset against Δ[CO32-] suggests a strong relationship between 

the two (Figure 22b), however as Δ[CO32-] and temperature co-vary, it is 

difficult to know whether the Mg/Ca is varying due to changes in temperature 

or Δ[CO32-].  

 

Figure 22 – Mg/Ca in O. umbonatus from the Norwegian Sea (red circles, this study) and from a global 

coretop study (Healey et al., 2008, blue triangles). A) Mg/Ca versus bottom water temperature (BWT). 

Shown for comparison are the lines of best fit for the linear (solid line) and exponential (dashed line) 

temperature calibrations for the Healey et al. (2008) data. B) Mg/Ca versus bottom water Δ[CO32-]. C) 

Mg/Ca corrected to 3oC using the exponential temperature calibration of Healey et al. (2008) versus 

bottom water Δ[CO32-]. Δ[CO32-] data was obtained from the closest GEOSECS station. 

 

One thing that is clear if the Norwegian Sea data is added to a more global 

dataset (Elderfield et al., 2006; Healey et al., 2008) is that the data from C. 

wuellerstorfi plots well outside of the expected trend of Mg/Ca with temperature 

(Figure 23a), whereas O. umbonatus is far closer to being in line with data from 

other sites (Figure 23b). The sensitivity of O. umbonatus to changes in Δ[CO32-] 
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when corrected to 3oC for temperature is also far lower than that of C. 

wuellerstorfi (Figure 24). This provides more evidence that, even if Mg/Ca in O. 

umbonatus is not completely immune to changes in Δ[CO32-], it is at least more 

resistant to them than C. wuellerstorfi. In addition, the Norwegian Sea O. 

umbonatus appear to plot outside of the range of the majority of the other 

samples’ from Healey et al. (2008) (Figure 11B). Correcting the Mg/Ca values to 

3oC (Figure 22c) using the equation of Elderfield et al. (2006) results in a very 

poor trend of Mg/Ca with Δ[CO32-] (Figure 11C), which is consistent with the 

work of Brown et al. (2011)which suggests a reduced impact of bottom water 

saturation state on the trace metal geochemistry on this species.  

 

 

Figure 23 –  C. wuellerstorfi Mg/Ca (A, triangles) and  O. umbonatus Mg/Ca (B, circles) versus 

temperature. C. wuellerstorfi from the Norwegian Sea (circled) do not plot in line with data from other 

basins, whereas it appears that O. umbonatus from the same region does. 
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Figure 24 – The effect of Δ[CO32-] on Mg/Ca for C. wuellerstorfi (A) and O. umbonatus (B). The data in 

this plot have been normalised to 3oC using the temperature calibration of Elderfield et al. (2006, C. 

wuellerstorfi) and Healey et al. (2008, O. umbonatus) to remove the effect of temperature on Mg/Ca. 

Data are from Yu and Elderfield (2008, green triangles), Healey et al. (2008, blue circles) and from this 

study (red squares). Lines above and below the lines of best fit show the 95% confidence interval for 

those lines. 

 

The studies of Tisserand et al. (2013),  and Dawber and Tripati (2012a) 

include analyses of O. umbonatus with Δ[CO32-], however they use the cleaning 

protocol of Barker et al. (2003), which does not include a reducing step, and so 

their data has not been used here for direct comparisons. Rathmann and 

Kuhnert (2008) have also performed a similar study, but used laser ablation to 

ionise spots of their O. umbonatus’ tests, rather than using a whole-test approach 

as in this and other studies. Nevertheless, Dawber and Tripati (2012a) find a 

sensitivity of 0.0122 (± 0.0016) mmol mol-1 µmol-1 kgsw-1 for O. umbonatus Mg/Ca 

with Δ[CO32-], using a larger dataset corrected for differences in cleaning 

methods to bring all data in line with their oxidative cleaning, compared with 

this dataset’s 0.0229 (± 0.0046) mmol mol-1 µmol-1 kgsw-1. The sensitivities are 

only slightly dissimilar at the 1σ level, and are within error of each other at the 

2σ level, despite the differences in cleaning protocols used. They have not 
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corrected their data for changes in temperature, however the range in 

temperatures covered by their study is only 2.5oC (compared to this study’s 

0.04oC) and the range in Δ[CO32-] values covered by their study is 67 µmol kgsw-1 

(compared to this study’s 8 µmol kgsw-1 for samples containing O. umbonatus), so 

they argue that applying a correction to account for temperature variability is 

not necessary. 

 

 

Figure 25 – Trace metal ratios in P. murrhina versus temperature (left hand graphs) and Δ[CO32-] (right 

hand graphs). Mg/Ca (A & B), Li/Ca (C & D), B/Ca (E & F) and U/Ca (G & H). 
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O. umbonatus lives in the top 4cm of sediment (Rathburn and Corliss, 1994) 

and as such is sheltered from any large swings in Δ[CO32-]. It essentially lives in 

its own equilibrated bubble of pore waters (Elderfield et al., 2006; Rathmann 

and Kuhnert, 2008). This will make O. umbonatus useful for confirming that 

major trends in Mg/Ca in palaeoclimate records are caused by changes in 

temperature and not by changes in Δ[CO32-]. However, due to O. umbonatus 

living anywhere within the top 4cm of sediment, it would be unwise to use O. 

umbonatus to confirm the timing of trends in records sampled at resolutions 

higher than 4cm due to the potential for overlap between O. umbonatus 

specimens of different ages. 

 

3.2.6 Pyrgo murrhina 

Pyrgo murrhina is a porcelaneous foraminifer, and as such has a test made 

from high Mg-calcite, as opposed to the hyaline tests of C. wuellerstorfi and O. 

umbonatus. Mg/Ca ratios in P. murrhina in this dataset vary between 5.89 and 

8.17 mmol mol-1 over a temperature range of ~0.04oC (Figure 25a), and a range 

of Δ[CO32-] of ~12 µmol kgsw-1 (Figure 25b). Li/Ca ratios vary between 1.11 and 

1.82 µmol mol-1 over the same range of temperatures (Figure 25c) and Δ[CO32-] 

(Figure 25d). B/Ca varies between 20.51 and 43.32 µmol mol-1 (Figure 25e & f) 

and U/Ca between 11.23 and 16.69 nmol mol-1 (Figure 25g & h). 

The exponential and linear relationships for the trace element/Ca ratios 

versus temperature can be found in Table 4. The exponential and linear 

relationships for the same ratios versus Δ[CO32-] can be found in Table 5. Given 

the very low range of temperatures observed, any apparent correlation with 

temperature is likely to instead reflect a correlation with another factor, such as 

Δ[CO32-]. For example, the correlation of U/Ca with temperature is over such a 

narrow range as to be meaningless, despite the good R2 value (0.85) for both the 

linear and exponential equations (Table 4 & Table 5). 
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Figure 26 – Mg/Ca versus temperature and Δ[CO32-] in P. murrhina. A) This study’s data (red circles) 

plotted with the data of Healey et al. (2008, blue triangles). Lines of best fit have been plotted through 

data from sites with <26 µmol kgsw-1 Δ[CO32-] and through data from sites with >26 µmol kgsw-1 Δ[CO32-]. 

It appears there is an enormous difference in the way the different groups respond to changes in 

temperature. Also shown are the lines of best fit from the exponential (thin dashed line) and linear 

(thin solid line) calibrations of Healey et al. (2008). B) The same data plotted against Δ[CO32-]. For the 

sites used by Healey et al. (2008) 

 

Combining this study’s data set with the data of Healey et al. (2008) reveals 

that below ~2oC Mg/Ca in the tests of P. murrhina ceases responding to changes 

in temperature; the Mg/Ca values of samples from the Norwegian Sea at ~-1oC 

are very similar to the Vema Channel samples analysed by Healey et al. (2008) 

between 1 and 2oC (Figure 26A). It also appears that above ~2oC, the sensitivity 

of P. murrhina’s test’s Mg/Ca ratios to temperature dramatically increases. This 

threshold in temperature corresponds with a threshold in Δ[CO32-] of ~26 µmol 

kgsw-1, which is coincidentally close to the threshold of 25 µmol kgsw-1 in C. 

wuellerstorfi’s Mg/Ca ratios proposed by Yu and Elderfield (2008). The result is 

that in waters with Δ[CO32-] of <26 µmol kgsw-1 there is no discernible change in 

Mg/Ca ratios with changes in temperature, and in waters with Δ[CO32-] of >26 

µmol kgsw-1 in which a 1oC change in temperature can effect almost a 20 mmol 

mol-1 change in Mg/Ca. An alternate explanation is that there is an exceptionally 

strong Δ[CO32-] effect at low (<26 µmol kgsw-1) Δ[CO32-] values, though this 

seems less likely. In addition, the data from the Norwegian Sea fall well outside 

of the values predicted by extrapolating out the linear and exponential 

equations based on material from the Vema Chanel (Figure 26A). 
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Plotting the same Mg/Ca data against bottom water Δ[CO32-] results in a 

different story (Figure 26B). The data appears to follow an exponential 

regression (18): 

 

𝑴𝒈/𝑪𝒂 = 𝟑. 𝟔𝟐 ± 𝟎. 𝟔𝟒 𝐞𝐱𝐩(𝟎.𝟎𝟑𝟖±𝟎.𝟎𝟎𝟔𝟔×∆[𝑪𝑶𝟑
𝟐−)(𝑹𝟐 = 𝟎. 𝟖𝟕) 

(18) 

 

For completeness, the linear calibration equation is (19): 

 

𝑴𝒈/𝑪𝒂 = 𝟎. 𝟒𝟐𝟑 ± 𝟎. 𝟎𝟖𝟔∆[𝑪𝑶𝟑
𝟐−] − 𝟎. 𝟑𝟖 ± 𝟐. 𝟑𝟔 (𝑹𝟐 = 𝟎. 𝟖𝟑) 

 (19) 

 

The data from this study neatly covers the interval between Δ[CO32-] values 

of 15 and 25 µmol kgsw-1 that was absent from the record of Healey et al. (2008). 

The data from this study also are from waters almost 2oC colder than those from 

the Vema Channel, and yet despite this they still fall in line with the other data. 

This may indicate that P. murrhina represents a foraminifera with test Mg/Ca 

ratios far more sensitive to changes in Δ[CO32-] than it is to changes in 

temperature.  

The Li/Ca and B/Ca in P. murrhina show practically no sensitivity to changes 

in either temperature or Δ[CO32-] (Figure 25). U/Ca is the exception (Figure 25g 

& h), and shows a positive relationship with Δ[CO32-], whereas the relationship 

is negative in C. wuellerstorfi and O. umbonatus. This is unprecedented among 

foraminiferal U/Ca (c.f. Keul et al., 2013; Raitzsch et al., 2011). 

 

3.2.7 U/Ca as a potential proxy for seawater saturation state 

In this dataset, C. wuellerstorfi and O. umbonatus U/Ca show a strong negative 

trend with increasing Δ[CO32-] (Figure 19, Figure 21, Table 5). This relationship 

has been seen in other studies (Keul et al., 2013; Raitzsch et al., 2011), though 

this is the first holothermal core-top study to examine this relationship. 

Curiously, P. murrhina shows the opposite trend (Figure 26, Figure 27e & f, 
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Table 5). No other studies have examined the relationship of U/Ca in P. 

murrhina, and so there is currently no basis for comparison to tell if this signal is 

representative of the response of P. murrhina’s U/Ca ratio to Δ[CO32-], or merely 

unique to specimens from the Norwegian Sea.  

 

Figure 27 – Comparison of U/Ca ratios in the three species examined in this study. Graphs on the left 

show U/Ca against [CO32-], whereas graphs on the right show U/Ca versus Δ[CO32-]. A & B show U/Ca 

from C. wuellerstorfi, B – inset) the line of best fit from Raitzsch et al. (2011), and the data from this 

study. Axes are the same as in B, but cover the range of values reported in Raitzsch et al. (2011). C & D) 

O. umbonatus, E & F) P. murrhina.  

 

It has been suggested that U/Ca may reflect the concentration of carbonate 

ions in seawater ([CO32-], Keul et al., 2013) rather than Δ[CO32-]. With the 

exception of O. umbonatus, the stronger relationship in this study is seen 

between U/Ca and Δ[CO32-] (c.f. Figure 27 a with b, c with d, and e with f). This 
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conforms with the pattern seen in Raitzsch et al. (2011). However, there is a 

large off-set between the trends seen in C. wuellerstorfi in Raitzsch et al. (2011) 

and in this study (Figure 27b). The sensitivity of U/Ca to changes in Δ[CO32-] 

was found to be -0.27 (± 0.04) nmol mol-1 µmol kgsw-1 by Raitzsch et al. (2011) in 

C. wuellerstorfi (named as Planulina wuellerstorfi in their study). This is nearly 

twice as sensitive as that found in this study (-0.154 [± 0.058] nmol mol-1 µmol 

kgsw-1, 250-355 µm size fraction), however it is also very nearly within error and 

so the higher sensitivities obtained here may just be a result of the narrow 

range. The y-intercept differ by a greater degree (15.1 ± 1.4, (Raitzsch et al., 

2011) compared to 7.96 ±1.11, this study). The fact that temperature should 

show a positive relationship with U/Ca would serve to reduce the sensitivity 

reported in their study and their values are based on averaged intratest 

measurements using Laser Ablation ICP-MS (LA-ICP-MS). In addition, their 

samples were not cleaned in any way prior to analysis, and instead were pre-

ablated for 1s to remove any surficial contamination. This study at least 

confirms that the negative correlation between U/Ca and Δ[CO32-] seen in 

Raitzsch et al. (2011) in C. wuellerstorfi is real and not solely down to any 

correlation with temperature. 

 

3.3 Conclusions 

The data obtained here support a small effect of size fraction on element/Ca 

ratios, though perhaps not as great as other studies. Coiling direction does not 

affect element/Ca ratios in C. wuellerstorfi and so this species, at least, does not 

need to be separated by coiling direction when picking for trace-element 

analysis. 

I have provided evidence to suggest that in a Norwegian Sea water depth 

transect Mg/Ca in O. umbonatus is less affected by changes in bottom water 

Δ[CO32-] than C. wuellerstorfi and have hypothesised that this is either due to its 

shallow-infaunal habit, or due to a species specific difference in the threshold 
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Δ[CO32-] below which Mg/Ca is heavily affected by changes in Δ[CO32-]. I have 

shown that the sensitivity of Mg/Ca to Δ[CO32-] in C. wuellerstorfi is between 

0.007 and 0.009 mmol mol-1 µmol-1 kgsw-1 by expanding the Norwegian Sea 

holothermal core-top calibration of Elderfield et al. (2006), and have shown that 

their estimate of 0.0088 mmol mol-1 µmol-1 kgsw-1 from a temperature-corrected 

global core-top analysis was accurate. I have provided evidence that Mg/Ca in 

P. murrhina may be unaffected by changes in temperature between -1 and 3oC 

and instead responds primarily to changes in Δ[CO32-], at least between 10 and 

50 µmol kgsw-1.  

I have shown that foraminiferal U/Ca is still a promising proxy for Δ[CO32-] 

when the whole test is analysed and the foraminifera have been reductively 

cleaned, though the sensitivity of changes in U/Ca to Δ[CO32-] is lower than 

when compared with samples analysed with LA-ICP-MS (-0.154 compared to -

0.27 nmol mol-1 µmol-1 kgsw-1).  In addition, the absolute U/Ca values also appear 

lower. We show some evidence to suggest that U/Ca is a better proxy for 

Δ[CO32-] than for [CO32-] in C. wuellerstorfi, O. umbonatus, and P. murrhina, 

however we find that U/Ca in the test of P. murrhina shows a positive 

correlation with Δ[CO32-], whereas other species show a negative one. Analysis 

of whole-test U/Ca ratios need to be carried out under expanded ranges of 

Δ[CO32-] and temperature conditions and with more species. Examining the 

trace element ratios of more miliolite foraminifera, such as Quinqueloculina spp., 

may show similar trends to P. murrhina with temperature and Δ[CO32-]. Further 

analysis of P. murrhina specimens from other core-tops may confirm the trends 

seen here or may just help to confirm that it is unique to P. murrhina from the 

Norwegian Sea. 

 

3.3.1 Future Work 

One potentially very useful application to which P. murrhina could be put is 

to culture it in temperature-controlled waters between 3 and 7oC. Taking the 



Sam Bradley Core Top Calibration Cardiff University 

77 

 

temperature versus Mg/Ca calibrations of Healey et al. (2008), the changes in 

Mg/Ca between 1 and 3oC are nearly indistinguishable as being exponential or 

linear in form. However at 4oC, the exponential calibration equation predicts 

that the Mg/Ca ratio of P. murrhina’s test should be around 30 mmol mol-1, 

whereas the linear equation predicts it should be around 23 mmol mol-1. At 6oC, 

near the limits of where P. murrhina appears to thrive, the exponential and 

linear calibrations predict Mg/Ca ratios of ~94 and 36 mmol mol-1, respectively. 

This difference is more than large enough to be discerned by ICP-MS and 

would provide a very useful insight into the processes by which this species 

controls the partitioning of Mg into its tests during formation of the calcite 

lattice. 

Core-top material containing Pyrgo murrhina from a greater range of 

temperatures and carbonate saturation states need to be analysed to confirm 

this. The samples of Gudmundsson (1998) and Murgese and De Deckker (2005) 

from the Icelandic margin and Eastern Indian Ocean, respectively, represent 

two sample sets containing P. murrhina, as well as other miliolite foraminifera, 

that have already been collected and cover a broad (2-7oC) range of 

temperatures and differing Δ[CO32-] regimes and would be suitable for further 

analysis. In addition, culture studies would vastly improve our understanding 

of how P. murrhina incorporates Mg and other trace metals into its test and 

under what conditions. 
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4 MID-MIOCENE ITCZ RESPONSE TO 

CHANGES IN THE NORTHERN 

HEMISPHERE ICE SHEETS 
The Mid Miocene Climatic Optimum (MMCO) was a period of relative warmth 

between 17 and 14 Million years ago with reduced ice volumes compared to the 

modern day. Ceara Rise is a bathymetric high in the Western Equatorial Atlantic 

that shows sedimentation rates fro m 10-17m Ma
- 1

 during the MMCO allowing for 

high resolution analyses of climatological changes. Intervals from 15.35 -15.72 and 

16.06-16.36 Ma (±0.61 Ma for ages given)  were analysed at 2ka resolution for 

foraminiferal Mg/Ca, δ
18

O, δ
13

C, as well as other trace element/Ca ratios in the 

benthic foraminifers C. mundulus  and O. umbonatus , and the planktonic 

foraminifer G. trilobus .  These were used to quantify temperature and δ
18

Os w  

changes in both the surface and deep ocean. Temperature vari ed by around 2-4
o
C 

during the MMCO, and sea levels also varied by up to 20-40 (±10)m. Changes in 

sea surface salinity occur coevally with changes in sea level and have been used to 

infer movement of the intertropical convergence zone (ITCZ). Northward 

movement of the ITCZ relative to Ceara Rise during a rise in sea level has been 

used to infer a reduction in ice volume centred on the Northern Hemisphere. This a 

priori  implies the presence of ice sheets in the Northern Hemisphere during the 

MMCO some 13 Myr before they were thought to have appeared. Changes in 

productivity and the carbonate saturation state will be used in the next chapter to 

lend weight to the movements of the ITCZ implied herein.  
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4.1 Introduction 

The Mid-Miocene Climatic Optimum (MMCO, Figure 28) was the warmest 

period in the past 35 Ma, lasting from around 17Ma to 14 Ma (Flower and 

Kennett, 1994; Holbourn et al., 2007; Zachos et al., 2001). The MMCO is 

associated with a ~1 ‰ excursion towards lower values of benthic foraminiferal 

δ18O, indicative of global warming and a reduction in global ice volume (Báldi, 

2006; Holbourn et al., 2007; Zachos et al., 2001). Mean average annual 

temperatures are estimated to have been between 17 and 22oC in central Europe 

(Böhme, 2003), and >19oC in Southeast Asia (Zou et al., 2004) with global 

average temperatures approximately 6oC higher than today (e.g., Flower and 

Kennett, 1994). The peak warmth occurred ~15.7 Ma, based on palynological 

reconstructions and foraminiferal stable isotope measurements (Holbourn et al., 

2007; Warny et al., 2009). 

 
Figure 28 – δ18O (A) and δ13C (B) from the last 36 Myr. The MMCO is highlighted in yellow. The 

intervals studied in this thesis are highlighted in red. 
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This warmth is best modelled by elevated pCO2ATM. Stomatal index (SI) based 

estimates of pCO2ATM suggests that values were as high as 500-600 ppm during 

peak warmth (Kürschner et al., 2008). Estimates by Retallack (2009) based on 

analyses of pedogenic calcite nodules suggests that pCO2ATM may even have 

been as high as 800 ppm. More recent evidence from δ11B by Foster et al. (2012) 

suggests that pCO2ATM rose to around 400ppm (± 100 ppm), which is 

coincidentally around the same values as the modern pCO2ATM, and this is 

confirmed by recent, long-term single-site estimates based on alkenones by 

Zhang et al. (2013) of 400-500 ppm between 17 and 14 Ma and by a high-

resolution (~36ka) study of δ11B  across the MMCO by Greenop et al. (2014). 

There is also evidence for increased weathering rates during the MMCO, which 

may be expected under greenhouse conditions (Wan et al., 2009). The increased 

pCO2atm could be explained by the formation of major flood basalts in the USA, 

Central Europe and eastern China coincident with the onset of the MMCO 

(Foster et al., 2012; Hodell and Woodruff, 1994; Schwarz, 1997; Zou et al., 2004). 

The location of ice volume retreat during the MMCO has always been 

assumed to have been centred on Antarctica, due in large part to the presence of 

southern beech and other temperate species on the Antarctic continent 

indicating reduced ice volumes (Warny et al., 2009), as well as the assumption 

that no major continental ice sheets appeared in the northern hemisphere until 

the Pliocene (Bartoli et al., 2005; Lunt et al., 2008; Pekar and DeConto, 2006; van 

de Wal et al., 2011; Zachos et al., 2001). None-the-less, more recent modelling 

studies on the thresholds for glacial inception in general (DeConto et al., 2008) 

and modelling of the MMCO specifically (Foster et al., 2010a; Herold et al., 

2012; You et al., 2009) suggest that northern hemisphere ice sheets were 

possible. Evidence of ice-rafted-debris in the Northern Hemisphere at 18 and 16 

Ma is strong evidence for the presence of at least ephemeral ice sheets (St John, 

2008). Northern Hemisphere glaciation is inferred at the Oligocene-Miocene 
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Boundary (OMB, 23Ma) by tracking the ITCZ in the equatorial Pacific Ocean 

using the source of aeolian dust by way of εNd and 87Sr/86Sr ratios (Hyeong et al., 

2014). Modelling of the Greenland Ice Sheet by Lunt et al. (2008) suggests that 

declining pCO2ATM from ~400 ppmv to ~280 ppmv is sufficient to explain its 

inception, assuming Pliocene continental configurations.  

 

Figure 29 – Monthly average rainfall rate near the equator, after Philander et al. (1996). The position of 

Ceara Rise in the Eastern Equatorial Atlantic has been marked on with a white star. The position of the 

ITCZ can be easily distinguished by the band of higher rainfall near to the equator. 

 

The presence and volume of ice at high latitudes in the Arctic and Antarctic 

can have significant effects on low latitude climate. One such effect is on the 

position of the intertropical convergence zone (ITCZ). The ITCZ is an area of 

increased precipitation caused by the ascending air currents associated with the 

equator and is a consequence of the convergence of the northern and southern 

Hadley cells. Today, its average annual position (Figure 29) is about 5oN of the 

equator (Philander et al., 1996), and this is caused by the rising air currents 

favouring the warmer hemisphere, as well as equatorial upwelling providing 

something of a cold-air barrier to further southern movement of the ITCZ (Xie 

and Philander, 1994). However as the ITCZ favours the warmer hemisphere, 

any increase (decrease) in average temperature or the decay (growth) of ice 

sheets on either the Northern or Southern Hemisphere will move the position of 

the ITCZ further into (away from) that hemisphere, and with it the associated 

reduced salinities and increased productivity. As Ceara Rise sits close to the 

southern boundary of the ITCZ, it will be very sensitive to relative changes in 

the position of the ITCZ; a decrease in surface salinity coupled with an increase 
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in productivity may be taken to mean a southerly movement of the mean 

position of the ITCZ, and if that is accompanied by a change in ice volume, a 

Northern or Southern Hemispherical locus of ice volume change can be 

inferred. 

Calculating ice volume and sea level change during the MMCO is difficult 

due to the lack of good records. Ice-proximal ANDRILL records are either 

plagued by hiatuses caused by repeated advance and retreat of the ice margin 

(Davies et al., 2012), or come from regions where sedimentation is dominated 

by glacial, rather than biogenic, processes (Brachfeld et al., 2013; Passchier et al., 

2011) which makes acquisition of long-term, high resolution geochemical 

palaeoclimate proxies difficult to obtain. Sedimentary facies analysis in the 

AND-2A core in McMurdo Sound suggests significant, yet brief ice retreat 

events occurred at 20.2-20.1, 19.6-19.3, 18.7-17.6, and 15.4 Ma. These are 

somewhat corroborated by palynological evidence of southern beech pollen, 

grasses and fresh water algae that suggests peak warmth occurred between 15.7 

and 15.5 Ma, with smaller warm events occurring occasionally between 17.2 

and 12.6 Ma (Warny et al., 2009). These records have the disadvantage that they 

can only give semi-quantitative estimates of ice extent (i.e.: bigger or smaller 

than today’s), and cannot give estimates of the true magnitude of changes in 

global ice volume. 
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Figure 30 – Location of Ceara Rise and of ODP Site 926. Also shown are the other drill sites from ODP 

leg 154 (adapted from ShipboardScientificParty, 1995c). 

 

Geochemical proxy records from more distal sites broadly agree with these 

timings, though less so in specifics. The long term composite benthic 

foraminiferal δ18O record of Zachos et al. (2008) shows the MMCO as occurring 

between ~17 and 14 Ma ( 

Figure 28). Peak warmth according to benthic δ18O from Holbourn et al. 

(2007) and Lear et al. (2010) occurs at around 16 Ma, with a second peak in 

warmth at around 14.8 Ma before the decline in temperatures associated with 
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the Mid-Miocene climatic transition (MMCT). The pCO2ATM record of Foster et 

al. (2012) agrees with these timings. 

Here I present high resolution (~2-4 ka) benthic foraminiferal geochemical 

stable isotope and trace element/Ca ratio records from ODP Site 926 from two 

intervals (between ~15.2 and 15.6 Ma and between ~15.9 and 16.3 Ma,  

Figure 28) that will help to constrain the variability of global ice volume 

during the MMCO. Furthermore, I present paired planktonic foraminiferal 

stable isotope and trace element/Ca ratio records from the samples. 

Reconstructed surface water conditions are interpreted in terms of a shift in the 

placement of the ITCZ which implies that ice growth and decay during the 

Miocene Climatic Optimum may not have been constrained to the southern 

hemisphere. 

 

4.2 Methods 

4.2.1 Sample location and acquisition 

Material for this study comes from ODP’s Leg 154, site 926, located on Ceara 

Rise in the Western equatorial Atlantic (Figure 30). Ceara Rise is a bathymetric 

high that formed on the mid Atlantic ridge ~80 Ma and is draped in a thick 

(>1000 m) covering of sediment (ShipboardScientificParty, 1995a). Ceara Rise 

has a minimum depth of around 2600 m below sea level, however sediments 

are thickest on areas 3000 m below sea level or deeper. The rationale for Leg 154 

was to study the history of water flow and carbonate sedimentation and 

production in the Cenozoic. It was hoped that by drilling a depth transect 

across Ceara Rise, the history of interaction between North Atlantic Deep Water 

(NADW) and Antarctic Bottom Water (AABW) could be analysed. By assuming 

that the surface production of carbonate is constant over the area of Ceara Rise, 

the rates of dissolution of carbonate with water depth could also be studied by 

analysing differences in sedimentation rate between the sites. The shallowest 

Site drilled on Leg 154 was Site 925, which had a spud depth of ~3000 m below 
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sea level (mbsl), however core recovery in the Miocene and Oligocene suffered 

from large coring gaps that overlapped with intervals of interest to this study 

(ShipboardScientificParty, 1995b). The next most shallow site, Site 927, had a 

depth of ~3300 mbsl, however evidence of sediment slumping at this site made 

it unsuitable for continuous high resolution sampling (Shipboard Scientific

Party, 1995d) and so Site 926 was chosen.    

Site 926 sits at a depth of ~3600 mbsl. Sedimentation rates are around 10 m 

Ma-1 in the early-mid Miocene. This allows for a high resolution of ~1 sample 

every 4 ka to be achieved. The modern day carbonate saturation state of waters 

at ~3600 m depth in the western Atlantic is around 32 µmol kg-1 (Broecker and 

Takahashi, 1978; King et al., 1997). Data from GEOSECS site 40 suggests that the 

modern bottom water temperature and saturation state at Ceara Rise is around 

2.5oC and 35.9 µmol kgsw-1.  This is above the suggested threshold of 25 µmol kg-

1 in which saturation effects significantly affect Mg/Ca ratios (Yu et al., 2008) 

and the palaeodepth of Site 926 during the Miocene was ~3400 m (Flower et al., 

1997). None-the-less, there may still be significant changes in saturation state 

over the intervals being studied if the depth of the boundary between the 

relatively CO32- rich NADW and CO32- poor AABW changed vertically, or the 

CCD shoaled. Preservation of benthic foraminifera at Site 926 is described as 

moderate to good in sediments of Miocene age, though it becomes poorer 

down-core (ShipboardScientificParty, 1995c). This is something of a trade-off 

due to the requirement of high sedimentation rates in order to achieve a high 

sample resolution.  

All the sample material comes from two intervals from Site 926 Hole B. The 

intervals are from 293.76 to 300.15 mbsf (henceforth referred to as “the upper 

interval”, 15.352 – 15.722 Ma) and 305.97 to 311.17 mbsf (henceforth referred to 

as “the lower interval”, 16.059 – 16.360 Ma). 20cc of material was sampled at 

4cm (~2.3ka) resolution to ensure a very high resolution record. The two 

intervals were designed to target ~16Ma and >17Ma in order to capture 
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snapshots of the climate before and after the warming associated with the 

MMCO, but inaccuracies in the preliminary age model prevented this (section 

2.5). 

All the sample material was acquired from hole 926B to obviate the risk of 

inducing uncertainty in relative ages by small mistakes in following a splice. 

The intervals taken from hole 926B have no major coring gaps (Figure 65 and 

Figure 66, Appendix 3, section 8.3) and were cored with an extended core barrel 

(XCB). The intervals sampled fall within the Lithologic Unit III, subunit IIIA, 

which has meter-scale cyclic changes from light grey nannofossil chalk with 

clay to greenish-grey clayey nannofossil chalk and carbonate content ranging 

from 80% to 60% (ShipboardScientificParty, 1995c). 

 

4.2.2 Age model 

The age model applied to the data is the one described in Methods chapter 2. 

 

4.2.3 Sample analysis 

Samples were cleaned and analysed for trace metal composition as described 

in the appendices (Section 8.1). Samples of Cibicidoides mundulus (C. mundulus) 

were split after crushing for stable isotope analysis and analysed on a 

ThermoFinnigan MAT252 with online sample preparation, using an automated 

Kiel III carbonate device at Cardiff University. The long-term precision of the 

in-house standard is better than 0.09 ‰ in δ18O and better than 0.06 ‰ in δ13C (1 

standard deviation). Results are reported relative to Vienna Pee Dee Belemnite 

(VPDB). Larger samples were further split to bring the sample weights in 

between 50 and 100 µg and each split was run separately.  

 

4.2.4 Calculating temperature, δ18Osw and δ18Ossw from Mg/Ca and 18O records  

See Methodology chapter 2 for details. C. mundulus was used for the bulk of 

the benthic Mg/Ca paleothermometry and stable isotope work using the 
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temperature calibration of Lear et al. (2002). C. mundulus is predominantly an 

epifaunal benthic foraminifera (Rathburn and Corliss, 1994), though it may 

show some shallow infaunal behaviour (Hodell et al., 2001). The Mg/Ca 

temperature record was improved by the addition of Mg/CaO. Mg/CaO was 

normalised to Mg/CaM by taking the means of each record, finding the quotient 

(~0.73) of the two means and then correcting Mg/CaO to Mg/CaM by 

multiplication of the individual Mg/CaO measurements by that quotient. δ18OM 

and Mg/CaM was used to calculate δ18Osw using the δ18O temperature calibration 

of Marchitto et al. (2014).  

In order to find an absolute temperature, Mg/CaM had to be corrected for 

both secular variations in Mg/Ca in seawater using the model of Stanley and 

Hardie (1998), which provided a value for Mg/Ca in sea water at 16Ma of 3.2 

mol mol-1. A correction was also applied for species specific vital effects on the 

partitioning of seawater Mg+ into foraminiferal calcite. In the absence of a C. 

mundulus specific H-value, a value of 0.44 was used (one of the estimates of H 

for O. umbonatus). It is worth noting that Evans and Müller (2012) produced a 

range of H-values between 0.44 and 0.54 for O. umbonatus based on differing 

assumptions, but the H-value used does not affect the relative temperature 

changes, and the difference in temperatures produced between those extremes 

was far less than the range of temperatures due to experimental error. 

Temperatures for G. trilobus were produced in a similar manner using the 

Mg/Ca calibration of Dekens et al. (2002), and an H-value of 0.41 (Evans and 

Müller, 2012) 

 

4.3 Results 

4.3.1 Coarse Fraction 

Coarse fraction weight percentage varies between 1% and 63%, with an 

average of 33%. The upper record is far more variable than the lower record 

and it possesses both the minimum and maximum values for both intervals 
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taken as a whole (Figure 31a). The upper record shows two frequencies 

significant at the 99% level at 4.66 m-1 (12.4 kyr) and at 5.29 m-1 (11.0 kyr, Figure 

31c). There are also four more frequencies that are significant above the 95% 

level at 0.31 m-1 (187 kyr), and 6.69 m-1 (8.65 kyr). 

 

 

Figure 31 – Coarse fraction percentage and cyclicity in the intervals used in this study. A) Coarse 

fraction percentage from the upper interval. The black line represents a 4 point symmetrical moving 

average. B) Coarse fraction percentage from the lower interval. C) Frequency analysis of the upper 

interval. The red line shows the 95% confidence interval, the green line shows the 99% confidence 

interval. D) Frequency analysis of the lower interval. The format is the same as C. 

 

The lower record varies between 6% and 49% (Figure 31b). It shows only one 

frequency that is distinguishable from red noise above the 99% confidence 

interval at 0.51 m-1 (114 ka), and another two that are above the 95% confidence 

interval at 5.13 m-1 (11.3 ka) and 7.18 m-1 (8.06ka, Figure 31d). The upper record 

shows larger changes in course fraction weight percent at a higher frequency. 
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4.3.2 δ18O  

δ18O in the planktonic foraminifera G. trilobus (δ18OG) varies around a mean of 

-1.7 ‰, with a minimum of -2.3 ‰ and a maximum -0.96 ‰ (Figure 32a and b). 

Between 313 and 310.5 mbsf, δ18OG varies between around -1.8 ‰ and -1.4 ‰ 

around a mean of -1.6 ‰. At 310.5 mbsf δ18OG suddenly trends towards heavier 

values and peaks at -1.35‰. At 310 mbsf, δ18OG begins a long trend towards 

heavier values that peaks at a mean value of ~-1.3‰ at around 307.5 mbsf. This 

trend reverses and δ18OG returns to ~-1.7 ‰ within 50cm. At ~306.5 mbsf there 

appears to be a rapid increase to ~-1.2 ‰ followed by a rapid decline to ~-1.8‰ 

before the sampling gap at 306 mbsf. 

Between 300 and 298 mbsf δ18OG appears to show a general trend towards 

heavier values from a mean value of around -2 ‰ to around -1.6 ‰. After that 

δ18OG varies more rapidly, between ~-2.1 ‰ and -0.96 ‰, and does not appear 

to show any particular strong or lasting trends. This increased variability is also 

seen in the δ18O in the predominantly epifaunal (Rathburn and Corliss, 1994) C. 

mundulus (δ18OM), and the wt% coarse fraction. 

δ18OM varies between 0.43 and 1.86‰ (Figure 32c and d). Between 313 and 

309mbsf, δ18OM varies between 1.0 and 1.6‰, however at ~309 mbsf it shows far 

less variability and instead begins a steady trend towards heavier values from 

~1.2 ‰ to ~1.8‰ at 308 mbsf. This is followed by a marked decrease over ~16cm 

to ~0.9 ‰, though this settles back to a mean of around 1.2 ‰ at 307.5 mbsf, 

varying between 1.0 and 1.6 ‰ at 306mbsf. From 301 to 297.5 mbsf δ18OM 

remains within the same values as between 307.5 and 306 mbsf, however after 

that point it appears to vary much more and with a much higher frequency, 

mirroring the changes in variability in wt% coarse fraction and δ18OG that occur 

at around the same point. At around 295.5 mbsf δ18OM trends to lighter values, 

peaking at a mean of around 0.6 ‰. This falls back to around 1.2‰ by 294.5 

mbsf and δ18OM once again varies between around 1.6‰ and 1.0 ‰. 
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Figure 32 – Foraminiferal δ18O and frequency analysis from ODP Site 926. A and B) δ18O from the 

planktonic foraminifer G. trilobus from the upper and lower intervals, respectively. C and D) δ18O from 

the benthic foraminifer C. mundulus from the upper and lower intervals, respectively. The white lines 

in graphs A-D represent a 4 point symmetrical moving average. E and F) frequency analysis of the data 

from plots A and B, respectively. G and H) Frequency analysis of the data from plots C and D, 

respectively. 

 

Where the moving average falls below the overall mean δ18O for both δ18OM 

and δ18OG has been marked with a blue line (Figure 32). This provides a 

qualitative, first-order indicator of periods that were warmer or more ice-free 



Sam Bradley    MMCO ITCZ   Cardiff University 

91 

 

than the average for the record as a whole. From this, it can be argued that the 

upper interval displays lighter δ18O values than the lower and so represents a 

warmer climate. 

δ18O shows no consistent frequencies between records, with one frequency 

significant above the 99% confidence level in the upper interval in G. trilobus at 

~8 m-1 (~7 kyr period), and one in the lower interval at ~4.5 m-1 (~13 kyr period). 

In general, variability in δ18O shows no periodicity that is not distinguishable 

from red noise. 

 

4.3.3 δ13C 

C. mundulus δ13C (δ13CM) in the lower interval varies between 0.91 and 2.31 

(Figure 33d). The smoothed data vary between ~1.6 and ~2.2 ‰. This contrasts 

with the δ13C in G. trilobus (δ13CG) which varies between 2.1 and 3.8 ‰. There is 

one trend in δ13CG which stands out above the general background. Between 

307.53 and 307.17 mbsf δ13CG decreases from 3.35 to 3.13 ‰ by 307.33 mbsf. 

The carbon isotope records from the upper interval are far more variable. 

Between 300.11 and 298.15 mbsf, δ13CM follows a saw-tooth pattern, with a 

shallow trend towards lighter values, followed by a sharp increase (Figure 33c). 

From 300 to 299.35 mbsf, δ13CM trends towards lighter values from ~1.9 to ~1.6 

‰. There is then a sharp increase of ~0.2 ‰ from 299.35 to 299.23 mbsf. The 

second saw-tooth is smaller, with only ~0.15 ‰ trend towards lighter values 

over 0.6 m. At 298.79 mbsf δ13CM increases to 1.86 ‰ and then begins the third 

saw-tooth. The decrease associated with the start of the third and final saw-

tooth in this set is steeper, its peak is more rounded, and the increase that 

follows is shallower than the other two. δ13CM decreases by 0.28‰ over 0.32 m 

and, rather than a sudden increase as with the first two cycles, it instead 

remains at ~1.6 ‰ for 0.2 m or so before increasing to around 1.8 ‰ by 298.11 

mbsf. At 297.39 mbsf δ13CM increases to ~2.0 ‰ within 0.08m, then decreases to 

1.7 ‰. Between 296.68 and 295.64 mbsf the smoothed δ13CM data decreases to 
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1.11 ‰ in a steady trend that is only broken between 296.32 and 296.04 mbsf 

where there is a sudden increase to 2.18 ‰. The raw data between 296.32 and 

the end of the record shows a great degree of variability. δ13CM varies between 

0.94 and 2.45 ‰. δ13CG does not show the same saw-toothed variability as 

δ13CM. Between 300.15 and 297.08 mbsf the smoothed δ13CG varies between 

~2.92 and 3.36 ‰ on ~0.8m period. At 296.08 mbsf δ13CG decreases to 2.39 ‰. 

The minima in δ13CG coincides with the minima in δ13CM. From 295.8 to 293.88 

mbsf δ13CG varies between  2.39 and 294.8 ‰ (Figure 33a). 

 

Figure 33 - Foraminiferal δ13C and frequency analysis from ODP Site 926. A and B) δ13C from the 

planktonic foraminifer G. trilobus from the upper and lower intervals, respectively. C and D) δ13C from 

the benthic foraminifer C. mundulus from the upper and lower intervals, respectively. The white lines 

in graphs A-D represent a 4 point symmetrical moving average. E and F) frequency analysis of the data 

from plots A and B, respectively. G and H) Frequency analysis of the data from plots C and D, 

respectively. 
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δ13CM in the lower interval and δ13CG in the upper interval do not show 

significant cyclicity at orbital frequencies (Figure 33e & h). δ13CG in the lower 

interval shows only one significant peak at the 95% and 99% confidence levels 

at ~0.21m, which is equivalent to ~12ka (Figure 33f). At the 95% confidence level 

there is also a significant peak at 0.16m (~9.17ka). δ13CM in the upper interval 

(Figure 33g) shows a 99% significant peak at ~0.14m (~7.79ka) and a peak 

significant at the 95% confidence level of ~4.30m (~245ka). 

 

4.3.4 Mg/Ca 

 

G. trilobus Mg/Ca (Mg/CaG) varies between 3.02 and 4.44 mmol mol-1 with a 

mean of ~3.7 mmol/mol and σ1 of 0.22 mmol mol-1. Mg/CaG begins at the base of 

the lower interval at around 3.80 mmol mol-1, and shows a decline to around 

3.50 mmol mol-1 by 310.3 mbsf. The range of Mg/CaG in the lower interval is 

between 3.4 and 3.8 mmol mol-1, however there appears to be one deviation 

when the data are smoothed using a moving average; at around 310 mbsf 

Mg/CaG shows a slight spike to ~4.0 mmol mol-1. A similar spike is not seen in 

the benthic Mg/Ca or δ18O records, however it does coincide with a similar 

maximum around the same time in δ18OG. Mg/CaG in the upper interval shows 

similar variability as in the lower interval. There is a maximum of ~4.4 mmol 

mol-1 at approximately 295.7 mbsf which coincides with similar maxima in the 

benthic Mg/Ca records. There are no frequency peaks in either the upper or 

lower intervals that are significant to at least 95% (Figure 34g & h). 

Mg/Ca in C. mundulus (Mg/CaM) is appears to vary more rapidly than 

Mg/CaG; its minima and maxima are 0.97 and 1.91 mmol mol-1 around a mean of 

1.39 mmol mol-1 with a σ1 of 0.17 mmol mol-1. Between 313 and ~308.5 mbsf 

Mg/CaM varies between 1.00 and 1.87 mmol mol-1 and shows no discernible 

trends or cyclicity. At around 308.5 mbsf, Mg/CaM appears to show a general 
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trend towards higher values, increasing from ~1.1 mmol mol-1 at 308.5 mbsf to 

~1.4 mmol mol-1 at 306 mbsf, though superimposed on this trend are small 

fluctuations that reach approximately 0.1 mmol mol-1 above or below the base 

trend. 

The upper interval appears less noisy than the lower one, and shows more 

discernible trends and patterns. Mg/CaM at 300 mbsf shows a decline from ~1.6 

mmol mol-1 to ~1.2 mmol mol-1 at around 299.5 mbsf. Mg/CaM fluctuates 

between these two extremes until around 296 mbsf, at which point it declines 

suddenly from ~1.4 mmol mol-1 to 0.97 mmol mol-1 before rebounding to 1.91 

mmol mol-1. A similar sudden change is also seen at around the same 

stratigraphic height in Mg/Ca in O. umbonatus (Mg/CaO). Mg/CaM declines back 

to ~1.4 mmol mol-1 by 295.5 mbsf and then shows a gradual decline to 1.3 mmol 

mol-1, fluctuating between ~1.6 and 1.2 mmol mol-1. There are two peaks in the 

upper interval (Figure 34i) significant to >95%; one at ~1.9 m-1 (period of ~29.9 

ka), and one at ~6.1 m-1 (period of ~9.4ka). These do not correspond to any 

orbital frequencies.  

Mg/Ca in O. umbonatus (Mg/CaO) varies around a mean of 1.87 mmol mol-1, 

with σ1 of 0.23 mmol mol-1. Mg/CaO is also somewhat noisy until around 309.5 

mbsf although the general decrease between 311.5 and 310.5m is also seen as an 

increase in the benthic δ18OM and a decrease in the planktonic Mg/Ca record. 

From 309.5 to 306 mbsf Mg/CaO fluctuates between 1.5 and 2.3 mmol mol-1. In 

the smoothed data there appear to be three peaks in Mg/CaO centred at ~307.6 

mbsf, 307 mbsf, and 306.5 mbsf of ~2.1, 2.0, and ~2.2 mmol mol-1 respectively. 

The middle peak shows a small fluctuation down to ~1.9 mmol mol-1, however 

this is caused by one data point at ~1.5 mmol mol-1 in the middle, and it is not 

clear if that is a real signal or noise. The lower interval has one frequency that 

stands out above the 99% confidence interval at 4.4 m-1 (period of ~13.3 ka). 
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Figure 34 – Mg/Ca in three species of foraminifera from site 926. A) Planktonic G. trilobus in the upper 

interval. B) G. trilobus in the lower interval. C) Epifaunal C. mundulus in the upper interval. D) C. 

mundulus in the lower interval. E) Shallow infaunal O. umbonatus in the upper interval. F) O. 

umbonatus in the lower interval. G & H) Frequency analysis of plots A and B, respectively. I & J) 

Frequency analysis of plots C & D, respectively. K & L) Frequency analysis of plots E & F, respectively. 

The white lines outlined in black show the symmetrical 4 point moving average of each record. 

 

In the upper interval, at 300 mbsf Mg/CaO begins at around 1.8 mmol mol-1 

and rises quickly to ~2.2 mmol mol-1, before falling to ~1.6 mmol mol-1 at 299.5 
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mbsf. The smoothed Mg/CaO data remain at around 1.8 mmol mol-1 after that 

point, though the data fluctuate quickly between 1.7 and 2.2 mmol mol-1. At 

297.5 the smoothed Mg/CaO record shows a slight dip to around 1.7 mmol mol-1 

and then a steady increase to ~1.9 mmol mol-1 at ~296 mbsf. At that point, 

Mg/CaO decreases to 1.6 mmol mol-1 before recovering back to around 2.5 mmol 

mol-1. A similar sudden change is also seen in Mg/CaM. From around 295.5 

mbsf, Mg/CaO fluctuates between 1.6 and 2 mmol mol-1. Mg/CaO has no 

frequencies significant above the 95% confidence interval that could be within 

orbital frequency ranges (Figure 34k & l). 

 

4.3.5 Li/Ca 

Li/Ca in G. trilobus (Li/CaG) in the lower interval (Figure 35b) begins at 

around 13 µmol mol-1, however it very quickly drops to a minima of 11.5 µmol 

mol-1. The variability is lower in the benthic records, Li/Ca in C. mundulus 

(Li/CaM) and O. umbonatus (Li/CaO), detailed later, and the whole record shows 

a mean of 12.79 µmol mol-1 and 2σ of 1.03 µmol mol-1. The five-point moving 

average for the record begins with a steady increase from ~12 µmol mol-1 to ~13 

µmol mol-1. This trend reverses over the next 1m and then there is the 

suggestion of a two-step increase from ~12 µmol mol-1 to ~13.5 µmol mol-1 from 

310 mbsf to 309 mbsf. From ~309 to ~307.7 mbsf, Li/CaG decreases from 13.5 

µmol mol-1 to ~12.5 µmol mol-1, though again there is a hint that the decrease 

takes a stepped form. From there until 306 mbsf, Li/CaG shows a general 

increase to ~13.5 µmol mol-1, though it undergoes an interval of about 50cm in 

which it varies by ~0.6 µmol mol-1. 

The upper interval (Figure 35a) shows a general decrease from around 300.1 

mbsf to 295.5 mbsf of ~1.75 µmol mol-1. This takes the form of two steps, the 

first of which shows a decrease from 13.5 µmol mol-1 to 12.2 µmol mol-1 over 

~1.1m. After this there is a slight rebound of ~0.5 µmol mol-1 to 12.7 µmol mol-1. 

At ~296.25 mbsf the second step begins and there is another decrease of ~1.1 
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µmol mol-1 to ~11.6 µmol mol-1 at 295.5 mbsf. At this point there is another 

increase and Li/CaG settles around an average of 12.6 µmol mol-1. 

 

Figure 35 – Li/Ca in three foraminiferal species from ODP Site 926. Li/Ca has an inverse relationship 

with temperature so the y-axies have been reversed to show higher temperatures at the top. A & B) 

show Li/Ca in G. trilobus in the upper and lower intervals, respectively. C & D) Li/Ca in C. mundulus in 

the upper and lower intervals. E & F) Li/Ca in O. umbonatus in the upper and lower intervals. The bars 

above each graph highlight regions where the symmetrical 4-point moving average (thick white line) is 

below the mean Li/Ca value for each record as a whole. This is to highlight regions where the Li/Ca 

suggests that the climate was warmer than the mean for the whole record. 

 

Li/CaM is far noisier and far more variable than Li/CaG or Li/CaO, and as a 

result it is difficult to see any definite trends or changes. The mean of the record 

is 13.82 µmol mol-1, with a 2σ of 3.64 µmol mol-1. The lower interval (Figure 35d) 

seems to show a general increase in Li/CaM from ~12 µmol mol-1 to ~14 µmol 

mol-1. There are fluctuations in the moving average of this trend of ~1m in 

duration and <1 µmol mol-1 in amplitude, but noise within the actual data 

makes it difficult to determine if they are real. The upper interval (Figure 35c) is 

not much better, though it appears to show a general increase of ~2 µmol mol-1 

followed by a decrease of approximately the same value. This is followed by a 

return to around 14 µmol mol-1. 



Sam Bradley    MMCO ITCZ   Cardiff University 

98 

 

  The mean value for the Li/CaO record (Figure 35) is 13.95 µmol mol-1 and 2σ 

is 27.82 µmol mol-1. The values given here on in all refer to the five point 

moving average. From 312.4 mbsf to 311 mbsf Li/CaO is around 12 - 12.5 µmol 

mol-1. At 311mbsf Li/CaO increases by 1.5 to 14 µmol mol-1 over ~16cm. From 

310.5 to 309 mbsf Li/CaO decreases to around 12 µmol mol-1 and then increases 

to 13.6 µmol mol-1. Over ~60cm Li/CaO increases to ~13 µmol mol-1, where it 

remains until 306 mbsf. From 300 mbsf to 299 mbsf varies between 9.5 to 17 

µmol mol-1. The rest of the upper interval varies between 12.2 and 14.3 µmol 

mol-1. 

  

4.4 Discussion 

4.4.1 Diagenesis 

 

Diagenetic effects may affect the geochemistry of foraminiferal carbonates, 

with some proxies and species being more sensitive to post-depositional 

changes than others (e.g., Edgar et al., 2013; Pearson et al., 2007; Sexton et al., 

2006). In some situations paired Mg/Ca and Sr/Ca ratios can be a useful check 

for recrystallization processes as this tends to result in increased Mg/Ca and 

decreased Sr/Ca (Baker et al., 1982). However, Mg/Ca and Sr/Ca records also 

reflect different environmental parameters, which may co-vary through time. 

Mg/Ca and Sr/Ca in C. mundulus (Figure 36a & b) and in O. umbonatus (Figure 

36c & d) do not covary, which suggests that Mg/Ca in the benthic species has 

not been altered by diagenesis.  
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Figure 36– Benthic foraminiferal Mg/Ca and Sr/Ca. A) Mg/Ca in C. mundulus. B) Sr/Ca in C. mundulus. 

C) Mg/Ca in O. umbonatus. D) Sr/Ca in O. umbonatus  

 

Large changes seen in Mg/CaM and Mg/CaO are also seen in Mg/CaG, 

however Mg/CaG does appear to very in opposition to Sr/Ca (Figure 37a & b). 

This may suggest that the Mg/CaG-derived temperatures are unreliable, 

however Sr/Ca from G. trilobus also bears a marked similarity to the B/Ca record 
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(chapter 5). As pH may have an effect on planktonic foraminiferal Sr/Ca (Lea et 

al., 1999; Russell et al., 2004), this likely indicates a decrease in pH (increase in 

[H+]) associated with surface ocean warming rather than a diagenetic signal. In 

this thesis I therefore interpret the trace metal records primarily in terms of 

original test geochemistry. It is likely that the 18O of the planktonic 

foraminifera record will be biased to colder temperatures and contain a muted 

signal, but I assume the first order variations are preserved (Pearson et al., 

2001). It is thought that benthic foraminiferal 18O is relatively robust to post-

depositional diagenetic processes (Edgar et al., 2013). 

 

 

Figure 37 - Planktonic foraminiferal Mg/Ca and Sr/Ca compared. A) Mg/Ca in G. trilobus. B) Sr/Ca in G. 

trilobus. 

 

4.4.2 Temperature changes, Ice Volume, and Salinity 

4.4.2.1 Deep ocean temperature 

Ten intervals of distinct bottom water temperature (BWT) changes have been 

picked out of the record, and have been highlighted in Figure 38. BWT change 1 

(T1) occurs from 16.32-16.27 Ma. Based on the smoothed data it is associated 
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with an increase in temperature of ~2oC. The BWT immediately begins to 

decrease into T2 (16.27 – 16.25 Ma), which is associated with a 2oC decrease. 

There is then a period of ~40ka of relatively stable BWT of ~6oC before T3 (16.21-

16.18 Ma). T3 shows a general decrease of 2oC, though the temperature trend is 

over 30ka, as opposed to the <20ka of T2. The BWT again recovers during T4 

(16.18-16.16 Ma) with another 2oC warming. T5 (16.10-16.07 Ma) appears to 

show between a 1.5 and 2oC pulse of slightly warmer BWT over the 

comparatively brief interval of 20-30ka.  

T6 (15.70-15.67 Ma) shows a cooling of ~2.5-3oC, though this partially 

recovers in T7 (15.67-15.65 Ma) with a warming of ~2oC. There is then a period 

of ~80ka of relatively stable temperatures between ~6 and 7oC before T8 (15.57 – 

15.53 Ma) shows another 2oC cooling. T9 (15.48 – 15.45 Ma) shows the most 

extreme BWT change in the record; the overall warming across T9 is ~2oC, in 

line with the other BWT changes, however T9 begins with a rapid (<20ka) drop 

of ~2oC followed by another rapid (~30ka) increase of ~4oC. This is immediately 

followed by T10 (15.45 – 15.43 Ma) in which BWT recovers to the levels it was at 

prior to T9 (~6oC). 

The average magnitude of BWT changes in this record (in either direction) is 

~2.4 oC, and occurs over ~30ka. This gives an average rate of change of ~0.08oC 

ka-1, which is much slower than modern rates of change of BWT of ~0.03oC 

decade-1, or 3oC ka-1 (IPCC, 2013). This study is of far greater duration and far 

lower resolution than any modern study could reasonably expect to be, 

however, and it is impossible for this study to capture anything on a decadal 

timescale. Comparison to other palaeoclimate records of BWT changes of 

similar magnitude to those seen here, the warming at the end of Mi-1 was 

approximately 1.5oC over 100ka (0.015oC, ka-1; Mawbey and Lear, 2013) and the 

warming associated with the PETM was approximately 4-5oC over <10ka (~0.4-

0.5oC ka-1; Kennett and Stott, 1991; Tripati and Elderfield, 2005). BWT changes in 

this record are of comparable magnitude, duration, and frequency to those 
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obtained from benthic foraminiferal Mg/Ca from Chatham Rise during the last 

440kyr (Elderfield et al., 2010).  

 

 

Figure 38 – Changes in the primary temperature proxies across the studied intervals. Increases in 

temperature are highlighted in yellow, decreases highlighted in green and both have been numbered 1-

10 for ease of reference in the text. A) Mg/CaM+O and BWT. B) Mg/CaG and SST. C) δ18OM. D) δ18Osw E) 

δ18Ossw. In A, Mg/CaO has been corrected to be equivalent to Mg/CaM by applying a correction factor of 

x0.74, calculated by comparing the means of both records. The temperature scale shown on D is 

calculated using the Cibicidoides spp. equation of Lear et al. (2002), and a value of H of 0.44 (Evans and 

Müller, 2012). The temperature scale on B is calculated using the G. sacculifer calibration of Dekens et 

al. (2002) and a value of H of 0.41 (Evans and Müller, 2012). 
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4.4.2.1.1 Statistical analysis of relationships in Figure 38 

4.4.2.1.1.1 Mg/Ca and δ18O 

The temperature changes identified in Figure 38 (highlighted regions 1-10) 

that have been used for discussion have been further analysed to examine their 

veracity. Figure 39c shows the gradient of the Mg/Ca record over a 5-point 

moving window. Where a warming is identified, the gradient should be 

positive, and where a cooling has been identified the gradient should be 

negative. The range of gradients thus examined is -0.21 – 0.30, suggesting that 

there are no changes greater than ~0.30 mmol mol-1 Ma-1. As it stands, there 

appears to be no strong correlation between a positive gradient and an 

identified warming interval and a negative gradient and an identified cooling 

interval. 

Additionally, Figure 39d shows the Pearson’s Rank coefficient for correlation 

between δ18O and Mg/Ca. If both δ18O and Mg/Ca are reflecting changes in 

temperature, we would expect some degree of consistent anticorrelation (-ve 

numbers). The range of Pearson’s Rank coefficients is between 1 and -1, with a 

mean value of ~-0.11, suggesting that there is, on average, a slight 

anticorrelation between them but it is not consistent. The mean Pearson’s value 

for the upper interval is ~-0.08 and ~-0.15 for the lower interval, but nothing 

stands out as showing a particularly or consistently strong correlation or 

anticorrelation. Both intervals in general still show a slight anticorrelation 

between δ18O and Mg/Ca. In the absence of other information, it may be better 

to assume that Mg/Ca is being affected more by Δ[CO32-] than by temperature. 

Estimates of changes in Sr/Ca and B/Ca in 5.4.1.2 suggest that Δ[CO32-] was 

changing across the interval, and though the magnitude of the changes shown 

by the two proxies is not agreed upon, the timings of the changes are.  
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Figure 39 – Statistical analysis of relationships between Mg/Ca and δ18O. A) δ18O from C. mundulus. B) 

Mg/Ca from C. mundulus. C) Gradient of changes in Mg/Ca in mmol mol-1 Ma-1. 5-point moving 

window. D) Pearson’s Rank correlation coefficient of Mg/Ca with δ18O. 1 is 1:1 positive correlation, -1 is 

a 1:1 anticorrelation. 5-point moving window of same-age pairs.  
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4.4.2.1.1.2 Ice Volume and Salinity 

 

Figure 40 – Examination of δ18Osw and δ18Ossw. A) δ18Osw. B) δ18Ossw. Pearson’s Rank Coefficient of δ18Osw 

and δ18Ossw. 

 

Figure 40 shows the correlation between δ18Osw and δ18Ossw used to infer 

movement of the ITCZ. The mean Pearson’s Rank coefficient is -0.13, and there 

appears to be good anticorrelation between δ18Osw and δ18Ossw around intervals 4 

and 10. This suggests that there may be some veracity to the idea that δ18Osw 
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and δ18Ossw are reflecting movements of the ITCZ at these intervals, but it is not 

clear. 

 

4.4.2.2 Sea Surface Temperature 

Large changes in sea surface temperature (SST, Figure 38b) do not occur as 

frequently as BWT, though the changes appear from the data to be smoother. T1 

in BWT (Figure 38b) occurs coevally with an increase in SST of ~2.5-3oC, 

however the increase ceases at ~16.3 Ma before the end of T1 and begins a 

gradual decline of approximately the same size that ends at T2. This decline is 

punctuated by a slight rebound of ~0.5oC at the end of T2, though given the 

analytical uncertainty of Mg/Ca measurements amounts to ~ ±1oC, this is not 

particularly significant. Between T2 and T4 Mg/CaG varies by ~0.5oC and the 

next large change is at T5, which is a transient warming of ~3oC, coeval with 

same warming in BWT (Figure 38a). 

The next major temperature change evident in Mg/CaG is a ~2.5-3oC cooling 

at T8, coeval with the same cooling in BWT. SST declines from ~29.5oC to 26.5oC 

over the duration of T8, though contrarily to BWT which then appears to 

experience a period of relative stasis between T8 and T9, SST appears to 

undergo a gradual increase to ~30oC by the end of T9. This trend is 

superimposed upon by 2 small fluctuations of ~1oC or so, though the raw data 

suggests that the rapid warming in T9 in SST is coeval with BWT, however the 

resolution of the SST drops a little at this point due to G. trilobus’ absence from 

those samples, so the timing and magnitude of the minimum values at the start 

of T9 are uncertain. Nonetheless, the warming associated with T9 is also a 

transient one and the cooling of SST occurs with the same cooling in BWT of 

T10, albeit more gradually: the cooling associated with T10 ends around 15.42 

Ma in SST rather than 15.43 in BWT. 
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4.4.2.3 Ice volume 

Bottom water 18O (δ18Osw) across this interval changes rapidly even in the 

smoothed record (Figure 38d), with the largest change being a decrease of ~1.2 

‰ in T9 & 10 (Figure 38d). This massive change appears to imply a rapid rise in 

sea level of between 100 and 120m, assuming a 10m change in eustatic sea level 

is equivalent to ~0.1 ‰ change in δ18O (Fairbanks and Matthews, 1978; Miller et 

al., 2009; Pekar et al., 2002). This is in line with the largest estimates of sea level 

change during the Eocene-Oligocene climate transition (e.g., Coxall et al., 2005; 

Katz et al., 2008; Lear et al., 2008). The change across T9 & 10, however is much 

smaller. Ignoring the largest swings, which likely result from fliers in the raw 

Mg/Ca data, the mean change δ18Osw from the start of I8 to the end of I10 is ~0.3 

‰ (Figure 38c). This means the total sea level change is more likely to be a 

decrease of ~20 - 40m (Figure 41). This estimate was made using the δ18O – sea 

level calibrations of Pekar et al. (2002), which estimates a mean sensitivity of 

~0.34 ± 0.14‰ 10m-1. Error bars in Figure 41 reflect the uncertainty of ± 0.14‰ 

10m-1 in that estimate. This is more consistent with previous estimates of sea 

level change during the MMCO (Pekar and DeConto, 2006). The δ18Osw becomes 

far more variable across the entirety of the shift; taking T8 (15.57-15.53 Ma) as 

the beginning of the trend towards reduced δ18Osw (and thus ice volume) this 

change in δ18Osw from +0.45 ‰ to +0.15 ‰ relative to the mean (‰ rttm) is 

“only” a change of -0.3 ‰. The next shift to higher values increases to +0.31‰ 

rttm by 15.58 Ma, and the next drop is down to -0.04 ‰ rttm by 15.55Ma: a 

change of -0.35 ‰. δ18Osw rebounds to ~+0.28 ‰ rttm by 15.53 Ma but there is a 

transient drop back to -0.08 ‰ rttm before it recovers by 15.50 Ma. At 15.50 Ma 

there is the first of two dramatic decreases in δ18Osw: the first is to -0.36 ‰ rttm 

by 15.48 Ma (a change of -0.66 ‰), there is a recovery to +0.48 ‰ before the 

second dramatic drop to -0.60 ‰ rttm by 15.44 Ma. δ18Osw recovers to a new 

mean of around -0.14 ‰ rttm and the oscillations appear to begin to reduce in 



Sam Bradley    MMCO ITCZ   Cardiff University 

108 

 

size. This behaviour is also seen in the raw (uncorrected for temperature 

changes) δ18OM record (Figure 38c). 

 

 

Figure 41 – Changes in δ18Osw (A) and relative sea level (B). Sea level estimates are made using the 

methods of Pekar and DeConto (2006) and references therein. 

 

This pattern of increasing size of oscillations of ice sheets leading up to a 

more permanent new equilibrium state has been reflected in modelling studies 

of ice sheet behaviour (Calov and Ganopolski, 2005; DeConto and Pollard, 2003; 

Ganopolski et al., 2010; Zachos and Kump, 2005). This oscillatory behaviour is 

caused by rapid transitions in the forcing mechanisms (Zachos and Kump, 

2005), and dampened by ice sheet hysteresis effects such as height mass balance 

feedback and albedo (Pollard et al., 2013). It is interesting to note that when 

Pollard et al. (2013) modelled this behaviour in an ice sheet growing in response 

to decreasing CO2, their model run that assumed weathering was proportional 

to CO2 (Donnadieu et al., 2006) did not display these oscillations. Their model 

run that assumed a nonlinearity between CO2 consumption due weathering and 

atmospheric pCO2 (Godderis et al., 2008) did show this behaviour, however. 
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This was primarily due to their modelled atmospheric CO2 passing through the 

0.5-1.5x pre-industrial level pCO2ATM portion of Godderis et al. (2008)’s CO2 

weathering model in which CO2 consumption increases with decreasing 

pCO2ATM. Taking pre-industrial CO2 as 280ppmv, the modern (and MMCO) 

level of ~400ppmv falls just inside of that range. It is well worth noting that the 

models cited herein have focussed on Antarctic glaciations, whereas I have 

discussed what appears to be a deglaciation. As hysteresis plays a major role in 

the growth and decay of ice sheets (DeConto and Pollard, 2003; Oerlemans, 

2002; Pollard and DeConto, 2005) it does not follow necessarily that their 

modelled findings hold true here. 

 

4.4.2.4 Sea Surface Salinity 

Sea surface salinity (SSS) can be taken as an indication of the difference 

between precipitation and evaporation (E-P) at a given location in the ocean, 

though it is also affected by the source waters, amount of ice melt (if proximal 

to an ice sheet), upwelling, and the amount of continental runoff. SSS responds 

primarily to E-P, rather than either evaporation (E) or precipitation (P) on their 

own (Bingham et al., 2010, 2012; Yu, 2011).  Given this, changes in SSS in the 

open ocean can be used to infer changes in E-P, with increased (decreased) 

salinities suggesting positive (negative) values of E-P and favouring E (P) at the 

sample site. This does not hold true at sites with significant freshwater input 

from either melting ice sheets or riverine outflow. Given Ceara Rise’s proximity 

to the modern equator, and given that it has not strayed more than 10o away 

from it in the past 34 million years (estimate, based on calculations from 

www.serg.uncam.it), changes in SSS most likely reflect shifts in the position of 

the ITCZ (Arbuszewski et al., 2013). Evidence of upwelling from δ13C that 

coincide with changes in SSS would be an indication of this. 

Ceara Rise currently sits at the southern edge of the modern ITCZ in the 

Atlantic Ocean, so its position will make it very sensitive to changes in the 
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ITCZ’s position (Figure 29). The position of the MMCO ITCZ relative to the 

Amazon-basin was sufficiently similar to today’s to show similar magnitude 

changes in seasonal variability (Kaandorp et al., 2005), and so we can assume 

that the position of the ITCZ relative to Ceara Rise is also fairly similar to 

today’s. The position of the ITCZ is nonetheless highly dynamic on geological 

timescales, and has been inferred to have been shifting steadily southwards, in 

the Western Pacific at least, for the past 27 Ma (Armstrong and Allen, 2011; Kim 

et al., 2006). The position of the ITCZ favours the warmer hemisphere (Chiang 

et al., 2003; Chiang and Bitz, 2005; Xie and Philander, 1994). Increases in ice 

volume in one hemisphere push the ITCZ towards the opposite hemisphere, so 

with all else being equal the result of northern hemisphere ice expansion would 

be a southerly movement of the ITCZ, as observed during glacial stages of the 

Pleistocene (Chang et al., 2012; Sepulcre et al., 2011; Ziegler et al., 2008). 

Given Ceara Rise’s position relative to the modern and paleo-ITCZ (Figure 

42), it seems reasonable to assume changes in sea surface salinity are dominated 

by changes in the position of the ITCZ. This assumption has also been made by 

Arbuszewski et al. (2013), during the last glacial maximum in the Equatorial 

Atlantic; Holbourn et al. (2010), during the Middle Miocene, Western Equatorial 

Pacific; and Schmidt and Spero (2011), Caribbean and Western Equatorial 

Pacific during the past 350 ka. An increase in salinity can be assumed to be 

related to a northward movement of the ITCZ and a decrease in salinity can be 

assumed to be caused by a southward movement of the ITCZ. A change in SSS 

of 1 psu effect a change in δ18Ossw in the modern equatorial Atlantic of ~0.5‰ 

(Weldeab et al., 2006b). Changes in δ18Ossw of ~1.2‰ seen here would therefore 

equate to changes of surface salinity on the order of 2psu. SSS generally 

increases with decreasing latitude, however SSS declines from ~30o to the 

equator from ~36 psu to ~34 psu (Levitus, 1982). This decline in salinity is 

caused by upwelling and increased precipitation associated with the ITCZ, and 
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so at least part of the changes in δ18Ossw here can be assumed to be due to 

changes in SSS due to movement of the ITCZ. 

 

Figure 42 – Annual modelled SSS during the Oligocene (a & b) and Early Miocene (c & d), after Lunt 

(D. Lunt, personal communication, 2014). Units are in (psu-35)/1000. The approximate position of Ceara 

Rise is shown on each figure with a white star. Ceara Rise sits very close to the southern boundary of 

the Atlantic ITCZ, making it very sensitive to changes in SSS 

 

Trends towards lighter values of δ18Osw occur coevally with trends towards 

heavier values of δ18Ossw, and the inverse is also true (Figure 38a and b). This 

anti-correlation is also observed in the raw 18O records (Figure 43), 

demonstrating that this relationship is not an artefact caused by erroneous 

Mg/Ca-temperatures. This indicates that sea surface freshening occurs with 

increases in global ice volume, which is consistent with changes in ice volume 

centred on the Northern Hemisphere. Modelling of the MMCO by Herold et al. 

(2012) suggests that there was more sea ice in the North Atlantic during the 

MMCO than in the modern, though far less in the Arctic ocean proper, so 
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northern hemisphere glaciation at this time is possible, though the authors do 

note that they think the amount of sea ice they find is excessive. 

 

Figure 43 – planktonic (δ18O from G. trilobus, upper graph) and benthic (δ18O from C. mundulus, lower 

graph) δ18O compared. Highlighted regions show where planktonic δ18O trends towards heavier values 

while benthic δ18O trends towards lighter values (and vice versa) 

 

δ18Ossw varies quite dramatically in comparison to δ18Osw (Figure 38d), with 

regular shifts of ~1.2 ‰ in both the positive and negative direction. In the lower 

interval there are two periods of increased δ18Ossw, which may be interpreted as 

increased SSS; one associated with T1 (0.8 ‰ rttm), and one associated with T4 

(0.8 ‰ rttm). There are also minima at the start of T1 and at the start of T3 (both 

~-0.4 ‰ rttm). The upper interval shows one interval of increased salinity 

associated with the end of T10 (0.8‰ rttm) as well as a minima in between T7 

and T8 (-0.8 ‰ rttm). The shift in δ18Ossw associated with the largest changes in 

δ18Osw is that that occurs across T9-10. This implied increase in salinity also 

occurs coevally with a trend towards lighter δ13C (Figure 44b), an increase in the 

lightness of the sediment (Figure 44c) and a minimum in benthic foraminiferal 

accumulation rate (a productivity proxy, Figure 44d). All of this points towards 

a reduction in productivity in the waters above Ceara Rise, which would imply 

a northern movement of the ITCZ. If the ITCZ is moving north in response to 

the drop in global ice volume implied by δ18Osw (Figure 38c), then some 
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component of the ice volume decrease may have occurred in the Northern 

Hemisphere: the position of the ITCZ favours the warmer hemisphere (Chiang 

et al., 2003; Chiang and Bitz, 2005; Xie and Philander, 1994), and changes in ice 

volume in either hemisphere are associated with which ever hemisphere 

experiencing the majority of the warming (Justino et al., 2014; Shakun and 

Carlson, 2010).  

 

Figure 44 - changes in productivity and surface salinity. A) δ18Ossw, calculated by subtracting changes in 

δ18Osw (C. mundulus) from δ18Osw (G. trilobus). B) δ13CG C) L* reflectance, lightness of the sediment, related to clay 

content in site 926. Intervals are highlighted as in Figure 38. 

 

The presence of ice sheets in the northern hemisphere during the MMCO is 

potentially a contentious issue. There is evidence for maxima in ice-rafted 

debris in the Arctic Ocean at Lomonosov Ridge at ~18Ma and 14Ma, with a 

much smaller peak at ~16Ma that suggests that northern hemisphere ice-sheets 

were waxing and waning around this time (St John, 2008). Hyeong et al. (2014) 
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infer Northern Hemisphere Glaciation at the OMB by tracking the position of 

the ITCZ using the source of aeolian dust. In addition, the pCO2ATM  threshold 

for the initiation of Northern Hemisphere glaciation was estimated to be 

between 200 and 300ppmv by DeConto et al. (2008), which according to some 

estimates of CO2ATM (Kürschner and Kvaček, 2009; Zhang et al., 2013) may have 

been reached at around 20Ma. Such thresholds are highly model dependant and 

changes in boundary conditions (such as topography or orbital configuration), 

or even fundamental but otherwise poorly defined constants (such as the lapse 

rate of ice), can lead to large changes in the threshold conditions for ice 

formation (Gasson et al., 2014). It is also prudent to point out that in the case of 

the stomatal index record by Kürschner and Kvaček (2009) 300ppmv is the 

minimum estimate of pCO2ATM within the error of their stomatal index record, 

and for both records referenced above, 300 ppmv by 20 Ma is based on one data 

point. None the less, this may provide some evidence that the Mid-Miocene 

Climatic Optimum is worth much more extensive study as an analogue to the 

consequences of the modern pCO2ATM. The presence of even small ice-sheets in 

the northern hemisphere may mean that the Miocene was more like today than 

previously thought. 

Greenop et al. (2014) cross-plot pCO2ATM and δ18Osw for their records, a 

technique avoided in this thesis due to the small size of the pCO2ATM record 

available. They identify two ice reservoirs during the MMCO, one highly 

dynamic and another more stable one and hypothesise that the more dynamic 

of the two represents the West Antarctic Ice Sheet (WAIS), and the more stable 

one the East Antarctic Ice Sheet (EAIS). If the ITCZ movements hypothesised 

here are correct, it may be the case that the more dynamic ice sheet was in the 

northern hemisphere. This does not exclude the possibility of the presence of 

the WAIS.   

One possible alternative to Northern Hemisphere deglaciation causing a 

northward shift in the position of the ITCZ could be a Southern-Hemisphere-
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only deglaciation associated with an increase in the transport of heat to the 

Northern Hemisphere. The position of the ITCZ is primarily controlled by the 

rate of cross-equatorial energy transport, in essence the difference in 

temperature between hemispheres (Bischoff and Schneider, 2014). Modelling of 

the MMCT suggests that one of the responses to glaciation was a warming of 

the surface waters of the southern ocean, primarily due to changes in the wind 

field in response to ice sheet growth bringing warmer waters towards the south 

pole (Knorr and Lohmann, 2014). It seems conceivable, therefore, that the 

reverse could also be true and a deglaciation of the southern hemisphere could 

result in its cooling and commensurate northward movement of the ITCZ. This 

is at odds, however, with geochemical data from both δ18O (Majewski and 

Bohaty, 2010; Verducci et al., 2007) and Mg/Ca (Shevenell et al., 2004) that 

suggest the surface waters of the Southern Ocean cooled in response to the 

glaciation of the MMCT.  

 

4.5 Conclusions 

Bottom and surface water temperatures during the middle Miocene climatic 

optimum varied by around 3oC. Absolute temperature estimates from Mg/Ca 

are consistent with modelling estimates of palaeotemperatures. 

Ice volume was dynamic during the MCO, with changes of around 20-40m of 

apparent eustatic sea level. Coeval with changes in sea level are SSS and 

productivity changes that can be tied to movement of the ITCZ relative to Ceara 

Rise. The ITCZ moved northwards during deglaciations, implying that changes 

in ice volume were focussed on the Northern Hemisphere. An alternative low-

latitude explanation for the northward shift of the ITCZ could involve long-

term changes in ENSO. However, while there may be a link between ENSO and 

Antarctic temperatures, there is no clear mechanism to explain a northward 

shift of the ITCZ in association with expansion of the Antarctic ice sheet. 

Therefore, the favoured explanation here is that Northern Hemisphere ice 
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sheets may have been present and responding to climatic changes across the 

MMCO. The location of Earth’s continental ice sheets is crucial information in 

understanding Earth System Sensitivity, and the presence of Northern 

Hemisphere ice may significantly impact apparent climate variability recorded 

in marine oxygen isotope records. Clearly, further studies exploring the 

possibility of Neogene Northern Hemisphere Glaciation are required. 

 

4.5.1 Future work 

Future work, as ever, needs to focus on improving calibrations and hence 

quantification of past temperatures and ice volume. Empirically-derived and at 

least genera-specific Mg/Caforam versus Mg/Casw calibrations to determine H for 

different foraminifera would drastically improve estimates of absolute 

temperature, and may help to reduce the problem many models are having of 

reproducing proxy-derived temperatures. 

In addition, a transect across the equatorial Atlantic targeting 14-18 Ma 

sediments to determine the relative timings of changes in sea surface salinity 

would help to constrain ITCZ movements during the MMCO. This would help 

to provide indirect evidence for changes in northern hemisphere glaciation at 

this time. More direct evidence would come from an interhemispheric 

comparison of records across the MMCO. An Antarctic deglaciation would 

result in enhanced warming of the Southern Hemisphere (Justino et al., 2014), 

whereas changes in ice volume centred on the Arctic would result in stronger 

changes in conditions in the Northern Hemisphere (e.g., Shakun and Carlson, 

2010).  
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5 CARBON CYCLING DURING THE 

MMCO 
In the previous chapter, coeval changes in salinity and ice volume inferred from 

changes in planktonic and benthic δ
18

Osw were used to imply a northward 

movement of the ITCZ in response to a rise in sea level. A salinity minimum and 

productivity maximum are associated with the ITCZ and so changes in primary 

productivity are inferred in this chapter to assist in tracking the movement of the 

ITCZ. Maxima in benthic foraminiferal accumulation rates occur coevally with 

salinity minima, which would be expected f rom the ITCZ’s position being proximal 

to Ceara Rise. Mn/Ca and U/Ca respond to changes in oxidation state and so a 

hypothesis that Mn/U ratios could be used as a proxy for redox conditions is 

presented. Changes in Mn/U appear to follow changes in δ
13

C and BFAR, which I 

believe warrants further investigation of this line of enquiry. A dditionally, changes 

in Sr/Ca, and B/Ca are used to attempt to quantify changes in Δ[CO3
2 -

], but while 

they agree on the general trend of changes, they do not agree on the magn itude.  

Changes in Δ[CO3
2-

] proxies appear to instead be coeval with changes in export 

productivity proxies, such as BFAR, and so may also be affected by changes in the 

position of the ITCZ.  
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5.1 Introduction 

 

Figure 45 – Benthic δ13C (A) and pCO2ATM (B) during the MMCO. The MMCO is highlighted in yellow, 

and the intervals examined in this thesis are highlighted in red. δ13C is taken from (Zachos et al., 2008). 

Trends towards lighter δ13C are highlighted with blue arrows.  References for B are as Figure 3. 

 

The carbon cycle is one of the most complex climatological systems on the 

planet and a great deal of effort has been put into understanding how it has 

changed over Earth’s history. There are many reservoirs for carbon on a global 

scale, the largest by far is the lithosphere (>60x106Gt in carbonates & 15x106Gt in 

kerogens, Falkowski et al., 2000) though the most active reservoirs from a 

climatological perspective are the atmosphere (720Gt) and oceans (38,400Gt). 

Carbon exists in the atmosphere primarily as CO2, and the concentration of CO2 

in the atmosphere (pCO2ATM) has a strong effect on global temperatures (IPCC, 

2013). The effect of pCO2ATM on global temperatures affects global ice volume 

(DeConto and Pollard, 2003; DeConto et al., 2008; Foster et al., 2012; Langebroek 
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et al., 2009; Monnin et al., 2001; Pollard and DeConto, 2005; Spofforth et al., 

2010; Tripati et al., 2009), which in turn affects sea levels. The global 

temperature also affects precipitation patterns, and thus which areas are prone 

to aridity or flooding, as well as the frequency and intensity of storms. As many 

of the most populous cities in the world are on the coast, and with the 

expansion of global deserts and rapidly increasing population understanding 

how the carbon cycle works and how it affects the climate has never been more 

important. 

The MMCO provides a potentially useful analogue to modern climate 

change. pCO2ATM during the MMCO reached around 392 ±94 ppmv (Figure 45) 

by around 16Ma (Foster et al., 2012), though was found by Greenop et al. (2014) 

to vary between 250 and 500 ppmv between 16.5 and 15.5 Ma on an 

approximately 100 kyr timescale. The cause of this variability coincides with 

high latitude variations in climate during the MMCO, and appear to roughly 

coincide with periods of ice-sheet retreat observed in the sedimentary records 

of the ANDRILL cores (e.g., Fielding et al., 2011; Passchier et al., 2011; Warny et 

al., 2009). These pCO2ATM levels are almost identical to the modern value of 

400ppmv (as of time of writing). pCO2ATM is controlled by a number of factors 

on multiple timescales, and similarly has its own effects on climate outside of its 

role as a greenhouse gas. On very long timescales (>105-6 years) pCO2ATM is 

controlled by tectonic processes and weathering rates of silicates (Berner, 2006; 

Berner and Kothavala, 2001; Berner et al., 1983). On shorter timescales, its 

exchange with the surface ocean and its conversion to and subsequent burial as 

organic and inorganic carbon are more relevant to this thesis.  

Chapter 3 dealt with the variability of global ice volume under these 

conditions, and the scope of this chapter is to examine contemporaneous carbon 

cycle dynamics. This chapter will include records reflecting changes in both the 

inorganic and organic carbon cycles.  
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5.1.1 The inorganic carbon cycle 

As the largest of the two climatologically active reservoirs the oceans play a 

key role in storing carbon, primarily as dissolved inorganic carbon (DIC). DIC 

refers to several carbon-containing species that maintain chemical equilibrium 

(20): 

 

𝐶𝑂2(𝑔) ↔ [𝐶𝑂2(𝑎𝑞)] + 𝐻2𝑂(𝑙) ↔ [𝐻2𝐶𝑂3] ↔ [𝐻+] + [𝐻𝐶𝑂3
−] ↔ 2[𝐻+] + [𝐶𝑂3

2−] 

(20) 

 

In addition, ocean water alkalinity (ALK, the sum of negatively charged ions 

in solution, primarily 2[CO32-], [HCO3-], and [B(OH)4-]) plays a key role in 

regulating the proportion of the species of DIC available within a reservoir 

(Figure 46). For example, as ALK increases, the proportion of carbon present as 

CO2 decreases in both seawater and, through the process of equilibration, the 

atmosphere (Sigman and Boyle, 2000).  

 

Changes in [CO32-] in the ocean, often seen in sedimentary records as changes 

in the CaCO3 content of oceanic sediments, are known to tie in with changes in 

high latitude climate (e.g., Coxall et al., 2005; Holbourn et al., 2014; Kender et 

al., 2014; Lear et al., 2004). At the Eocene Oligocene Climate Transition (EOCT, 

~34 Ma), the drop in sea level associated with the inception of permanent ice 

sheets on Antarctica caused a significant change in the primary location of the 

deposition of CaCO3 (Merico et al., 2008). The loss of a large swath of 

continental shelf oceans due to the ~70m (Katz et al., 2008; Pekar et al., 2002) 

drop in sea level caused a ~1km increase in the depth of the calcite 

compensation depth (CCD, Pälike et al., 2012).  
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Figure 46 – Relationship between DIC, ALK and CO2(aq). Taken from (Sigman and Boyle, 2000). The 

solid contours represent surface water pCO2. Increases (decreases) in DIC relative to ALK will result in 

an increase (decrease) of pCO2ATM. The dashed lines represent imbalances from CaCO3 inputs (typically 

from weathering). If the input of CaCO3 is greater (less) than the amount bring buried, ALK increases 

(decreases) in a 2:1 ratio with DIC resulting in draw-down (release) of CO2 from (to) the atmosphere. 

The solid arrows represent the effects of the burial of organic carbon either on its own, or in 

conjunction with the export of CaCO3 caused by the growth and death of calcite producing organisms 

(typically in a 4:1 molar ratio in the tropical ocean). Both result in a drop in DIC and CO2(aq) (and thus a 

drawdown of pCO2ATM). 

 

Δ[CO32-], or the carbonate saturation state is the difference between in situ 

[CO32-] and the [CO32-] required for saturation at a given temperature and 

pressure. Given that this study focuses on one site and examines intervals of a 

duration less than the residence time of Ca in the oceans (~1Ma), changes in 

Δ[CO32-] can be assumed to reflect changes in [CO32-]. Changes in seawater 

saturation state are expected to vary proportionally with changes in ALK and 

DIC (Sigman and Boyle, 2000). Therefore, assuming a relatively constant ocean 

carbon inventory within the study intervals, variations in seawater saturation 

state can be expected to be inversely proportional to those of pCO2. 
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The controls on ocean [CO32-] and DIC are manifold (Figure 46), but they boil 

down to weathering rates and the rate of supply and removal of CaCO3 to or 

from the oceans (Armstrong and Allen, 2011; Coxall et al., 2005; Sigman and 

Boyle, 2000; Yu et al., 2010a), changes in ocean circulation (Sigman and Boyle, 

2000; Yu et al., 2010a), changes in export productivity, changes in the 

CaCO3/Corg rain rate of biogenic carbon and changes in sediment dissolution 

driven by organic matter remineralisation (Francois et al., 1997; Sigman and 

Boyle, 2000). Changes in Δ[CO32-] during the MMCO will be examined in this 

thesis and the causes of these changes will be explored.   

 

5.1.2 The organic carbon cycle 

Export productivity (the rate of transfer of organic carbon, or Corg, to the deep 

sea) is an important component of the carbon cycle as it is the primary means 

by which carbon is removed from the atmosphere and transferred to deep sea 

sediments. The export of Corg from the surface to the deep oceans causes a 

decrease in pCO2ATM both through the removal of carbon from the atmosphere, 

and by the removal of DIC from the surface ocean. This increases the 

proportion of ALK to DIC (Figure 46). The export of CaCO3 with Corg, say from 

calcifying organisms, will also cause a net loss of pCO2ATM at the molar ratios 

typical of low-latitude regions (1:4, Figure 46). Changes in the ratio of CaCO3 to 

Corg can affect the rate of drawdown of pCO2ATM. Reducing the ratio of CaCO3 to 

Corg being buried increases the rate of drawdown by leaving a greater 

proportion of ALK in the surface ocean, allowing for more dissolution of CO2, 

and by reducing CaCO3 burial, which increases whole ocean ALK (Sigman and 

Boyle, 2000). 
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Figure 47 – Global chlorophyll-a concentrations in the surface ocean, taken from (Ichoku, 2004). The 

band of high chlorophyll near to the equator is caused by upwelling associated with the ITCZ. 

 

While the ratio of CaCO3 to Corg being buried can affect pCO2ATM through 

changes in ALK and DIC, the rate of primary productivity (PP) can also affect 

global pCO2ATM. Dissolved CO2 is taken up by primary producers in the surface 

ocean to produce organic carbon through photosynthesis. Once the organisms 

that live in the surface die, a small fraction of the organic matter sinks to the 

deep ocean where they are either remineralised, dissolved, and upwelled back 

to the surface to be re-cycled, or they are buried. Upwelling of nutrient rich 

water results in high biological PP, which can be seen in modern oceans 

through global maps of surface water chlorophyll concentrations (Figure 47). 

High PP is associated with zones of upwelling, as cold, nutrient-rich bottom 

waters are brought to the surface. Upwelling tends to be focused on the west 

coast of continents (or eastern edge of the oceans, depending on your 

perspective) as the predominant wind direction forces Ekman transport away 

from the continental shelf. In order to compensate for this surface transport of 

waters away from the coast, deep waters are upwelled and so a region of high 

PP is produced. The ITCZ is similarly associated with upwelling as the trade 

winds force Ekman transport away from the equator, and so the ITCZ typically 
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shows higher PP and lower sea surface salinities (SSS) than the surrounding 

ocean. This can be seen in Figure 47 as a band of higher chlorophyll near to the 

equator and in Figure 29 as a band of higher rainfall. 

As Ceara Rise’s position is just south of the modern (Figure 29) and palaeo-

ITCZ (Figure 42), changes in the position of the ITCZ relative to Ceara Rise will 

be associated with changes in PP. Specifically, if the ITCZ becomes proximal to 

Ceara Rise, PP will increase, and as it becomes more distal PP will drop. The 

ITCZ’s position favours the warmer hemisphere (Broccoli et al., 2006; Chiang et 

al., 2003; Chiang and Bitz, 2005; Philander et al., 1996). Any warming of the 

Northern Hemisphere relative to the Southern will push the ITCZ further north 

and cause an increase in SSS and a reduction in PP (Ichoku, 2004). 

 

5.2 Methods 

5.2.1 Reconstructing variations in export productivity 

5.2.1.1 Benthic foraminiferal accumulation rates (BFAR) 

See Chapter 2 (Methodology) for a full explanation of the BFAR productivity 

proxy and how it has been calculated. BFAR is useful as an indication of PP. 

Benthic foraminiferal tests >250 µm were counted, and their abundance 

multiplied by the mass accumulation rate to give an indication of the rate of 

accumulation of benthic foraminifera. The assumption is that higher rates of 

accumulation of benthic foraminifera are associated with increased nutrient 

supply from the surface, and thus BFARs are indicative of PP  (Berger and 

Wefer, 1990; Diester-Haass et al., 2011; Herguera, 2000) 

 

5.2.1.2 Changes in bottom water redox state 

Oxygen is used by both animals and aerobic bacteria in respiration. As such 

where there are more respiring organisms, oxygen utilisation will increase. This 

can have the effect of reducing the free oxygen available if it is not replenished 

faster than it is used and so in regions of high PP bottom waters can become 

deprived of oxygen (Algeo et al., 2013; Filipsson et al., 2011; Groeneveld and 
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Filipsson, 2013; Hallberg, 2004). The oxygenation state of bottom waters is 

difficult to determine from geochemical records, with most records relying on 

the presence of high concentrations of organic carbon (Calvert and Pedersen, 

1996; Spofforth et al., 2010), though at best this gives a sort of digital 

presence/absence indication of bottom water oxygen. Both manganese (Calvert 

and Pedersen, 1996; Chun et al., 2010; Mangini et al., 2001) and uranium 

(Anderson, 1982; Boiteau et al., 2012; Francois et al., 1993; Mangini et al., 2001; 

McManus et al., 2005) concentrations in the water are dependent on the level of 

oxygen and their concentrations have been used to trace past variations in 

redox state (Boiteau et al., 2012; Calvert and Pedersen, 1996; Chun et al., 2010; 

Francois et al., 1993; Mangini et al., 2001). Below I propose that Mn/U ratios 

may also be used to gain additional insight into past redox variations. 

 

5.2.1.3 δ13C  

Organic carbon forms a key component of the carbonate system and PP 

within an ecosystem and transport of that organic carbon to the sea floor is a 

key sink for atmospheric CO2. PP is controlled primarily by the supply of 

nutrients to the photic zone of the water column where primary producers are 

able to photosynthesise, and where consumers are able to predate upon them. 

There are many proxies for PP, one of which is δ13C of planktonic foraminiferal 

calcite. Preferential uptake of the lighter carbon isotope, 12C, causes marine 

organic matter to have heavily depleted δ13C values of ~-20 to -23‰ (Cooke and 

Rohling, 2001). As a result, the remaining inorganic carbon, primarily HCO3-, is 

very depleted in 12C and calcium carbonate formed from that reservoir reflects 

that. As a result, all else being equal heavier δ13C of planktonic carbonate can 

reflect increased productivity, however upwelling of the 12C-enriched bottom 

waters can reduce the δ13C of the surface waters and disguise the productivity 

signal. As has been previously stated, upwelling and PP are closely linked and 

so care needs to be taken when interpreting δ13C as a productivity proxy. 
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The difference between surface and deep ocean δ13C has been used to give an 

indication of the efficiency of the biological pump (Broecker and Peng, 1982; 

Hilting et al., 2008). Increased gradients between the surface and the deep ocean 

reflect a more efficient transfer of organic carbon to the deep sea from the 

surface, which can indicate increased export productivity and increased burial 

of carbon (Cooke and Rohling, 2001; Corfield and Cartlidge, 1992). This can 

have the effect of reducing DIC and drawing down pCO2ATM. 

 

5.2.2 Reconstructing variations in seawater carbonate saturation state 

(Δ[CO32-]) 

5.2.2.1 Sr/Ca 

Foraminiferal Sr/Ca ratios have been used in several calibration studies to 

quantify changes in Δ[CO32-] (Dawber and Tripati, 2012a; Raitzsch et al., 2010; 

Rathmann and Kuhnert, 2008). Sr/Ca can be problematic in this regard, though, 

as it is also affected by temperature (Cleroux et al., 2008; Dawber and Tripati, 

2012a; Mortyn et al., 2005; Rosenthal et al., 2006). The inverse relationship 

between Sr/Ca and Mg/Ca (Figure 36 and Figure 37) suggests that, in this record 

at least, temperature is not the dominant control on foraminiferal Sr/Ca 

variations.  

 

5.2.2.2 U/Ca 

 

U/Ca offers a very new alternative to other geochemical proxies for bottom 

water Δ[CO32-] (chapter 3, this thesis; Keul et al., 2013; Raitzsch et al., 2011). This 

proxy is similarly beset by problems, not least of which is its inclusion in 

authigenic coatings on foraminiferal calcite, and hence its close association with 

redox conditions below the sediment-water interface (Boiteau et al., 2012; Chun 

et al., 2010; Francois et al., 1993; Mangini et al., 2001; McManus et al., 2005). As 

it stands, much more work needs to be conducted upon U/Ca before it can be 

reliably used as an indicator of carbonate saturation conditions at the sea floor, 
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though in this chapter I attempt to use it in conjunction with Mn/Ca as an 

indicator of sea-floor redox conditions. 

 

5.2.2.3 B/Ca 

A global core-top study suggests that benthic foraminiferal B/Ca also 

correlates well with Δ[CO32-], with R2 values of ~0.8 in the two Cibicidoides 

species studied (C. mundulus and C. wuellerstorfi, Brown et al., 2011; Yu and 

Elderfield, 2007). These studies are noteworthy in that they used foraminifera 

from multiple ocean basins with very different oceanographic profiles and yet 

still found a strong correlation between B/Ca and Δ[CO32-]. Yu and others have 

successfully applied foraminiferal B/Ca to changes in [CO32-] across the last 

glacial maximum (Yu et al., 2010a; Yu and Elderfield, 2007; Yu et al., 2008). 

None the less, Rae et al. (2011) caution against relying too heavily on B/Ca due 

to its sensitivity to vital effects that becomes apparent even at the species 

morphotype level (c.f. C. wullerstorfi sensu stricto, C. wullerstorfi var., C. mundulus 

var., and C. mundulus sensu stricto).  

The resulting Δ[CO32-] record will be put into context with the climate 

parameters presented in Chapter 4. 

 

5.3 Results 

5.3.1 δ13C and δ18O  

These records are previously described in Chapter 4 (Mid-Miocene ITCZ 

Response to Changes in the Northern Hemisphere Ice Sheets). 
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5.3.2 U/Ca 

 

Figure 48 – U/Ca at site 926. A) G. trilobus. B) C. mundulus. C) O. umbonatus. 

 

5.3.2.1 G. trilobus 

U/Ca in G. trilobus (Figure 48a U/CaG) has a minimum value of 13.5 nmol 

mol-1 and a maximum value of 135 nmol mol-1. However, the data are skewed 

towards lower values, with a mean of 46.7 nmol mol-1, and σ1 of 16.7 nmol mol-

1. In the lower interval, between 16.40 Ma and 16.32 Ma U/Ca is around 55 nmol 

mol-1, however at 16.32 Ma there is a sudden drop to ~20.1 nmol mol-1. From 

16.32 Ma to 16.23 Ma there is a general increase to U/Ca of around 69.3 nmol 

mol-1, though superimposed on this increase are ~0.02 Myr oscillations with an 
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amplitude of ~30 nmol mol-1. From 16.23 Ma to ~16 Ma U/Ca generally 

decreases to ~30 nmol mol-1, though there are again oscillations of similar 

period but with an amplitude of ~20 nmol mol-1. 

U/CaG in the upper interval is ~34.1 nmol mol-1 from 15.72 to 15.64 Ma, 

however this stability is interrupted by a large oscillation with a period of ~0.06 

Ma and an amplitude of ~24 nmol mol-1. At 15.64 Ma there is a decrease until 

15.55Ma to 19.9 nmol mol-1. At this point, U/Ca increases rapidly to 135.4 nmol 

mol-1 at 15.51 Ma. There is a sudden drop to ~26.3 nmol mol-1 by 15.49 Ma. From 

here, U/Ca stays at around 26.3 nmol mol-1 until 15.43 Ma where there is 

another sudden increase to ~60.1 nmol mol-1 at 15.41 Ma. U/Ca then undergoes a 

quick oscillation until 15.38 Ma with an amplitude of ~40 nmol mol-1 and then 

finishes the record settled on ~41.5 nmol mol-1. 

 

5.3.2.2 C. mundulus 

U/Ca in C. mundulus (Figure 48b, U/CaM) has a minimum value of 7.9 nmol 

mol-1 and a maximum value of 90.6 nmol mol-1. The mean of the data is 19.8 

nmol mol-1, and σ1 is 9.8 nmol mol-1. In the lower interval between 16.4 and 

16.3Ma U/Ca is ~19.6 nmol mol-1, however there is a decrease at ~16.3Ma to ~9.9 

nmol mol-1. There is a general increase in the data from 16.3 Ma to 16.2 Ma from 

8.7 nmol mol-1 to an average value of ~36 nmol mol-1. There is then a swift 

decline from 16.2 Ma back to ~20 nmol mol-1. Around 16.14 Ma there is a slight 

increase in U/CaM which peaks at ~25 nmol mol-1 at 16.12 Ma, though there is 

another gradual decline back to around 20 nmol mol-1. 

The upper interval shows a very general increase from 15.72 Ma to 15.64 Ma 

of ~16.0 to 25.8 nmol mol-1, though superimposed on this are large swings of 

U/Ca with magnitudes equal to the magnitude of the overall decrease. U/Ca 

drops to ~12.9 nmol mol-1 at 15.60 Ma where it remains until ~15.53 Ma. At this 

point it increases rapidly to 90.6 nmol mol-1 by 15.51 Ma, and then decreases to 

~13.2 nmol mol-1 by 15.48 Ma. At 15.44 Ma U/Ca shows rapid oscillations with a 
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period of ~0.03 Myr and an amplitude of ~30 nmol mol-1, it then settles at ~15.40 

Ma at ~18.19 nmol mol-1. 

 

5.3.3 O. umbonatus 

The mean for U/Ca in O. umbonatus (U/CaO, Figure 48c) is 34.3 nmol mol-1. 

The σ1 for the record is 20.1 nmol mol-1. U/CaO in the lower interval starts at 

~16.4 nmol mol-1, and decreases to 14.1 nmol mol-1 at 16.33 Ma. U/CaO then has a 

mean of ~34.4 nmol mol-1 for the majority of the lower interval, with small 

oscillations with amplitudes between ~10 and ~30 nmol mol-1. 

The upper interval is far more variable and much more interesting. U/Ca 

goes through large oscillations around a mean of ~31.5 nmol mol-1 from 15.72 to 

15.62 Ma with a period of ~0.09 Ma and an amplitude of ~30 nmol mol-1. At 

15.62 nmol mol-1 it almost flatlines around 16.2 nmol mol-1 until 15.56 Ma, where 

there appears to be a stepped-increase to 30.21 nmol mol-1 at 15.52 Ma, followed 

by a rapid jump to 156.8 nmol mol-1 at 15.51 Ma. There is a rapid decrease to 

~16.6 nmol mol-1 by 15.49 Ma. U/CaO stays at around a mean of 21.83 nmol mol-1 

until 15.44 Ma when there is another rapid increase to 77.5 nmol mol-1 at 15.51 

Ma, followed by another decrease to 23.2 nmol mol-1 at 15.4 Ma. U/CaO then 

oscillates between 9.58 and 75.1 nmol mol-1 until the end of the record. 

5.3.4 B/Ca 

 

5.3.4.1 G. trilobus 

The mean for B/Ca in G. trilobus (B/CaG, Figure 49a) is 69 µmol mol-1, with σ1 

of 4 µmol mol-1. B/Ca in G. trilobus shows very little difference between the two 

intervals. Taken separately, the upper interval shows a mean of 68 µmol mol-1 

(std. error of 0.3 µmol mol-1) and σ1 of 3 µmol mol-1. The lower interval has a 

mean of 70 µmol mol-1 (std. error of 0.4 µmol mol-1) and σ1 of 5 µmol mol-1. The 

lower interval perhaps shows a general trend of increasing B/Ca from a mean of 

~68 µmol mol-1 at 16.33 Ma to ~72 µmol mol-1 at ~16.0 Ma. Superimposed on 
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that, the moving average brings out a long, broad oscillation with a period of 

~0.06 Myr and an amplitude of ~5 µmol mol-1. 

 

Figure 49 – B/Ca in Site 926. Values that fall σ2 outside of the mean have been excluded to reduce the 

variability. A) G. trilobus. B) C. mundulus. C) O. umbonatus. 

 

The upper interval perhaps shows slightly more in the way of trends and 

features. There is a general decrease from 15.72 to 15.62 Ma of 72 µmol mol-1 to 

67 µmol mol-1. This is interrupted by two pulses of  increased B/Ca at 15.70 Ma 

and 15.65 Ma of ~8 µmol mol-1 each. There is then a general increase to ~71 µmol 

mol-1 by 15.49 Ma, followed by a rapid drop to ~64 µmol mol-1 by 15.43 Ma. 

B/CaG then recovers with a rapid increase to ~75 µmol mol-1 at 15.42 Ma before 

dropping back to ~66 µmol mol-1 at 15.40 Ma, around which it remains until the 

end of the record.  
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5.3.4.2 C. mundulus 

The mean for B/Ca in C. mundulus (B/CaM, Figure 49b) is 125 µmol mol-1, with 

a σ1 of 12 µmol mol-1. The lower interval shows no particular clear trends and 

instead oscillates between ~105 µmol mol-1 and ~142 µmol mol-1 with no clear 

pattern or rhythm. This continues into the upper interval, until there is a very 

clear and marked decrease from around 15.54 Ma from a mean of ~127.9 µmol 

mol-1 to ~100 µmol mol-1 at 15.45 Ma.  

 

5.3.4.3 O. umbonatus 

B/Ca in O. umbonatus (B/CaO, Figure 49c) has a mean of 33 µmol mol-1 with a 

σ1 of 16 µmol mol-1. Given that σ1 is nearly 50% of the mean, the variability in 

B/CaO is too high to discern any trends, although the minima in C. mundulus 

B/Ca appears to correspond to a minima in O. umbonatus B/Ca at ~15.5 Ma. The 

boron concentration in most O. umbonatus samples was <5x that of the blank, 

and so the data are not shown. 

 

5.3.5 Mn/Ca 

 

5.3.5.1 G. trilobus 

The mean of Mn/Ca in G. trilobus (Mn/CaG, Figure 50a) is 673 µmol mol-1 and 

the σ1 is 85 µmol mol-1. In the lower interval, Mn/CaG starts at around 731 µmol 

mol-1. There is a drop at 16.33 Ma to 384 µmol mol-1, which then recovers to 

around 705 µmol mol-1 by 16.28 Ma. Mn/CaG then stays around a mean of 716 

µmol mol-1 for the remainder of the lower interval. Oscillations around that 

mean have an amplitude of between ~150 and 300 µmol mol-1. 

The upper interval shows similar variability, though the mean for the 

interval is lower at ~635 µmol mol-1. There are no overtly clear trends, though 

from ~15.57 Ma to 15.49 Ma there appears to be a decrease followed by a 

recovery that appears similar to the same feature seen in B/CaM (Figure 49b). 
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The lowest point of that decrease is ~390 µmol mol-1, but this is one point on its 

own, and it is not clear if it is a flier. The recovery to higher values of Mn/CaG is 

ended by ~15.42Ma with a value of ~707 µmol mol-1, and this is followed by a 

gradual decrease to ~594 µmol mol-1 by the end of the record. 

 

Figure 50 – Mn/Ca in Site 926. A) G. trilobus. B) C. mundulus. C) O. umbonatus. 

 

5.3.5.2 C. mundulus 

The mean for Mn/Ca in C. mundulus (Mn/CaM, Figure 50b) is 407 µmol mol-1, 

and σ1 is 129 µmol mol-1. There are perhaps four broad trends visible in 

Mn/CaM. The first begins at ~16.33 Ma with a rapid increase in Mn/CaM from 

~295 to a maximum of ~809 µmol mol-1 by 16.27 Ma. This is followed by a quick, 

but relatively steady decrease to ~342 µmol mol-1, with a recovery to ~565 µmol 
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mol-1 by the end of the lower interval. Mn/CaM is very variable (σ1 is around a 

third of the mean), so it is imprudent to try to pick out anything on a smaller 

scale. 

The upper interval shows no clear trend until ~15.53 Ma, prior to which it 

varies by as much as 600 µmol mol-1. At 15.53 Ma Mn/CaM decreases from ~450 

µmol mol-1 to ~275 µmol mol-1 at 15.48 Ma, followed by a recovery to ~480 µmol 

mol-1 by 15.42 Ma. This, again, appears to coincide with the similar feature in 

B/CaM (Figure 49b). After that there is a decrease to ~350 µmol mol-1 by the end 

of the record. 

 

5.3.5.3 O. umbonatus 

The mean of Mn/Ca in O. umbonatus (Mn/CaO, Figure 50c) is 574 µmol mol-1, 

with a σ1 of 218 µmol mol-1. With a σ1 of ~38% of the mean, variability is much 

higher than Mn/CaM (Figure 50b), and there is perhaps one clear feature that can 

be picked out in this record: From 15.48 Ma to 15.43 Ma, Mn/CaO increases from 

~450 µmol mol-1 to ~910 µmol mol-1, and then recovers back to hovering around 

the mean.  

 

5.3.6 Sr/Ca 

5.3.6.1 G. trilobus 

Sr/Ca in G. trilobus (Sr/CaG, Figure 51a) has a mean value of 1.23 mmol mol-1 

and has a σ1 of 0.04 mmol mol-1. Sr/CaG begins at 1.22 mmol mol-1, but there is a 

rapid rise to 1.36 mmol mol-1 at 16.31Ma, followed by a sudden crash to 1.17 

mmol mol-1 by 16.28 Ma. There is then a 2-step increase at 16.26 Ma first to 1.22 

mmol mol-1, and then to 1.26 mmol mol-1 by 16.22 Ma. At 16.18 Ma, there is a 

rapid decrease to 1.21 mmol mol-1, followed by another rapid increase to 1.26 

mmol mol-1 by 16.14 Ma. By 16.09 Ma Sr/CaG has decreased to 1.21 mmol mol-1, 

but there is a rapid increase to 1.31 mmol mol-1 by 16.07 Ma, followed by a rapid 

decrease to 1.23 mmol mol-1 by the end of the lower interval. 
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The upper interval starts at ~1.28 mmol mol-1, but there is a quick decrease to 

1.23 mmol mol-1 that is followed by a rapid increase to 1.34 mmol mol-1 by 15.68 

Ma. This pattern repeats again at 15.64 Ma, though the decrease is larger this 

time, with a trough of 1.19 mmol mol-1 by 15.57 Ma. There is a gradual increase 

to 1.29 mmol mol-1 by 15.49 Ma, though superimposed in this are oscillations of 

~0.04 mmol mol-1 in amplitude. At 15.49 Ma there is a very sudden drop to 1.17 

mmol mol-1. The upper interval ends with a two-stepped increase ~1.22 mmol 

mol-1, though the end of the final step has one point with an Sr/CaG of 1.30 

mmol mol-1. 

 

5.3.6.2 C. mundulus 

Sr/Ca in C. mundulus (Sr/CaM, Figure 51b) has a mean value of 1.15 mmol 

mol-1, with a σ1 of 0.069 mmol mol-1. In the lower interval at ~16.26 Ma Sr/CaM is 

~1.11 mmol mol-1 and gradually increases to 1.19 mmol mol-1 by 16.23 Ma. There 

is then a stepped decrease, first to ~1.15 mmol mol-1 by 16.21 Ma, then to ~1.12 

mmol mol-1 by 16.17 Ma. Sr/CaM then stays around 1.14 until the end of the 

lower interval. 

Sr/CaM begins the upper interval at ~1.16 mmol mol-1 and oscillates by 

between 0.01 and 0.1 mmol mol-1 until 15.59 Ma. At this point there is a large 

drop to ~1.12 mmol mol-1. Between 15.52 Ma and 15.44 Ma Sr/CaM shows a 

gradual decrease from around 1.14 mmol mol-1 to 1.08 mmol mol-1, followed by 

a gradual increase to ~1.14 mmol mol-1 by 15.39 Ma. This Sr/Ca shows similar 

behaviour to B/CaM (Figure 49b) at this same point. 

 

5.3.6.3 O. umbonatus 

The mean of Sr/Ca in O. umbonatus (Sr/CaO, Figure 51c) is 0.93 mmol mol-1, 

with a σ1 of 0.050 mmol mol-1. The lower interval starts at around a mean of 

0.93 mmol mol-1. There are three prominent decreases 16.25 Ma, 16.15 Ma, and 

16.06 Ma to 0.85, 0.86, and 0.88 mmol mol-1 respectively. This 100 kyr spacing 
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may correspond to Earth’s short eccentricity cycle but the study interval is not 

long enough to confirm this. 

The upper interval has a similar minimum at its start of 0.85 mmol mol-1. The 

record stays between 0.89 and 0.97 mmol mol-1 until ~15.51Ma, where there is a 

decrease to 0.80 mmol mol-1 by 15.45 Ma. Sr/CaO recovers to ~0.92mmol mol-1 by 

15.40, and again this gradual decrease followed by increase is similar to B/CaM 

(Figure 49b). 

 

Figure 51 – Sr/Ca at Site 926. A) G. trilobus. B) C. mundulus. C) O. umbonatus. Values outside of σ2 from 

the mean have been excluded from this figure. 

 

5.3.7 δ11B  

δ11B was measured in five G. trilobus samples in order to estimate 

atmospheric pCO2ATM. The isotope ratio of boron is reported as δ11B in parts per mil 

relative to the boric acid standard SRM 951 (Catanzaro et al., 1970). The mean 

value of δ11B in the record is 15.98 ‰, with a minimum of 15.39 ‰ and a 
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maximum of 16.30 ‰ (Figure 52). Measured δ11B in the lower interval begins at 

16.25 Ma at ~16.07 ‰ and increases to 16.29 ‰ at 16.22 Ma. In the upper 

interval δ11B begins at 15.52 Ma at 15.86 ‰ and increases to 16.30 ‰ by 15.48 

Ma. It then decreases to 15.39 ‰ by 15.47 Ma. δ11B in G. trilobus was used to 

calculate pCO2ATM using the methodology of Foster et al. (2012) and Greenop et 

al. (2014) by S.M. Sosdian (2014, pers. comm.).  

 

Figure 52 – δ11B  in G. trilobus.  

 

5.4 Discussion 

5.4.1 The Inorganic Carbon Cycle at Ceara Rise 

5.4.1.1 pCO2ATM 

Figure 53 shows pCO2ATM derived from G. trilobus 11B from ODP Site 926 and 

BWT derived from C. mundulus and O. umbonatus Mg/Ca. pCO2ATM generally 

increases during the warming represented by T9. Prior to T9 pCO2ATM is around 

400 ppmv and it decreases to ~300 ppmv by the end of T9, though there is a 

sudden increase to ~560 ppmv which, given the close-spacing (~4 kyr) of this 

and the next measured value it appears as if pCO2ATM varies rapidly. This agrees 

with the findings of Greenop et al. (2014) that pCO2ATM varied rapidly during 

the MMCO. The close spacing of the pCO2ATM data points in this study further 

suggests that pCO2ATM may have varied more rapidly than the resolution of the 

study of Greenop et al. (2014) was capable of recording.  

The increase in pCO2ATM coincides with warmings in both the deep (Figure 

53b) and shallow (Figure 53c) oceans, as evidenced by Mg/Ca. The increase in 
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pCO2ATM is also associated with a decrease in global continental ice volume and 

an increase in surface seawater salinity, interpreted as a northwards shift in the 

ITCZ (Chapter 4). The limited resolution of the 11B record prevents further 

evaluation of the relative timings of changes in pCO2ATM and temperature. 

Nevertheless, it seems likely that the changes in global ice volume and the 

consequent shift in locus of the ITCZ described in Chapter 4 were caused by 

variations in pCO2ATM. 

 

Figure 53 – Changes in pCO2ATM, and temperature. A) pCO2ATM, measured from δ11B in G. trilobus  

(Sosdian, S., pers. comm.). B) BWT. BWT were measured from Mg/CaM and Mg/CaO converted to be 
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equivalent to Mg/CaM by multiplying the values by the quotient of the records’ means (x0.73). C) SST 

measured from Mg/CaG using the calibration of (Dekens et al., 2002). D) δ18OM. E) δ18OG. 

 

5.4.1.2 Carbonate saturation state (Δ[CO32-]) reconstructions 

 

5.4.1.2.1 Interpretation of U/Ca variations 

 

Figure 54 – U/Ca as a Δ[CO32-] proxy in Ceara Rise. Values higher than 80nmol mol-1 have been omitted 

from the record as that is outside of the range of any published U/Ca calibration. A) U/Ca in G. trilobus. 

B) Δ[CO32-] U/Ca in C. mundulus using the calibration of Raitzsch et al. (2011). C) U/Ca in O. 

umbonatus using the calibration derived in chapter 3. D) B/Ca and Sr/Ca from G. trilobus, same format 

as Figure 57. E) Δ[CO32-] estimates from B/CaM, Sr/CaM and Sr/CaO. 

 

U/Ca shows some promise as a proxy for Δ[CO32-], with current calibrations 

suggesting that U/Ca in most foraminifera shows a negative relationship with 

Δ[CO32-] (chapter 3, this thesis; Keul et al., 2013; Raitzsch et al., 2011). U/CaG 

(Figure 54a), U/CaM (Figure 54b), and U/CaO (Figure 54c), all follow one another 
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very well. As G. trilobus is a planktonic species, this could be taken to mean that 

whatever is affecting U/Ca in the deep ocean is having an effect on the whole 

water column, or it may imply that post-depositional processes are affecting all 

three species. U/Ca does reflect bottom water oxygenation and precipitates out 

as part of authigenic coatings (Boiteau et al., 2012; Francois et al., 1993; 

McManus et al., 2005; Russell et al., 1996) and may explain why the three 

records look so similar. 

The implied changes in Δ[CO32-] as given by U/Ca do not agree with any 

changes in Δ[CO32-] implied by Sr/Ca and B/Ca (Figure 54d & e). While U/Ca 

reflects changes in Δ[CO32-] in some calibrations (Keul et al., 2013; Raitzsch et 

al., 2011), its disagreement with Sr/Ca and B/Ca (which are in generally good 

agreement with one another) suggests that it may be responding to something 

else. Uranium exists in oxygenated sea water as the soluble uranyl carbonate 

complex [UO2(CO3)34-], and precipitates out in sub-oxygenating conditions as 

uranite (UO2, Chun et al., 2010). Therefore, in these samples, U/Ca appears to be 

responding to bottom water oxygenation. Redox variations will be discussed in 

section 5.4.2.2. 

 

5.4.1.2.2 Bottom water Δ[CO32-] 

 

Figure 55 shows relative changes in bottom water Δ[CO32-] estimated from 

the different proxies and different species studied. The relative changes in 

Δ[CO32-] implied by the changes in B/CaM and Sr/CaM and Sr/CaO are all in 

relatively good agreement in terms of the timings and magnitude of changes 

(Figure 55a-c). Stacking the smoothed records atop one another brings this out 

further (Figure 55d) and reveals two broad features in common. At the end of 

T2 at 16.25 Ma, Sr/CaM, Sr/CaO, and B/CaM all record an increase in Δ[CO32-], 

although the change in B/Ca is smaller than the change suggested by Sr/Ca. 

B/Ca shows an increase of ~-20 µmol kgsw-1 whereas both Sr/Ca records suggest 

an increase of  ~30 µmol kgsw-1. In Sr/Ca this follows a drop in Δ[CO32-] of the 
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same magnitude as the latter increase that begins at near the start of T1 at ~16.30 

Ma, though this drop is not seen in B/Ca. 

 

Figure 55 – Relative changes in Δ[CO32-] according to different proxies. A) B/Ca in C. mundulus using 

the calibration of Yu and Elderfield (2007). B) Sr/Ca in C. mundulus, using the equation of Dawber and 

Tripati (2012a) corrected to O. umbonatus values by comparison of the means  C) Sr/Ca in O. 

umbonatus using the calibration of Dawber and Tripati (2012a). D) Smoothed Δ[CO32-] stacked data to 

show the similarities between A-C. Blue is the smoothed B/Ca record, Light red is Sr/CaM and dark red 

is Sr/CaO. E) Δ[CO32-] from Sr/CaM and Sr/CaO using the calibration of Dawber and Tripati (2012a). 

Sr/CaM was converted to Sr/CaO using a conversion factor of x1.23, which was calculated by division of 

the means of the records of Sr/CaM and Sr/CaO.  F) Temperature from Mg/CaM and Mg/CaO using the 

calibration of Lear et al. (2002). Mg/CaO was converted to Mg/CaM using a conversion factor of x0.73, 

which was calculated by division of the means of the records of Mg/CaM and Mg/CaO. 

 

There is another change in Δ[CO32-] that occurs from ~15.50 Ma to 

approximately the youngest part of the record at ~15.35 Ma, coincident with T9 

and T10. The decline begins sometime between 15.48 and 15.50 Ma and reaches 

its minimum sometime between 15.48 and 15.43 Ma. The timing and magnitude 

of the minima in the smoothed record (Figure 55d) is dependent on the proxy 
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being examined, with B/CaM showing a minimum at ~15.48 Ma and Sr/CaO 

showing a minimum of a lower magnitude at ~15.43Ma. The timing of the 

minimum in Sr/CaM is intermediate between the two records at ~15.45Ma but 

the amplitude of the change (~20 µmol kgsw-1) is smaller than either B/CaM (~50 

µmol kgsw-1) or Sr/CaO (~30 µmol kgsw-1). All three records have fully recovered 

from the minimum in Δ[CO32-] by ~15.40 Ma (Figure 55). The differences in the 

magnitudes of the estimates of changes in Δ[CO32-] in B/Ca and Sr/Ca cannot be 

put down solely to differences in the sensitivity of the calibrations. Both Sr/CaM 

and Sr/CaO use the same core-top calibration to calculate Δ[CO32-] (Dawber and 

Tripati, 2012a). Species specific vital effects have been taken into account by 

correcting Sr/CaM to Sr/CaO by finding the quotient of the means of both records 

(1.23), and then multiplying Sr/CaM by this quotient. In this case the two species 

may experience different magnitude changes in Δ[CO32-] as C. mundulus is 

predominantly epifaunal and O. umbonatus is shallow infaunal (Rathburn and 

Corliss, 1994), however both species appear to show good agreement with one 

another (Figure 55d & e).  

As for the differences in magnitude between Δ[CO32-] (Figure 55d) calculated 

from Sr/Ca and from B/Ca, these  may be down to the two proxies’ sensitivities 

to other factors. Sr/Ca, for example, may respond to temperature as well as 

Δ[CO32-] (Dawber and Tripati, 2012a), and its sensitivity to changes in Δ[CO32-] 

was found to be lower than that of Mg/Ca, Li/Ca, and B/Ca by Dawber and 

Tripati (2012a). However, the change in Δ[CO32-] over intervals T9 and T10 does 

not appear to follow the change in temperature implied by Mg/Ca (Figure 55f), 

and diagenetic effects on Mg/Ca and Sr/Ca were discounted in Section 4.4.1. 
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5.4.1.2.2.1 Statistical analysis of relationships in Figure 55 

5.4.1.2.2.1.1 Agreement between Sr/Ca and B/Ca 

 

Figure 56 – Correlation between Sr/Ca and B/Ca. A) Sr/Ca of C. mundulus. B) B/Ca of C. mundulus. C) 

Moving Pearson’s Correlation coefficient of Sr/Ca and B/Ca. 

 

In general, B/Ca and Sr/Ca agree with one another. A moving Pearson’s 

Correlation Coefficient gives a mean Pearson’s rank of ~0.53, showing that in 

general the two records follow one another. The moving Pearson’s rank 

coefficient (Figure 56c) shows a positive correlation across most of the record 

except between intervals 8 and 9, which I identify as showing a decrease in 

Δ[CO32-] in Figure 55. An additional <0 correlation coefficients occurs during 

interval 7. This means that, in general, B/Ca and Sr/Ca are reflecting changes in 

the same parameter. This is most likely to be Δ[CO32-] as both B/Ca (Rae et al., 

2011; Yu and Elderfield, 2007; Yu et al., 2008; Yu et al., 2010b) and Sr/Ca 
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(Dawber and Tripati, 2012a; Raitzsch et al., 2010; Rathmann and Kuhnert, 2008; 

Rosenthal et al., 2006) have been shown to reflect changes in that parameter. 

However, while this shows that they do agree on the general direction of the 

trend, a mean Pearson’s rank of 0.53 suggests that the magnitude of the changes 

are not consistent throughout, therefore the estimates of changes in Δ[CO32-] are 

best left as qualitative. 

 

5.4.1.2.3  Surface water Δ[CO32-] 

No core-top calibration currently exists for B/CaG and Δ[CO32-], though a 

study into the effects of growth rates on boron incorporation into the calcite test 

of G. sacculifer has recently been conducted (Gabitov et al., 2014), and several 

core-top calibrations with [CO32-] have been produced (Foster, 2008; Ni et al., 

2007). A culture experiment performed by Allen et al. (2012) on G. sacculifer 

found a positive relationship between B/Ca and pH, [CO32-], salinity, and 

[B(OH)4-]. When [CO32-] was examined independently of other DIC parameters 

(primarily by controlling [B(OH)4-]), [CO32-] and B/Ca were found to have a 

negative relationship in G. sacculifer. This throws doubt on the viability of B/Ca 

as a proxy for Δ[CO32-] and [CO32-] in planktonic foraminifera. Allen and 

Honisch (2012) caution that the environmental controls on B/Ca in planktonic 

foraminifera are not well constrained given that B/Ca appears to vary with 

various species of DIC, temperature, and salinity as well as [B(OH)4-/[HCO3-

]seawater. In some cases, B/Ca appears not to vary with any of these parameters, 

but the partition coefficient of B into calcite (KD = B/Cacalcite/([B(OH)4-/[HCO3-

]seawater)) does (Foster, 2008). Past variation in B/Caseawater are poorly constrained, 

limiting its use as an absolute Δ[CO32-] proxy, though relative changes can still 

be calculated. 
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Figure 57 – Δ[CO32-] proxies from the surface ocean. A) B/CaG. B) Sr/CaG. C) B/CaG and Sr/CaG moving 

averages compared. D) Red line with white moving average: Temperature changes derived from 

Mg/CaG using the temperature calibration of Dekens et al. (2002). Green points: pCO2ATM derived from 

δ11B  from G. trilobus (Sosdian, S. 2014 pers. comm.). E) Δ[CO32-] from Sr/CaM and Sr/CaO as Figure 55e. 

 

Similarly, core top studies into the relationship between Sr/Ca in G. trilobus 

(Sr/CaG) and Δ[CO32-] have not been conducted but numerous temperature and 

Sr/CaG calibrations do exist (Cleroux et al., 2008; Mortyn et al., 2005). Mortyn et 

al. (2005) examine the effect of [CO32-] on Sr/Ca, however Δ[CO32-] is not looked 

at specifically. One culture calibration by Dueñas-Bohórquez et al. (2009) 

examined Ω (the saturation state) and [CO32-], however only three data points 

exist for G. trilobus within that calibration. As such, B/CaG and Sr/CaG are 

presented without quantification of the changes in surface Δ[CO32-] that these 

may represent, and only a more qualitative approach is taken. 
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Figure 57 shows B/Ca (Figure 57a) and Sr/Ca (Figure 57b) from G. trilobus 

from Ceara Rise. As a planktonic foraminifera, G. trilobus’ test is much more 

fragile than either C. mundulus’ or O. umbonatus’. As such it is far more prone to 

diagenetic effects, including dissolution (e.g., Edgar et al., 2013). If Sr/CaG and 

B/CaG are affected by dissolution, then they would primarily reflect changes in 

bottom water Δ[CO32-]. However, as temperature from Mg/CaG co-varies with 

neither Sr/CaG, nor B/CaG, a strong dissolution effect on the Δ[CO32-] signal is 

discounted. None the less, B/CaG and Sr/CaG show similar features (Figure 57c). 

In addition, they show many similarities to Sr/Ca and B/Ca in the benthic 

record (Figure 57e), including the implied rise in Δ[CO32-] at the end of T2, and 

the same drop and recovery over intervals T9 and T10. This suggests that major 

trends in all of the B/Ca and Sr/Ca records represent whole water-column 

changes in Δ[CO32-].  

 

Figure 58 – Attempt to correlate δ11B  in G. trilobus with B/Ca and Sr/Ca. The left panel shows the 

correlation with B/Ca for which there seems to be good agreement if the highlighted sample is ignored. 

The right panel shows the result of this with Sr/Ca for which one result was also ignored due it being a 

flier. 

 

The apparently good agreement between δ11BG and B/CaG and Sr/CaG, 

suggests that the Sr/CaG and B/CaG records could be used as a high resolution 

stand-in for direct δ11B measurements as trace element/Ca ratios are easier to 

generate than δ11B. If this were the case, it would allow for a more quantitative 

interpretation of the B/CaG and Sr/CaG records. To explore this possibility, the 
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δ11B data were compared directly with the trace metal data from the same 

samples (Figure 58). In both cases, one result from B/CaG and Sr/CaG 

(representing 1/5 of the total data for each correlation) had to be ignored to 

produce a correlation. Despite the good agreement between B/CaG and Sr/CaG 

in the down-core record (Figure 57c) the correlations are of different signs. If 

δ11BG reflects pH, and B/CaG and Sr/CaG reflect Δ[CO32-], then increased Δ[CO32-] 

should correspond with lower pH. B/CaG and δ11BG do show the negative 

correlation that would be expected in this case (flier notwithstanding), however 

Sr/CaG does not. This may indicate that Sr/CaG is a less reliable proxy for 

Δ[CO32-] than B/CaG, but given the small sample size it is difficult to draw a 

strong conclusion. In this study therefore, interpretation of the planktonic B/CaG 

and Sr/CaG records remains qualitative. 

 

5.4.1.2.4 Whole Ocean Changes in Seawater [CO32-] During the Miocene Climatic 

Optimum 

Ocean [CO32-], ALK, and DIC are controlled by changes in ocean circulation 

(Sigman and Boyle, 2000; Yu et al., 2010a), the rate of supply of ALK (e.g., from 

weathering) versus the rate of removal (e.g., the rate of burial of carbonates) to 

and from the oceans (Armstrong and Allen, 2011; Sigman and Boyle, 2000; Yu et 

al., 2010a), changes in export productivity and  changes in the CaCO3/Corg rain 

rate of biogenic carbon(Sigman and Boyle, 2000), and changes in sediment 

dissolution driven by organic matter remineralisation (Francois et al., 1997; 

Sigman and Boyle, 2000). Here I examine changes in the various Δ[CO32-] 

proxies across three prominent warming events identified in chapter 4 (Mid-

Miocene ITCZ Response to Changes in the Northern Hemisphere Ice Sheets) T1 

(~16.30 Ma), T4 (~16.18 Ma), and T9 (~15.50 Ma). All three warmings are 

associated with a decrease in Δ[CO32-] identified in both planktonic (G. trilobus) 

and benthic (C. mundulus and O. umbonatus) foraminiferal species. 
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Figure 59 – DIC changes at Ceara Rise. A) BWT (red line) from Mg/CaM and Mg/CaO and pCO2ATM 

(green symbols). BWT is shown as the 5-point moving average. B) B/CaG (blue line) and Sr/CaG (dark 

red line) 5-point moving averages.  Δ[CO32-] as calculated from Sr/CaO and Sr/CaM. D) δ13CP-B,  5-point 

moving average δ13CG – 5-point moving average δ13CM. E) δ13CM. F) Coarse fraction (>63 µm) wt%.  

 

The change across T9 appears to be driven by changes in sea level and the 

rate of removal of carbonate from the oceans. The initial decrease in pCO2ATM 

across T9 appears to coincide with the decrease in both surface and deep 

Δ[CO32-] (Figure 59a, b, & c), although the exact timing is difficult to determine 

due to the lower resolution of the pCO2ATM record compared to Δ[CO32-]. At the 

end of T9 pCO2ATM increases, which coincides with the beginning of the increase 

in Δ[CO32-], as would be expected from the relationship between pCO2ATM, and 

DIC and ALK (Sigman and Boyle, 2000). Across T1, surface Δ[CO32-] decreases 
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rapidly and appears to mirror the increase in BWT (Figure 59a & b), which is 

consistent with a presumed increase in pCO2ATM associated with the warming. 

Bottom water Δ[CO32-] also decreases at this time (Figure 59c), though the 

decrease occurs later.  

 These changes in Δ[CO32-] may be a result of the balance of ALK and DIC in 

the global ocean, and so may be associated with changes in sea level. Changes 

in sea level can affect ALK and DIC through shelf-basin partitioning of the 

deposition of CaCO3 in the case of a fall in sea level (e.g., Merico et al., 2008), or 

through the “coral reef hypothesis” in the case of a rise in sea level (e.g., 

Opdyke and Walker, 1992; Vecsei and Berger, 2004). In essence, the coral reef 

hypothesis posits that an increase in sea levels would increase the shelf area 

available for growth of CaCO3-producing organisms (such as corals). Through 

the process 2HCO32-(aq) + Ca2+(aq)  CaCO3(s) + CO2(g),  pCO2ATM rises and ALK 

decreases. 

T9 is associated with a long decline in Δ[CO32-] and an overall decrease in 

δ18Osw of ~0.4 ‰, equivalent to a drop in eustatic sea level of 20-40m (section 

4.4.2.3). The drop in Δ[CO32-] would imply a removal of [CO32-] from the oceans 

and thus an increase in CaCO3 burial with respect to weathering (Sigman and 

Boyle, 2000) and could conceivably be caused by the growth of more calcite-

producing organisms. The five-point-moving-average of the composite Sr/CaM 

and Sr/CaO Δ[CO32-] suggests that the drop in Δ[CO32-] was around 20 µmol 

kgsw-1. In the modern Atlantic, Ceara Rise has Δ[CO32-] of ~-2.9 µmol kgsw-1 at 

~4.5km depth to ~42 µmol kgsw-1 at ~2.5 km depth (Elderfield et al., 2006; Martin 

et al., 2002), so this change is the same Δ[CO32-] change Site 926 (modern Δ[CO32-

] ~22 µmol kgsw-1 at ~3.6 km depth) would have experienced had the CCD 

shoaled by ~1 km. 

The MMCO is associated with a ~500 m shallower CCD than the modern 

(Pälike et al., 2012), however the CCD shoaling from ~4.7 km to ~4.2 km below 

sea level occurred at ~17 Ma and remained there until ~16 Ma whereupon it 
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returned to its pre-MMCO level. The CCD does not appear to have been 

particularly dynamic between 16 and 13 Ma, though the resolution of this study 

may be picking up changes that could not be seen by Pälike et al. (2012). This is 

unlikely as their study is based on directly observable physical properties from 

oceanic cores around the globe. The relatively large changes in Δ[CO32-] 

recorded here in the absence of evidence for associated changes in the CCD is 

intriguing, and may suggest at specific mechanisms for causing these changes 

such as variations in the CaCO3:Corg rain rate (Sigman and Boyle, 2000) 

The total increase in pCO2ATM implied by the δ11BG records across T9 (~150 

ppmv, S.M. Sosdian, 2014, pers. comm.) is of equivalent size to that experienced 

since the last glacial maximum (~120 ppmv, Petit et al., 1999), the change in sea 

level implied by this record (20-40m) is much smaller (~100m at the LGM, Bard 

et al., 1990). This is perhaps unsurprising as ice sheets have a non-linear 

response to changes in pCO2ATM (Pollard and DeConto, 2005; Rohling et al., 

2013). Rohling et al. (2013) shows that there is a plateau between ~400 and 600 

ppmv pCO2ATM in which sea levels do not change much in response to changes 

in pCO2ATM. A change of 20-40m falls well within the envelope of uncertainties 

estimated by Rohling et al. (2013) for sea level changes in that pCO2ATM range. 

As the estimates for pCO2ATM from the MMCO fall within that range (Foster et 

al., 2012; Greenop et al., 2014; Kürschner and Kvaček, 2009; Zhang et al., 2013), a 

smaller response of sea level in the MMCO compared to the LGM for a given 

change in pCO2ATM is to be expected. 

The Δ[CO32-] changes across the warmings T1, and T4, appear to be better 

explained by changes in export productivity. Figure 59d shows δ18Osw 

calculated using δ18OM and Mg/CaM using the calibrations of Marchitto et al. 

(2014) and Lear et al. (2002), respectively. The change across T1 does not appear 

to coincide with any long-lasting changes in δ18Osw. There is an increase of 

~0.4‰ prior to T1 and a short-lived trough that bottoms out at ~-0.5 ‰ at 16.28 

Ma, but nothing that appears to be affecting, or a response to, changes in 
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Δ[CO32-]. Similarly, the decrease in Δ[CO32-] during T4 and the increase in 

Δ[CO32-] at 15.62 Ma similarly show no strong coeval change in δ18Osw. 

From ~16.19 Ma to ~16.16 Ma δ13CP-B increases by ~0.6 ‰, implying reduced 

efficiency in export productivity. This is associated with an increase in 

temperatures, as would be expected from the relationship of export 

productivity to pCO2ATM (Figure 46), but it is also associated with a decrease in 

B/CaG and Sr/CaG. This is more or less the inverse of the scenario found by 

Kender et al. (2014), in which they saw an increase in ocean [CO32-] associated 

with a drop in sea level. They attributed this to an increase in continental 

wreathing increasing the supply of ALK to the oceans. A decrease in coarse 

fraction might be expected to accompany an increase in weathering rates as 

more clays are supplied to Ceara Rise, however no such change is seen (Figure 

59f). Rather than an increase in the supply of ALK from weathering, this may 

indicate a decrease in the removal of ALK from carbonate burial. The reduction 

in efficiency of export productivity implied by δ13CP-B (Figure 59e) could explain 

this. The increased temperatures may be due to a reduction in Corg burial that 

accompanies this and slowed the rate of draw-down of pCO2ATM. 

  The change at 15.62 Ma in which benthic records of Δ[CO32-] show an 

increase and planktonic records of Δ[CO32-] increase is harder to explain. There 

is no large change in δ13CP-B (Figure 59d) to accompany this change in Δ[CO32-] 

and coarse fraction (~20%, based on the moving average) that is not much larger 

than the background variability (Figure 59f). This interval may represent a brief 

halt in ocean mixing, but a change in δ13CG–M might be expected to accompany 

it.  

5.4.2 The Organic Carbon Cycle at Ceara Rise 

 

5.4.2.1 Productivity Changes at Ceara Rise 

Productivity changes are best tracked in these records using BFAR (Figure 

60a) as the Cd/Ca data are unreliable (Appendix 4, section 8.4). BFAR maxima 

occur at 16.31 Ma (at the start of T1), 16.21 Ma, 16.12 Ma, 15.67 Ma (at the end of 
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T6), 15.55 Ma (at the end of T8), and 15.48 Ma (during T9). The first three are 

associated with no significant changes in δ13CG (Figure 60b) and share no 

common features in δ13CP-B (Figure 60c). 

 

 

Figure 60 – Productivity at Site 926. A) BFAR. Only tests >250 µm were counted as these were the tests 

used for trace metal analysis. B) δ13C G. trilobus. C) δ13C G. trilobus – δ13C C. mundulus (planktonic-

benthic). 

 

Within T9 there is a spike in BFAR of ~60 tests m-2 ka-1 and a trend towards 

lighter δ13CG (Figure 60b). The BFAR maximum suggests a maximum in 

productivity, though the trend towards lighter δ13CG may indicate a drop in PP 

as more 12C becomes available to build carbonate. Alternatively, the increase in 

the lighter carbon isotope may coincide with upwelling which would bring 

nutrient rich waters to the surface and increased PP. The minimum in δ13CP-B 
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(Figure 60c) associated with T9 suggests that export productivity was more 

efficient and corroborates the presence of increased upwelling. At the end of T9 

BFAR decreases and δ13CG trends towards heavier values. This may indicate a 

cessation of stronger upwelling and thus reduced surface productivity. 

BFAR is related to surface water PP but is a direct indication of the rate of 

growth of benthic populations. As increased rate of growth of benthic 

organisms is related to increased respiration rates, and thus utilisation of 

oxygen at the sea floor (Wilson et al., 2014). Maxima in BFAR should therefore 

coincide with minima in bottom water oxygenation as the organisms present 

scavenge the free oxygen for their own respiration. 
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5.4.2.2 Bottom water oxygenation 

Bottom water oxygenation at ODP Site 926 cannot easily be quantified, however 

a qualitative overview can be taken from U/Ca, Mn/Ca and a combination of 

both. Dissolved Mn2+ is unstable in the presence of oxygen and is oxidised to 

insoluble MnO2 (Calvert and Pedersen, 1996; Chun et al., 2010), and so Mn/Ca 

roughly follows the bottom water oxygenation state (Groeneveld and Filipsson, 

2013). Conversely, uranium exists in oxygenated sea water as soluble 

[UO2(CO3)34-], and precipitates out in sub-oxygenating conditions as UO2 (Chun 

et al., 2010). From this it can be seen that if oxygenation conditions are changing 

in the bottom waters, Mn/Ca and U/Ca should show an approximately negative 

relationship 

.  

Figure 61 – Mn/Ca versus U/Ca in the three species of foraminifera analysed in this study. Green points 

and lines are U/Ca (left axes), red points and lines are Mn/Ca (right axes). Data are displayed, but only 

the smoothed 5-point average of the data is shown for clarity to bring out the similar trends in both 

datasets. A) G. trilobus. B) C. mundulus. C) O. umbonatus. All three species display a generally positive 

correlation, which suggests that the uranium is associated with authigenic manganese coatings on the 

foraminiferal tests. 
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What is instead seen is a generally positive correlation between the two 

metrics in all species (Figure 61 and Figure 62a), suggesting that Mn and U are 

related. Rather than following oxygenation, U may be forming in association 

with post-depositional manganese oxide coatings on the foraminiferal tests. 

These authigenic coatings are impossible to tell from lattice-bound uranium by 

whole-test analysis with ICP-MS, though U/Ca in authigenic coatings can be as 

high as 300 nmol mol-1, whereas lattice-bound U is typically in the 1-15 nmol 

mol-1 range (Boiteau et al., 2012). Values obtained in this study fall into the 

range of 20-160 nmol mol-1 (Figure 48)., which may suggest alternating intervals 

of oxygenating and sub-oxygenating conditions The reducing step was used 

when cleaning the foraminiferal tests for trace metal analysis (Appendix 1, 

section 8.1), so the effect of coatings on the tests should have been minimal, 

none the less the U/Ca records in both the benthic and planktonic foraminifera 

show the same features, suggesting that either the U/Ca record shows a whole 

ocean signal or shows post-depositional effects. The latter is far more likely. 

 Those caveats in mind, and assuming that uranium and manganese bound 

in coatings are still strongly affected by the sea water oxygenation state, I 

propose that in addition to examining Mn/Ca and U/Ca ratios, the ratio of 

Mn/Ca to U/Ca in foraminiferal tests should give a qualitative estimate of 

significant changes in bottom water anoxia; a high Mn/Ca to U/Ca ratio should 

suggest more oxygenating conditions as conditions favour the precipitation of 

MnO2 in authigenic coatings, and a low Mn/Ca to U/Ca ratio should indicate 

less oxygenating conditions as conditions favour the precipitation of UO2. U/Ca 

also shows a strong negative relationship with Δ[CO32-] (chapter 3, thesis; Keul 

et al., 2013; Raitzsch et al., 2011), but a Δ[CO32-] effect on U/Ca has been ruled 

out in this record in favour of changes in redox chemistry (section 5.4.1.2.1, 

above). 
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Figure 62 – Changes in bottom water oxygenation. A) Mn/CaM (orange) and U/CaM (green). The line 

shown is the 5-point moving average. The age model for Mn/U has been adjusted to account for an 

assumed depth of the redox horizon of 45cm below the sediment-water interface (c.f. Francois et al., 

1993) so that changes in Mn/U should appear coeval with changes in other proxies. B) Mn/U ratio in C. 

mundulus, calculated from Mn/Ca and U/Ca ratios. C) BWT changes calculated from a composite record 

of Mg/CaM and Mg/CaO. Mg/CaO has been corrected to Mg/CaM using a correction factor of x0.73. The 

Mg/Ca temperature equation of Lear et al. (2002) was used. The value of Mg/Ca is shown on the second 

Y axis. D) Relative changes in Δ[CO32-], calculated from a composite record of Sr/CaM and Sr/CaO. 

Sr/CaM has been corrected to Sr/CaO using a correction factor of x1.23. The Sr/Ca Δ[CO32-] calibration 

of Dawber and Tripati (2012a) was used. The value of Sr/Ca is shown on the second Y axis. E) δ13C in C. 

mundulus. F) BFAR, only including tests >250µm. 

 

Changes in the redox chemistry of the bottom waters at ODP Site 926 during 

the MMCO could be affected by a number of factors. Sedimentation rate is a 

potential candidate (Francois et al., 1993), however the sedimentation rate over 

the intervals studied appears to remain constant, or at least no indication of 

large changes in sedimentation rate are seen (Section 2.5), and so this is 

discounted. Changes in bottom water temperature may affect bottom water 



Sam Bradley Carbon Cycling During the MMCO Cardiff University 

157 

 

oxidation state by increasing the metabolic rate of marine organisms and thus 

increasing their utilisation of oxygen (e.g., Wilson et al., 2014). In addition, 

oxygen is more soluble at lower temperatures, so a bottom water mass with a 

colder source region may initially have higher levels of dissolved oxygen. Thus 

we would expect to see a slight positive correlation between increased BWT 

and anoxia.  

The lower interval has a very slight increase in Mn/U across T1 that appears 

to covary with a general trend towards warmer BWT (Figure 62b & c). This 

might suggest an increase in oxygenation as the bottom waters warmed. The 

solubility of oxygen decreases with increasing temperature, which suggests that 

other factors were responsible for the variations in oxygenation levels. In 

interval T3 an increase in Mn/U coincides with a decrease in BWT. A similar 

covariance is seen in T8 which shows a cooling of similar magnitude to T3 

(~2oC) but shows no response in Mn/U. Across T10 and T9 a minimum in Mn/U 

coincides with a maximum in BWT at ~ 15.46 Ma. Similarly, Mn/U increases 

steadily after T10, going from ~10 µmol nmol-1 to more than 40 µmol nmol-1, 

though there is no clear change in BWT to accompany it. Therefore temperature 

can be ruled out as the dominant control on any variability recorded by Mn and 

U. 

Another factor that may be affecting bottom water oxygenation is variations 

in the water mass that bathes ODP Site 926 during the MMCO. Periodic 

changes in the source waters may affect the redox conditions at the sea floor by 

bringing cold, oxygen rich waters with them, or older and more oxygen-

depleted waters. A change in bottom water mass might also be expected to 

impact benthic δ13C (Figure 62e) and Δ[CO32-] (Figure 62d). In intervals T9 and 

T10 δ13CM shows a trend towards lighter values from ~1.8 to ~1.4 ‰ (Figure 62e) 

and Δ[CO32-] from Sr/Ca appears to also show a steady decline of around ~20 

µmol kgsw-1 (Figure 62d). If these redox changes were caused by changes in 

bottom water mass then we would expect to see coeval variability between δ13C 
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and Mn/U, but not BFAR. The decrease in Mn/U across T9 (Figure 62b) is coeval 

with an increase in BFAR (Figure 62f) and thus an increase in productivity is a 

far more likely mechanism to cause this change in oxygenation. 

 

5.4.2.2.1 The timing of Redox changes 

Discerning the timing of signals within U/Ca and Mn/Ca relative to other 

proxies is problematic. The precipitation and mobilisation of uranium and 

manganese in sediments depends upon the depth of the boundary between 

oxidising and reducing conditions (the redox boundary). Finding the depth of 

that horizon is possible, but requires knowledge of the concentration of 

uranium in both sea water and the sediment (Francois et al., 1993). Francois et 

al. (1993) found the depth of the redox boundary of U in Indian Ocean 

sediments to have varied between 4.5 and 45cm over the Holocene, which 

amounts to an error in discerning the timing of the cause of any given change in 

Mn/U in this study of +2.6 ka to +26 ka. 

Assuming the uranium redox horizon contemporaneous with changes in 

other proxies is always below the sediment-water interface, any changes in the 

redox conditions at the sea floor will be recorded deeper in the sediments and 

appear to be too old. Further assuming that the maximum depth of the redox 

horizon is 45cm, the maximum depth found by Francois et al. (1993), means that 

we can adjust the timescale of the Mn/U record by subtracting 45cm from the 

mbsf scale of the U/Ca and Mn/Ca results. This has been done for the whole 

record, however a strong caveat is that the redox horizon does not remain at a 

constant depth through time but instead depends on the sediment 

accumulation rate (S), the dry bulk density (ρ), [U]seawater, the pore water 

diffusion coefficient for U (D), and [U]sediment (Francois et al., 1993) by the 

relationship (21): 

 

 



Sam Bradley Carbon Cycling During the MMCO Cardiff University 

159 

 

𝑧𝑈 =
𝐷 × 𝐶

𝑆 × ρ × [𝑈]𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡
 

 (21) 

 

 S, ρ, and D are known (Klinkhammer and Palmer, 1991; ShipboardScientific

Party, 1995c), [U]seawater for the Miocene can be estimated from models, but 

[U]sediment is not known and so the depth of the redox horizon for uranium 

cannot be calculated.  

An assumed depth of 45cm appears to be sufficient for the upper interval, 

but not for the lower one (Figure 63). Changes in BFAR and U/Ca appear to 

occur coevally in the upper record and timings of maxima in U/Ca and BFAR 

appear to coincide with the adjusted timescale. Disagreement between the 

timings of changes in BFAR and U/Ca suggest that the depth of the redox 

boundary was more dynamic in the lower interval than in the upper one. The 

assumption of a 45cm deep redox horizon probably does not hold true in the 

lower interval. 
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Figure 63 – Adjusting the timing of U/Ca to account for changes in the depth of the redox horizon. A) 

U/Ca on the PPFI timescale. B) BFAR on the PPFI timescale. C) U/Ca on a timescale adjusted for a redox 

horizon at 45cm below the sediment-water interface (Francois et al., 1993). U/Ca appears to show better 

agreement in the timings of changes with BFAR on this later timescale, but the relationship breaks 

down in the lower part of the record. The redox horizon is not at a constant depth through time 

(Francois et al., 1993), and so the constant adjustment of the timescale by 45cm is insufficient for the 

whole record. 

 

5.4.2.3 Shifts in the Equatorial High Productivity Zone During the MMCO 

Increases in export productivity at Ceara Rise may be associated with 

increased upwelling of deep waters to the surface, caused by variations in the 

ITCZ. The ITCZ is a zone of lower salinities and increased ocean mixing. Its 

presence brings deep nutrient-rich waters to the surface which facilitates an 

increase in PP. In chapter 4, the position of the ITCZ was inferred to have 

moved based on reconstructed changes in surface salinity. Under this scenario, 

periods of low salinity would be expected to coincide with periods of efficient 
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export productivity and high PP due to increased mixing caused by upwelling 

associated with the ITCZ. This should also coincide with reduced oxygenation 

of the deep ocean. Figure 64 shows the methods used to track these metrics.  

 

Figure 64 – Productivity and the ITCZ. A) relative δ18Ossw B) δ13C G. trilobus C) δ13C C. mundulus. Note 

that B and C are displayed on the same axis. D) δ13C G. trilobus – C. mundulus. E) Mn/U G. trilobus. F) 

Mn/U C. mundulus. F) Mn/U O. umbonatus. G) BFAR, only including tests >250µm. 

 

Maxima in δ18Ossw (Figure 64a) in the lower interval all occur coevally with 

low BFAR values and no strong changes in δ13CP-B, which provides evidence for 

a distal ITCZ in all cases. Similarly, δ18Ossw minima in the lower interval appear 

to coincide with high BFAR values, which suggests that the increased mixing 

and lowered salinities associated with the ITCZ would be an explanation for 

both. Lower (higher) δ18Osw and higher (lower) δ18Ossw in the lower interval 
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appear to occur at the same time (chapter 4), and so it is likely that fluctuations 

in the northern hemisphere ice sheets are causing these movements of the ITCZ. 

Minima in δ18Ossw in the upper interval in between T7 and T8 at 15.62 Ma 

could indicate low salinity and thus a proximal ITCZ. The δ18Ossw minimum at 

15.41 Ma occurs with a maximum in the surface-deep gradient in δ13C (Figure 

64d). This suggests more efficient export productivity, but with no associated 

Mn/U minimum (Figure 64e-g) that would imply low oxygenation and no 

BFAR maximum (Figure 64h) that would imply increased deep ocean 

productivity. This may indicate that while the export productivity was more 

efficient, it may not have been particularly strong (Hilting et al., 2008), and so 

some other limiting factor in the surface was retarding PP. The other low in 

δ18Ossw that occurs at 15.62 Ma is not associated with any strong high in δ13CP-B, 

nor any changes in Mn/U or highs in BFAR. In the lower interval there are three 

lows in δ18Ossw at ~16.13 Ma, ~16.21 Ma, and ~16.31 Ma. The first and third of 

these are all associated with maxima in δ13CP-B (Figure 64d) and all three are 

associated with elevated BFAR (Figure 64h). Mn/U appears to be consistently 

low at this point, which suggests that the bottom waters were poorly ventilated 

at the time (Figure 64e-g). The second δ18Ossw minima at 16.21 Ma is associated 

with a slight increase in Mn/U which may suggest a brief input of more 

oxygenated waters, or a drop in metabolic rate allowing for more free oxygen at 

the sea floor. 

Maxima in δ18Ossw that could be associated with a more distal ITCZ occur in 

the upper interval at the end of T10 (~15.44 Ma), and in the lower interval 

during T5 at 16.09Ma, 16.16Ma and 16.28 Ma. In the upper interval, the maxima 

in δ18Ossw at ~15.44 Ma is not associated with any particular highs or low in any 

other metric. Though the increase leading up to it occurs approximately 

coevally with an increase in  δ13CG (Figure 64b), and Mn/U, especially in C. 

mundulus and O. umbonatus (Figure 64f & g). This may suggest that surface 

productivity was increasing at the time which would argue for no strong effect 
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of the ITCZ on this δ18Ossw maximum, but there is no associated increase in 

BFAR (Figure 64h) to accompany the implied increased surface productivity.  

 

5.4.2.4 The Response of the Organic Carbon Cycle at Ceara Rise to Movement of the 

ITCZ 

Contrary to weathering and export productivity driving changes in pCO2ATM, 

Δ[CO32-], and temperature (Section 5.4.1), changes in PP and bottom water 

oxygenation at Ceara Rise appear to be responding to changes in climate, rather 

than acting as a driver. PP seems to follow changes in surface salinity, as 

evidenced by δ18Ossw and BFAR. This suggests that the ITCZ is controlling ocean 

mixing at Ceara Rise; when the ITCZ is proximal to Ceara Rise, BFAR is 

elevated and Mn/U is depressed, suggesting that increased PP is causing a 

higher metabolic rate in the deep ocean. 

 

5.4.3 Reliability of the Mg/Ca Temperature Signal 

Given that benthic foraminiferal Mg/Ca may respond more to changes in 

Δ[CO32-] than to changes in temperature at low temperatures (<3oC) and low 

Δ[CO32-] (<~25 µmol kgsw-1), care needs to be taken in analysing the temperature 

changes in this record (Elderfield et al., 2006). SST should be exempt from this 

as the surface ocean is well saturated with respect to [CO32-]. The BWT estimates 

from this study fall within the range of 3-10oC, however changes in the H-value 

used to correct for changes in the partitioning of Mg/Casw to Mg/Cacalcite can 

cause large changes in the absolute temperatures thus calculated (Evans and 

Müller, 2012). H has no effect on relative temperature changes, and the 

direction of temperature changes implied by Mg/Ca and δ18O are in good 

agreement throughout the record, even in T9 and 10 which experience the 

largest changes in Δ[CO32-] (Figure 53, Figure 55, Figure 59).  

There is good agreement between the direction of the major temperature 

changes in the records of G. trilobus, C. mundulus, and O. umbonatus. The 

magnitude of temperature changes implied by Mg/CaO and Mg/CaM are in good 
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agreement which at worst suggests that the temperature changes estimated 

from both species are at least biased by the same amount. If Mg/Ca in O. 

umbonatus does provide a more reliable temperature signal than in other 

Cibicidoides spp. (chapter 3, this thesis; Lear et al., 2010; Mawbey and Lear, 2013), 

then it suggests that large changes in Δ[CO32-] have not biased the Mg/CaM 

temperature signal. 

 

5.5 Conclusions 

Bottom water Δ[CO32-] is quite variable over the interval studied, with swings 

of between 20 and 40 µmol mol-1 kgsw-1 over relatively short (~10 ka) timescales. 

pCO2ATM in general terms appears to change coevally with Δ[CO32-], which is the 

expected behaviour if Δ[CO32-] can be taken as an indicator of ALK. The longest 

lasting change in Δ[CO32-] that begins at the start of T9 is associated with the 

increase in sea level that began at around the same time. It is likely that the sea 

level increase caused a change in the rate of removal of ALK from the oceans, 

perhaps through increased growth of calcite-producers, and helped to enhance 

the pCO2ATM increase seen across T9. The sea level and pCO2ATM changes seen 

are within the magnitudes that would be expected from the work of Rohling et 

al. (2013). In addition, enhanced export productivity at 15.50 Ma resulted in 

enhanced BFAR. The enhanced nutrient utilisation at the sea floor resulted in an 

oxygen minimum, as evidenced by the spike in U/Ca and low Mn/U ratios at 

this time. 

Other changes in Δ[CO32-] appear to be linked to changes in export 

productivity. BFAR maxima are closely associated in time with δ18Ossw minima, 

suggesting a close link between low sea surface salinities and high productivity. 

This increase in productivity is likely linked to the southern movement of the 

ITCZ speculated in chapter 4. Southern movements of the ITCZ tied to ice 

expansion in the northern hemisphere resulted in increased mixing that 

reduced the gradient in surface to deep δ13C and decreased surface salinities 
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(chapter 4). Similarly, BFAR minima and δ18Ossw maxima are closely linked, 

further strengthening the tie between the position of the ITCZ and PP at Ceara 

Rise during the MMCO.  
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6 SYNTHESIS AND CONCLUSIONS 
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This thesis provides further insight into the response of benthic foraminiferal 

trace metal geochemistry to changes in bottom water Δ[CO32-], as well as a high 

(~2ka) resolution examination of two intervals during the MMCO. In this 

closing chapter, the conclusions of the individual chapters will be re-examined 

and a “big picture” overview will be provided. 

 

6.1 Outcome of the Study On Norwegian Sea Core Top Benthic Foraminifer 

Trace Metal Geochemistry 

Chapter 3 (Core-Top Calibration of Trace Metal Ratios of Benthic 

Foraminifera From the Norwegian Sea) focused on a core-top analysis of 

benthic foraminifera from the Norwegian Sea. The deep waters of the 

Norwegian Sea are unsuited to examining changes in temperature as it is more-

or-less holothermal; the range of temperatures examined in this study is far less 

than 0.1oC; from -0.86 to -0.82oC. The range of Δ[CO32-] is far greater; from 12 to 

28 µmol mol-1 kgsw-1. The effects of this variation in Δ[CO32-] without variation in 

temperature were examined in three species of benthic foraminifer: the 

epifaunal hyaline foraminifer C. wuellerstorfi, and the miliolite P. murrhina,; and 

the infaunal hyaline foraminifer O. umbonatus. The foraminifera were examined 

for their Mg/Ca, Li/Ca, B/Ca, and U/Ca ratios, though B/Ca was not presented 

in O. umbonatus due to the low concentration of boron in its test. In addition C. 

wuellerstorfi was split into sinistral and dextral morphotypes to examine any 

changes this might have on its test chemistry. 

The main conclusions of this chapter were: 

 The estimated relationship between Δ[CO32-] and Mg/Ca in C. 

wuellerstorfi without the effects of temperature by Elderfield et al. 

(2006) holds true when the Norwegian sea datasets are combined. This 

allows the equation estimated in Elderfield et al. (2006) to be used to 

estimate Δ[CO32-] changes essentially unaltered when changes in 

temperature are thought to be negligible or non-existent (Figure 20) . 
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 Mg/Ca in O. umbonatus shows a lower sensitivity to changes in Δ[CO32-

] than C. wuellerstorfi, which makes it suitable for cross-checking 

Mg/Ca-based temperature estimates made on Cibicidoides species 

(Figure 24). 

 P. murrhina may either show little sensitivity to changes in 

temperature and instead may respond to changes in Δ[CO32-], or may 

show no sensitivity to changes in temperature below 2oC, and 

enormous sensitivity to temperature above that threshold. If it is the 

former case, Mg/Ca in P. murrhina may be an excellent indicator of 

Δ[CO32-] conditions in the deep ocean (Figure 26) . 

 P. murrhina’s U/Ca sensitivity bears the opposite sign to C. wuellerstorfi 

and O. umbonatus. Whether this is specific to this study, to P. murrhina 

specifically, or miliolite foraminifera in general are not known or 

explored (Figure 27) . 

 Coiling direction has no effect on trace element ratios in C. wuellerstorfi 

(Figure 17), though size fraction does (Figure 16). This means that it is 

unlikely that differently “handed” C. wuellerstorfi are unlikely to 

represent different species variants in the manner of Rae et al. (2011). 

 

6.2 Outcomes of the Studies of Climate During the Mid Miocene Climatic 

Optimum 

6.2.1 Ice volume 

Chapter 4 (Mid-Miocene ITCZ Changes in Response to Northern 

Hemisphere Ice Sheet Growth) focused on a high resolution geochemical 

analysis of two intervals from the MMCO: one from ~15.3-15.7 Ma, and the 

other from ~16-16.4Ma. These analyses were performed on three species of 

foraminifera: the epifaunal C. mundulus, the infaunal O. umbonatus, and the 

planktonic G. trilobus. Multiple proxies from each species were examined. The 
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stable isotope delta-ratios δ18O and δ13C were used, as well as the trace element 

ratios Mg/Ca, Li/Ca, and Sr/Ca. 

The principal conclusions of this chapter were: 

 BWT variability within the MMCO appears to be around 2oC on ~10ka 

time scales, though there is an interval where BWT appears to jump 

by 4oC in as much time. This is coeval with a decrease in δ11B that 

implies that pH of the surface ocean was decreasing at this time, 

consistent with a general increase in pCO2ATM (Figure 38, Figure 45). 

 The aforementioned 4oC warming is coincident with a long-term 

decrease in δ18OM of around 0.3 ‰, though the largest change within 

that longer-term trend is a 1.2‰ decrease in δ18OM that is coeval with 

the largest change in Mg/CaM and Mg/CaO. This overall trend is taken 

to represent a change δ18Osw that could be caused by a decrease in ice 

volume equivalent to a 30m eustatic increase in sea level (Figure 41).  

This is in line with previous estimates of sea level variability during 

the MMCO (Pekar and DeConto, 2006). 

 The change in sea level inferred from the bottom-water signal is also 

coincident with changes in the planktonic realm as inferred from G. 

trilobus. Taking changes in δ18Osw and removing the ice volume signal 

allows us to infer changes in SSS that reveal an increase in SSS 

coincident with the implied drop in ice volume (Figure 43). This is 

taken to imply a northward movement of the ITCZ relative to Ceara 

Rise. This is consistent with a decrease in ice volume in the northern 

hemisphere (Chiang and Bitz, 2005; Philander et al., 1996), and so the 

retreat of (a) northern hemisphere continental ice sheet(s) is inferred 

(Figure 44). 
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6.2.2 Carbon cycling 

Chapter 5 (Carbon Cycling During the MMCO) focused on a high resolution 

geochemical analysis of the same two intervals from the MMCO that were 

examined in chapter 4. These analyses were performed on the same species of 

foraminifera: the epifaunal C. mundulus, the infaunal O. umbonatus, and the 

planktonic G. trilobus. Multiple proxies from each species were examined. The 

stable isotope delta-ratios δ18O, δ13C, and δ11B were used, as well as the trace 

element ratios Mg/Ca, B/Ca, Sr/Ca, Mn/Ca and U/Ca. 

The principal conclusions of this chapter were: 

 Bottom water Δ[CO32-] also varied during the MMCO, though small-

scale trends are harder to determine. B/Ca and Sr/Ca agree in terms of 

the direction of changes in Δ[CO32-], though not in magnitude. The 

30m sea level change is coincident with a drop in bottom water 

Δ[CO32-] between 20-50 µmol mol-1 kgsw-1, based on B/CaM, Sr/CaM and 

Sr/CaO estimates. The cause of most of the changes in Δ[CO32-] is most 

likely changes in export productivity, with less efficient export 

productivity resulting in a lessening of pCO2ATM drawdown and thus 

warming. The largest change at 15.50 Ma is attributed to the rise in sea 

level implied by the δ18Osw. I imply that the rise increased the rate of 

burial of CaCO3, perhaps by increasing the area of shelf seas and 

providing more space for carbonate-producing organisms, which 

would serve to reduce ALK relative to DIC and thus decrease Δ[CO32-] 

(Figure 55). 

 Decreases in Δ[CO32-] could be expected to bias the temperature 

change inferred from the Mg/Ca record towards underrepresenting 

the total change in temperature. The direction of temperature changes 

implied by Mg/Ca are agreed upon by all species studied in both the 

benthic and planktonic realms and in benthic δ18O and so the changes 

seen are robust (Figure 34). 
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 U/Ca does not agree with B/Ca and Sr/Ca if its signal is assumed to 

represent Δ[CO32-]. The values of U/Ca are intermediate between 

typical foraminiferal test U/Ca and that found in authigenic coatings 

on foraminiferal tests, so this is taken as a sign that the reductive 

cleaning step has not been 100% effective in removing oxides. U/Ca 

and Mn/Ca show strong correlation to one another, suggesting that 

they may be bound in authigenic coatings. A Mn/U ratio was 

calculated on the assumption that it would reveal some information 

about bottom water oxidation states. The general form of the Mn/U 

trend matches that of δ13CM, and so that is taken as a sign that it 

reveals something about the carbon cycle’s relation to 926. In the 

absence of evidence, it is assumed that Mn/U is tracking with 

oxidation state as both U and Mn precipitation from sea water is 

strongly linked to redox conditions (Figure 54). 

 Changes in productivity proxies (BFAR, δ13CG) support the 

interpretation of movement of the ITCZ relative to Ceara Rise (Figure 

64). 

 

6.2.3 Synthesis 

Studied of ice volume retreat during the Cenozoic are extremely important as 

they provide a glimpse of what the world may become as a result of modern-

day global warming. The Mid-Miocene Climatic Optimum provides an ideal 

period of geologic history to examine for this purpose, not least because 

pCO2ATM  was around the same values as it is today (c.f. Foster et al., 2012; IPCC, 

2013). One of the inferences of this study has been that ice-volume retreat 

during at least one interval in the MMCO was centred on the Northern 

Hemisphere, which a priori requires ice sheets to have been present in the 

Northern Hemisphere. This may mean that the MMCO is more similar to 
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today’s world, and thus more like the world of the not-too-distant future than 

has previously been thought. 

pCO2ATM reached the modelled threshold for Northern Hemisphere glaciation 

by ~20 Ma (DeConto et al., 2008; Foster et al., 2012). Assuming that this 

modelled threshold is accurate and that 20 Ma is the date for Northern 

Hemisphere ice sheet inception, this pushes the accepted age for the inception 

of Northern Hemisphere glaciation back by ~17Ma from 3 Ma in the Pliocene 

(Bartoli et al., 2005; Lunt et al., 2008; Zachos et al., 2001). This may help to 

enforce the strong links between pCO2ATM and global ice volume. Continental 

configuration may not ultimately matter, except to “prime the pump” as 

DeConto and Pollard (2003) showed with their modelled opening of the Drake 

Passage, and provide a substrate for ice sheets to nucleate on.   

There is some evidence of Northern Hemisphere ice during the Middle 

Miocene in the rock record (St John, 2008), and it is present in at least one model 

(Herold et al., 2012), but to my knowledge this is the first time that geochemical 

evidence has been used to imply as such. This interpretation relies somewhat 

on the assumption that Ceara Rise remained to the south of the ITCZ during the 

MMCO. Given its current position in relation to the ITCZ, its palaeo-position 

relative to modelled simulations of the ITCZ in the geologic past (Lunt, D., 

personal communication), and the fact that the ITCZ in the Atlantic showed the 

same behaviour in seasonality as it does today (Kaandorp et al., 2005)  I do not 

feel that this is an unreasonable assumption. 

 

6.3 Future Work 

6.3.1 Development of Geochemical Proxies for Δ[CO32-] 

6.3.1.1 Pyrgo murrhina Mg/Ca as Δ[CO32-] Recorder 

The most surprising result, or at least most unexpected, was to find that it 

seemed that either Mg/Ca in P. murrhina does not respond to temperature 

changes at all, or that there is a threshold at around 2oC after which it becomes 
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the most sensitive palaeothermometer yet recorded. A sensitivity of ~20 mmol 

mol-1 oC-1 is truly astounding and could mean that temperature changes on the 

order of 0.1oC could be incredibly easy to resolve. Assuming this fanciful 

scenario is false, we are left with an equally fanciful one: that Mg/Ca in P. 

murrhina does not respond much to changes in temperature and instead 

faithfully records Δ[CO32-], which would make it the ideal companion to any 

palaeo-temperature record based on Cibicidoides spp., Planulina spp., Oridorsalis 

spp., or any other previously-examined genus of benthic foraminifer. 

There are a number of problems with this study, however, that need to be 

addressed: to begin with, P. murrhina does not tolerate temperatures much 

below 7oC, and thrives in cold waters <2.5oC (Gudmundsson, 1998; Murgese 

and De Deckker, 2005). In addition, its temporal range does not appear to go 

back much beyond the Oligocene (Shipboard Scientific Party, 2002), so it is 

completely unsuited to examining Eocene hyperthermals, or the much-studied 

PETM. It does have relatively global modern range, however, being that it is 

found in all three ocean basins (Gudmundsson, 1998; Murgese and De Deckker, 

2005), which should make core-top calibrations relatively straight forward. 

An additional problem with this study is the narrow range of temperatures 

and Δ[CO32-] it covers. The above two fanciful scenarios are based on this 

dataset, which has a <0.1oC temperature range and a Δ[CO32-] range of ~16 µmol 

mol-1 and the dataset of Healey et al. (2008), which covers a range of 

temperatures of ~4oC (2oC for P. murrhina) and a Δ[CO32-] range of ~35 µmol 

kgsw-1. This dataset serves to plug a gap in the range of Δ[CO32-] that Healey et 

al. (2008) covers, but it does nothing to extend it. It extends the range of 

temperatures from 2oC to ~4oC, but leaves ~2oC gap in the -1 to 1oC range, so 

there is much to be done in extending, and improving the range of P. murrhina 

trace metal calibrations. 

Furthermore, P. murrhina differs from previously examined foraminifer 

species in that it has a miliolite, rather than hyaline, test structure. The odd 
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behaviour displayed by P. murrhina in this study may be something unique to 

itself, or may be a feature of miliolite foraminifers’ response to changes in 

Δ[CO32-]. Why the partitioning of Mg into its or their tests would be different 

enough to make it extremely (in?)sensitive to changes in temperature I could 

not even begin to hypothesise. 

To those ends, I propose two experiments: the first is a culturing experiment. 

P. murrhina would be cultured in six climate controlled tanks; three with 

temperatures between 1 and 6oC to cover the range of P. murrhina’s extant 

habitats, and three with Δ[CO32-] between 25 µmol kgsw-1 and 80 µmol kgsw-1 for 

much the same reason, but to remain above the threshold posited by Elderfield 

et al. (2006) below which foraminiferal Mg/Ca responds more to Δ[CO32-] than 

to temperature. This precaution is to ensure that the sensitivities thus produced 

would not be exaggerated. This experiment would essentially act as a pilot 

experiment to see which variable Mg/Ca in P. murrhina responds to more, and 

may allow us to remove one or the other variable as a control on Mg/Ca in P. 

murrhina. 

The second experiment is a global core-top calibration in the same vein as 

every global core top calibration that has come before, focussing on those sites 

examined by Gudmundsson (1998), Murgese and De Deckker (2005), Healey et 

al. (2008), and myself. In the sites off the South East and North West coasts of 

Iceland, labelled ATS (Atlantic Shallow) by Gudmundsson (1998). P. murrhina 

can be found there at depths of ~500-1500m, between temperatures of 3oC and 

7oC. GEOSECS data from sites 15, 21, and 22 are in those areas. The range of 

Δ[CO32-] values as calculated from that GEOSECS data is not calculable by me at 

this time as the GEOSECS data lacks the necessary carbonate system parameters 

to estimate it using CO2SYS_2011.xls (Lewis and Wallace, 1998).  

In the Indian Ocean Deep Water, P. murrhina can be found over a depth 

range of 500 to 4500m (greatest abundance at 3500m), and in water 

temperatures of ~1.5-7oC (Murgese and De Deckker, 2005). The range of 
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carbonate saturation states, based on data from GEOSECS site 438 and 

CO2SYS_2011.xls (Lewis and Wallace, 1998) is -22 µmol kgsw-1 to 85 µmol kgsw-1. 

 I propose these sites because we know that P. murrhina already exists there, 

and so it obviates the need to search for new sites. Using sites from all of the 

previously mentioned studies has the added advantage that the material has 

already been gathered and picked, so it may not even need another cruise. 

 

6.3.1.2 Further development of U/Ca 

Currently, there are three studies on the use of U/Ca as a proxy for Δ[CO32-] 

in benthic foraminifera: Keul et al. (2013), Raitzsch et al. (2011), and this thesis. 

Between the three studies, U/Ca has been examined in core tops using the 

species C. wuellerstorfi (Raitzsch et al., 2011; chapter 3 of this thesis), C. mundulus 

(Raitzsch et al., 2011), O. umbonatus (chapter 3 of this thesis), and P. murrhina 

(chapter 3 of this thesis), and in a culturing study using Ammonia sp. (Keul et al., 

2013). Any additional expansion of these studies, either by increasing the range 

of Δ[CO32-] examined, or increasing the number of species-specific calibrations 

would be beneficial to palaeoclimatology as a whole. Special attention needs to 

be given to the concentration of dissolved O2 in the water column, however, as 

high U/Ca may also indicate reducing conditions as well as low Δ[CO32-]. 

 

6.3.2 Mn/U as a Proxy for Redox Conditions 

Further examination of foraminiferal Mn/U ratios are warranted as it may 

hold some promise as a proxy for oxidation state, or perhaps even bottom water 

oxygen concentrations. Uranium precipitates out of sea water in reducing 

conditions as UO2 (Chun et al., 2010), whereas Mn2+ reacts quickly with oxygen 

and precipitates out as MnO2 in oxygenating conditions (Calvert and Pedersen, 

1996; Chun et al., 2010). It follows that, even in authigenic coatings, the 

concentration of U and Mn should approximately mirror one another (as [U] 

increases, [Mn] should decrease, and vice versa) in response to changing 
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oxygen levels, and so Mn/U of foraminiferal tests should provide an 

approximate record of how strongly reducing the waters they grew in were, or 

Mn/U of authigenic coatings on foraminifera should show how reducing the 

sediments they were deposited were. 

Laser ablation can be used to examine the authigenic coatings and the test 

walls separately on the same foraminifera. The difference between the two may 

give an indication of the oxygen gradient between where the foraminifera grew 

and the redox horizon at which the authigenic coatings were laid down. The 

gradient in Mn/U between planktonic and benthic foraminiferal tests (not 

including any authigenic coatings) may give an indication of how stratified the 

water column was with respect to oxygen. 

 

6.3.3 Ice Volume Changes in the Miocene 

6.3.3.1 Hemisphere-Specific Analyses 

Given that Antarctic deglaciation would result in enhanced warming in the 

Southern Hemisphere (Justino et al., 2014), and that the same can be said for the 

Arctic and the Northern Hemisphere (Shakun and Carlson, 2010), an inter-

hemispheric comparison of climate change during the MMCO would help to 

pin down the location of ice volume changes. The magnitude of warmings 

experienced by both hemispheres would need to be analysed. This analysis 

would need to be restricted to planktonic foraminifera as different depths may 

experience different magnitudes of warming or cooling in response to changes 

in ice volume. Similarly, latitude-equivalent sites would need to be used as 

different latitudes may warm by differing amounts. The Pacific ocean would be 

ideal for this, however the Southern Ocean and Southern Pacific are very 

sediment-poor, and so a comparison of a North Atlantic and South Atlantic site 

would have to be conducted. 
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6.3.3.2 Tracking the ITCZ 

Another method to pin down the primary hemisphere of ice volume change 

would be to attempt to track the movements of the ITCZ across the MMCO. A 

high resolution study of a deglaciation in the Pacific, perhaps the largest one 

outlined in chapter 4 between 15.6 and 15.4 Ma would be conducted using both 

benthic and planktonic foraminiferal Mg/Ca, and δ18O to allow for calculations 

of changes in BWT, δ18Osw, SST and SSS. δ13C, BFAR, and perhaps Cd/Ca could 

be used as supporting analyses to examine changes in productivity that would 

accompany changes in the position of the ITCZ. 

The PEAT sites of IODP Leg 320 (Pälike et al., 2009) offer an ideal solution, as 

they were already taken across the equator, and thus across the predominant 

locus for the ITCZ. They also have strong age control, which would allow for 

easy comparison of timings of changes of SSS, and the plate movements of the 

Pacific are well known which would allow them to be taken into account. In 

addition the ITCZ in the Pacific is less prone to dramatic movements as the 

temperature over the open ocean is seasonally more stable than on or near land, 

so its movement should merely be down to broad-scale climate effects. A site 

some distance either north or south of the Equator would need to be used, as 

changed in SSS in a site directly inside the ITCZ could not be attributed a 

direction. Ideally, two sites with good age control could be used so as to 

provide a better special component. 

 

6.3.4 Ice Volume Retreats in the Wider Cenozoic 

6.3.4.1 High Resolution Examination of End-Oligocene 

The original aim of this study was to examine a stable cold interval prior to a 

deglaciation and a warm interval after a deglaciation to examine variability in 

ice volume; the initial working hypothesis was that changes in ice volume 

would be larger and more frequent during a warm interval. This would be done 

during an interval after the EOCT but before the inception of northern 

hemisphere ice sheets so that any ice volume changes could be attributed to 
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Antarctica only so that the data thus gained would provide a framework for 

future ice volume modelling efforts: X temperature change causes Y ice volume 

change on Antarctica within a stable warm interval, and Z ice volume change 

within a stable cold interval. This has not been achieved. 

On one front, the intervals chosen were supposed to be before (>17Ma) and 

just after (~16Ma) the onset of the MMCO, but problems with the age model 

used to select sample material has resulted in two intervals during the MMCO. 

On another front, it appears as if northern hemisphere ice sheets may have been 

present during the intervals studied, and if that is true then they were likely to 

have been there from ~20 Ma when pCO2ATM became low enough for Northern 

Hemisphere ice sheet inception (Foster et al., 2012; Zhang et al., 2013). This 

means that for the initial aims of this study to be completed, the Oligocene 

seems like it may offer the best natural laboratory to study ice volume changes 

that only involve one ice sheet.  

Zachos et al. (2001) noted a rapid warming towards the end of the Oligocene 

at ~26Ma he labelled the “Late Oligocene Warming”. It was later noted that this 

was probably an artefact of the way the composite record was constructed: The 

composite record was constructed primarily from Pacific Sites prior to 26Ma, 

and primarily of Atlantic Sites after 26Ma so that warming may have just 

represented a seam of the two composites. ODP Site 1218 covered that entire 

interval in one Pacific site, and it is clear from Pälike et al. (2006b), where the 

δ18O record is more-or-less presented in full, that there is a general trend 

towards lighter isotopes from ~27Ma to ~25Ma, with an overall change of ~0.5 

‰. This is consistent with a warming or a deglaciation, and meets the 

requirement of being prior to 20Ma, so unlikely to include the presence of 

anything but ephemeral Northern Hemisphere Glaciation. 

The PEAT sites once again provide an ideal location. Their Mid-Equatorial-

Pacific location should allow them to be globally representative in their bottom 

water signal; the Pacific is after all the largest ocean basin. Site 1334 covers the 
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required interval with no significant hiatuses, and offers a sedimentation rate of 

~12-24 mMa-1 during the Oligocene (Pälike et al., 2009), and the only reason it 

was not used in this thesis was that the sample material was still on 

moratorium when it was begun.  
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8.1 Appendix 1 – Cleaning procedure 

 

8.1.1 Fine Clay Removal 

The purpose of this step is to remove residual clay material that has not been 

removed by the sediment washing, or was inside the chambers of the 

foraminifera. The tubes are partially filled with 18.2 MΩ DI H2O, agitated and 

ultrasonicated before being left to allow the foraminifera to settle for 30s or so 

and then the remainder siphoned off. This is repeated twice more with water, 

twice more again with methanol and then twice more again with DI H2O. The 

procedure is varied slightly by siphoning a different tube at the start of each 

iteration to avoid systematic variation. At the end of the last iteration of this the 

tubes are siphoned as dry as possible without losing foraminiferal material. 

 

8.1.2 Oxide Removal 

The purpose of this step is to remove the metal oxide coatings that can form 

on a foraminifer’s test during diagenesis (Barker et al., 2003; Martin and Lea, 

2002). If terriginous material has been deposited along with the foraminifera 

then this step can also remove any Mg/Ca signal that has been imposed upon 

the sediment from this source (Weldeab et al., 2006a). 

A solution of ammonia, citric acid and hydrous hydrazine is added to the 

tubes, and the tubes are placed into a water bath at ~80-90oC for 30 minutes. 

They are ultrasonicated for a few seconds every 2 minutes during this time. The 

hydrous hydrazine solution is then pipetted off and the tubes are cleaned of the 

hydrous hydrazine by filling with DI H2O and leaving in the hot water bath for 

5 minutes. The water is then siphoned off, the tubes refilled and siphoned twice 

more and then once again refilled and placing in the water bath for five more 

minutes before the water is siphoned off once more. After this step, the material 

is then transferred into new tubes because the inner surfaces of the old tubes 
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become contaminated with metals adsorbed during this phase (Boyle and 

Keigwin, 1985/1986). 

 

8.1.3 Removal of Organic Contaminants 

The purpose of this step is to remove any organic material that contaminates 

the samples. The samples are placed into a water bath at ~80-90oC oxidised in a 

solution of 0.1 M NaOH and H2O2. The samples are left in there for five minutes 

before being ultrasonicated for a few seconds and then returned to the water 

bath for a further five minutes. The samples are then topped up with 18.2 MΩ 

DI H2O and the NaOH and H2O2 solution is siphoned off. The tubes are then 

topped up with DI H2O and re-siphoned twice more. 

 

8.1.4 Dilute Acid Leach 

The purpose of this phase is to leach any contaminants that have become 

adsorbed onto the surfaces of the foraminifers’ tests during the cleaning process 

(Boyle and Keigwin, 1985/1986). 0.002M HNO3 is added to each tube and then 

they are ultrasonicated for 30 seconds. The foraminifera are left to settle for a 

few seconds and then the HNO3 is siphoned off. This is quickly repeated four 

more times, changing the orientation of the rack in the ultrasonic bath, and 

which tube is siphoned first to avoid systematic variations. The tubes are then 

filled with 18.2 MΩ DI H2O, ultrasonicated for a few seconds and then 

siphoned. This is repeated once more, after which all the remaining water is 

pipetted off. 
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8.2 Appendix 2 – Frequencies Present in Physical Properties 

 

 
f1 f2 f3 f4 f5 f6 f7 f8 f9 f10 f11 f12 f13 f14 f15 f16 f17 f18 f19 f20 

A* 

frequency (m-1) 
  

0.042 
         

1.91 2.03 
     

4.71 

period (ka)  
13.7 mMa-1   

1735.22 
         

38.28 35.90 
     

15.49 

new period (ka) 
17.3 mMa-1 

    1376.27                   30.26 28.47           12.27 

L* 

frequency (m-1) 
 

0.023 
        

1.40 1.75 
 

2.07 2.21 
 

3.45 3.63 4.08 
 

period (ka)  
13.7 mMa-1  

3185.06 
        

52.21 41.63 
 

35.19 33.01 
 

21.16 20.10 17.89 
 

new period (ka) 
17.3 mMa-1 

  2513.19                 41.29 33.03   27.92 26.16   16.75 15.92 14.17   

B* 

frequency (m-1) 0.013 
  

0.066 0.093 
     

1.40 
  

2.08 
  

3.47 
  

4.63 

period (ka)  
13.7 mMa-1 

5519.59 
  

1103.92 788.52 
     

52.07 
  

35.16 
  

21.07 
  

15.77 

new period (ka) 
17.3 mMa-1 

4446.42     875.81 621.54           41.29     27.79     16.66     12.48 

Bulk Density 

frequency (m-1) 
    

0.087 
  

0.44 0.54 0.63 
          

period (ka)  
13.7 mMa-1     

835.74 
  

167.15 134.80 116.07 
          

new period (ka) 
17.3 mMa-1 

        664.41     131.37 107.04 91.75                     

Magnetic Susceptibility 

frequency (m-1) 
   

0.061 
 

0.15 0.24 
   

1.40 
    

3.11 
    

period (ka)  
13.7 mMa-1    

1198.02 
 

479.21 299.51 
   

52.09 
    

23.49 
    

new period (ka) 
17.3 mMa-1 

      947.60   385.36 240.85       41.29         18.59         

Table 6 -  Prominent frequencies and their associated periods (assuming a 13.7 or 17.3 m Ma-1 linear sedimentation rate over the whole interval) present in the 

different physical processes between 10 Ma and 16.4 Ma. Similar frequencies are grouped into columns labelled f1-20. 
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8.3 Appendix 3 – Core Recovery and Images 

 

Figure 65 – Core recovery from the studied intervals. The intervals studied in this thesis are highlighted 

in red and all sample material was taken from Hole 926B. Taken from Shipboard Scientific Party 

(1995c) 
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Figure 66 – Core images of the studied intervals taken from ShipboardScientificParty (1995c). Studied 

intervals are highlighted in red. 
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8.4 Appendix 4 - Data 

For all the raw data used in this thesis, please refer to the attached CD. 
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8.5 Appendix 5 – Poetry 

8.5.1 The Foram 

In a lab so cold and dreary, as I worked a late night nearly 
Driven mad by tiny fossils from some far bathyal floor 
Suddenly there came a patter, pseudopodal tipper-tapper, 
Some protozoan noise and clatter, clatter on the stage on my microscope's stage floor 
"'Tis hallucination" I intoned "tapping on my microscope's stage floor" 
"This it is and nothing more" 
 
In the late night I was working to make up for all the shirking, 
Procrastination, forum lurking, lurking I'd been doing years before, 
My PhD was ending, and my health I had been spending, 
Saneness torn from bloody rending, rent and shattered on the floor, 
My accoutrements all scattered 'round laboratory floor. 
Laying still for evermore 
 
And the humming ever dimmer from some samples sitting on the spinner, 
My frame growing ever thinner from countless meals skipped before, 
My only nourishment from snacking, exercise from knuckles cracking, and the ever 
ceaseless tapping, tapping on my microscope's stage floor. 
On the picking tray upon the microscope's stage floor. 
"'Tis my madness, nothing more." 
 
Presently my soul grew stronger, I could take the noise no longer, 
"Figment" said I "or phantom, truly your silence I implore!" 
"For you make a persistent clatter, though you may think it not matter, 
But I need not a new distractor or I shall be here for evermore!" 
Working in this accursed lab for evermore!" 
Silence then, and nothing more. 
 
I ceased my microscopal peering, ceased my wondering, started fearing, 
For the silence even extended to the spinner by the door, 
But the hush was 'ere long broken, in my desperation I had spoken, 
spoken out against the silence so complete as ne'er before 
"Mere coincidence, as before" 
"The timer stopped it, nothing more." 
 
Back into the eyepiece peering, heart a-flutter, eyes near-tearing, 
Soon again I heard the tapping somewhat louder than before, 
"Surely" said I "surely just my sleepy brain creating 
Figments from some unholy mating of poor nutrition and films of gore 
Poor diet, lack of sleep and films of gore, 
Temporary madness, nothing more" 
 
All at once, my mind now broken, all my explanations spoken, 
A tiny fossil gave a token, a sign of life though it was long dead fifteen million years or 
more, 
Its tiny chambers at once turning, its aperture seemed to be burning, 
Staring up into the eyepiece I had often used before, 
No eyes, but glared into the eyepiece often used before 
It glared at me, and nothing more. 
 
Tired of resisting this madness, I broke into a sudden gladness, 
For such a microscopic cyclops could do no harm to me for sure 
"Tell me true, oh tiny demon, surely with sinistral plots a-scheming, 
For I'm sure that I'm not dreaming, asleep upon this laboratory floor, 
Tell your name as you sit on my microscope stage floor" 
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Quoth the foram "Nevermore" 
 
Much I marvelled this tiny plankton could be possessed of speech, I thanked him, 
"A strange name for any creature, though it is one I've heard before." 
"Have you met a man called Edgar? He called for his wife, he begged her, 
Begged her name before he died, amongst his final words: 'Lenore'. 
'Praps you recall a desperate man who cried out for his Lenore. 
Were you the raven, Nevermore?" 
 
But the foram staring at me did not agree or attack me, 
Though his aperture stared at me, away my gaiety it bore, 
For although it lay unmoving, all its malice it was proving, 
All the silence never soothing, my fear growing more and more, 
My terror of this tiny foram growing all the more, 
An avatar of Nevermore. 
 
I cried "what have I done to deserve thee, that you have come here to unnerve me, 
And I'm sure a death you soon will serve me, my body cold upon the floor. 
Is my procrastination a sin so deadly, my fear of work so wrong? I bid thee, 
Leave me be, and I shall rid me of my sloth that has plagued me evermore, 
Let me be in peace for evermore!" 
Quoth the foram "Nevermore." 
 
Some strength my resentment lent me for the hand that fate had dealt me, 
"What right have you to come here from some far bathyal floor? 
Seemingly just for my torment, my energy is far more than spent, 
My shoulders hunched and spine far too bent from this microscope and more 
From my computer, this accursed microscope and more" 
Quoth the foram "Nevermore" 
 
I turned away from the scope's eye piece, hoping I might win back all my peace, 
For the evil from the foram was burning stronger than before, 
I thought that if I could ignore it, as I'd failed to implore it, 
Reality would cease to store it, and it would sail from my shore, 
"Go back to the ancient ocean nearer to your plutonian shore" 
Screamed the Foram "Nevermore" 
 
Then methought the air grew denser, scented by some unseen censer, 
Swung by devils, not the angles from Poe's poetry of yore, 
"You wretches, oh you dandies, let me find solace in my brandies, 
For I know not what is nepenthe, nor have Pallas ere to guard me from above laboratory 
door." 
I flew in terror out of the laboratory door 
"Please torment me nevermore!" 
 
I came at once to the brass railing, guarding from the heights the steps were scaling, 
I could feel my courage failing, as though torn out by some claw, 
And I leapt into the open, fearing I would merely end up broken, 
Ever mocked by words the foram spoken as I lay still breathing on the floor, 
But my corpse crashed lifeless into the marble floor. 
To awaken nevermore. 
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8.5.2 Mundulus 

I drifted like a plankton bloom, 
  
      That forms in spring without a fuss, 
  
When I saw deep down in murky gloom, 
  
      Cibicidoides mundulus; 
  
Upon the substrate in the deeps, 
Pseudopod that slips and creeps, 
Trochospiral, whirling test, 
  
     Biconvex and umbo proud, 
  
Each chamber just like all the rest: 
  
     A solid, silent calcite shroud. 
  
I saw just one sat all alone, 
Atop a flat, well-rounded stone, 
The currents like Aeolus played, 
  
      They swirled and lifted silt and sand, 
  
But stoic foram clung and stayed, 
  
      And searched with cytoplasmic hand, 
  
Such silent beauty, in waters hushed, 
Its fate to be for data crushed 
By some researcher drunk on fame, 
  
      Hoping for to proxy make, 
  
The calcite test all cracked and maimed, 
  
      This innocent whose one mistake 
  
Was chemistry worth a discuss. 
So sorry, friend C. mundulus. 

 


