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Abstract 
 
Reconstructing past flow rates of southern component water masses using 

sedimentary 231Pa/230Th 
 

Benjamin J. Hickey 
!
This thesis uses the paleoceancirculation proxy 231Pa/230Th, coupled with water mass 
tracers !13C and "Nd, to reconstruct circulation histories for southern source waters 
masses in the South Atlantic, in addition to North Atlantic Deep Water (NADW) far 
from its source, for the last ~25 kyrs.  
 
Downcore 231Pa/230Th records from a suite of cores along a depth transect in the 
Argentine Basin show distinct differences with depth, suggesting that 231Pa/230Th 
ratios in sediments are reflective of conditions in only the bottom most waters. This 
indicates the importance of consideration of changes in water mass distribution when 
interpreting 231Pa/230Th records. Opal and particle flux data from these cores show 
little correlation with 231Pa/230Th values meaning that changes in 231Pa/230Th  cannot 
be explained by a local composition or particle flux effect and are instead likely to be 
reflecting changes in circulation. 
 
A core bathed by Antarctic Intermediate Water (AAIW) throughout the last 25 kyrs 
(GeoB 2107, 1045 m), has relatively high 231Pa/230Th values (0.075) during the 
Holocene and distincly lower values (0.055) at the LGM suggesting faster AAIW 
transport during the last glacial. At greater depths, 231Pa/230Th, !13C and "Nd data in 
core GeoB 2109 (2504 m) indicate a change in both circulation and water mass 
distribution on glacial-interglacial timescales, with moderate flow of Antarctic 
Bottom Water (AABW) at the LGM being replaced by more vigorous flow of NADW  
during the Holocene.  
 
On millenial timescales, 231Pa/230Th values in deep cores GeoB 2109 and GeoB 2112 
(4010 m) indicate enhanced production of AABW during northern hemisphere 
stadials, when variations in 231Pa/230Th records are of opposite sign between 
hemispheres, supporting a possible bipolar seesaw relationship in deep water 
formation between hemispheres. These data indicate that the 231Pa/230Th proxy can be 
used to reconstruct past flow rates of multiple water masses in the Argentine Basin 
and provide evidence that southern source water masses play a dynamic counterpart 
to NADW formation on abrupt as well as glacial-interglacial timescales. 
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Extended Abstract 
 

Reconstructing past flow rates of southern component water masses using 

sedimentary 231Pa/230Th 
     

Benjamin J. Hickey 
 

The use of 231Pa/230Th sedimentary records to reconstruct past rates of ocean 

circulation have to date focused primarily on the North Atlantic, where increases in 

231Pa/230Th have been observed to coincide with periods of abrupt cooling, suggesting 

a possible link between reorganizations in past deep water production in the North 

Atlantic and northern hemisphere climate. Antiphasing of climate records between 

hemispheres during the last glacial has been explained by a “bipolar seesaw” theory in 

which deep water formation occurs more vigorously in one hemisphere at a time, 

drawing heat from the tropics to the high latitudes of that hemisphere. To test this 

theory, and to improve our understanding of past flow rates of southern source waters 

in the Atlantic more generally, four cores from the Argentine Basin were assessed for 

231Pa/230Th, coupled with water mass proxies !13C and "Nd, for the past ~25 kyrs. 

This allows for reconstruction of the past flow rates and distribution of southern water 

masses AAIW and AABW in addition to NADW far from its source on glacial-

interglacial as well as millenial timescales. 

 

231Pa/230Th ratios are observed to be below the production ratio in all four cores 

throughout the last 25 kyrs, indicating that the proxy is sensitive to changes in 

circulation and export productivity in the Argentine Basin. The four study cores show 

distinctly different downcore 231Pa/230Th records for the last ~25 kyrs, suggesting that 

231Pa/230Th in sediment is set by flow conditions of only the bottom most water mass. 
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This result stresses the importance of considering possible changes in water mass 

distribution when interpreting downcore 231Pa/230Th records.  

 

The potential influence of composition and flux of scavenging particles on 231Pa/230Th 

were assessed by measuring biogenic silica and evaluating past changes in particle 

flux by 230Th normalization.  Total particulate fluxes are found to correlate strongly 

with lithogenic inputs (average r2 = 0.73), which in turn are observed to be strongly 

controlled by sea level, reflecting the close proximity of the shallower study cores to 

the Brazilian continental shelf. The high fluxes of lithogenic material to the sediment 

appears to have little impact on 231Pa/230Th ratios with particle fluxes showing no 

significant correlation with 231Pa/230Th across all four study cores (average r2 =0.003). 

Opal fluxes in the Argentine Basin were found to be low in comparison to other ocean 

regions where opal fluxes have been observed to show a strong control on sediment 

231Pa/230Th. Furthermore, 230Th normalized opal fluxes are observed to show no 

significant correlation with 231Pa/230Th across all core samples in the Argentine Basin 

(average r2 = 0.001). Given the lack of a local control of both opal and particle fluxes 

on 231Pa/230Th, changes in 231Pa/230Th in the study area are inferred to mainly reflect 

lateral advection of Pa related to changes in deep water circulation. 

 

Downcore 231Pa/230Th values in core GeoB 2107 (1048 m), a core located within 

AAIW for the last 25 kyrs, are significantly lower at the LGM than during the 

Holocene. Given the lack of evidence for a local or far field control on 231Pa/230Th, 

these results are best be explained by an increase in AAIW circulation at the LGM, 

consistent with paleoceanographic and modeling evidence of a more prominent 

AAIW during glacial times. Rapid circulation at intermediate depths is also observed 
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in North Atlantic sediments relative to less vigorous flow of AABW below at the 

LGM, as indicated by relatively high 231Pa/230Th values in deep cores from both the 

Argentine Basin and the North Atlantic. The LGM pattern of circulation is opposite to 

that observed during the Holocene, when relatively low 231Pa/230Th values are 

observed at depth in both hemispheres, reflecting vigorous renewal of NADW at 

depth in contrast to higher 231Pa/230Th values observed in intermediate depth cores. 

This suggests the operation of two distinctly different modes of circulation in the 

Atlantic on glacial-interglacial timescales. A transition from glacial to interglacial 

circulation mode is observed to take place at ~11 ka in GeoB 2109 (2504 m), when 

231Pa/230Th, !13C and "Nd all indicate the replacement of AABW with a more 

vigorous flow of NADW at mid depths in the Argentine Basin. This is consistent with 

the core of northern source waters in the southwest Atlantic deepening from ~1600 m 

at the LGM to 2500 m in the Holocene, as deduced from a compilation of !13C data 

from Brazilian margin cores (Curry and Oppo, 2005). 

 

On millennial timescales, there is evidence for increasing formation of AABW in the 

Argentine Basin during Heinrich Stadials (HS) 1 and 2 and the Younger Dryas, when 

231Pa/230Th values are observed to decrease significantly in cores GeoB 2109 and 

GeoB 2112. Minimum 231Pa/230Th values in these southern cores are observed to 

occur when maximum 231Pa/230Th values are observed in deep North Atlantic 

sediments, suggesting a possible inverse coupling of deep water production between 

hemispheres.  This is consistent with observations of an increased presence of 

southern source waters in the North Atlantic during northern hemisphere stadials (e.g. 

Roberts et al., 2009). 

 



! "!

A significant (~1000 years) delay between warming in Antarctica and minimum 

231Pa/230Th values is observed in deep core records from the Argentine Basin during 

HS2. This observation, coupled with the more synchronous and abrupt nature of 

changes in Greenland temperature and 231Pa/230Th values in North Atlantic sediments 

suggests that perturbations in deep water production of NADW/GNAIW, possibly 

related to meltwater discharges from northern hemisphere ice sheets, are responsible 

for triggering reorganizations in deep water mass circulation between hemispheres. 
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Chapter 1: Introduction  

 

Overview  

 

This chapter sets the scene for the research conducted in this thesis by providing a 

brief introduction to the global ocean overturning circulation, its influence on modern 

climate, and how circulation in the Atlantic was different during the last glacial. 

Possible modes of circulation associated with different climate states are discussed 

followed by an introduction to the concept of the bipolar seesaw and a brief review of 

previous studies of past circulation in the southern hemisphere. 

 

1.1 Global ocean circulation 

 

Today there is increasing debate in society about the possibility of climate change 

resulting from rising concentrations of greenhouse gases in the atmosphere. To help 

understand how earth’s climate may change in the future we must continue to 

research how and why it has varied in the past. This thesis concentrates on 

investigating past changes in ocean circulation in order to improve our understanding 

of the role of the oceans in Earth’s climate system and better constrain potential future 

changes in circulation as a result of increasing atmospheric CO2. 

 

The oceans are a critical component of the Earth’s climate system, storing roughly 

1000 times as much heat, and 50 times as much carbon, as the atmosphere (e.g. 

Sigman and Boyle, 2000; Sabine et al., 2004). Covering just over 70% of the Earth’s 

surface, the oceans receive a significantly larger portion of the Sun’s incoming solar 
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radiation than the land. Due to the spherical nature of the Earth, this solar heating is 

distributed unevenly over the planets surface, with the tropics receiving more heat 

from the sun than polar regions. Heat energy from the tropics is transported towards 

the poles via the atmosphere and by ocean circulation. The high specific heat capacity 

of water (4186 Jkg-1 K-1 for water at 15oC vs. 1005-1030 Jkg-1 K-1 for dry-wet air 

(Osborne et al., 1939)) and the ability of the oceans to circulate make them highly 

effective at distributing heat around the planet. 

 

 

 

Modern day global ocean circulation is often described by the Global Ocean 

Conveyor Belt (Broecker, 1991). The conveyor begins in the North Atlantic where 

cold surface water sinks to depth and begins a long journey through the deep ocean 

(Figure 1.1). Initially, it moves southwards at depth in the Atlantic as North Atlantic 

Deep Water (NADW), where it joins Circumpolar Deep Water (CDW) forming in the 

Figure 1.1: Schematic representation of the global ocean conveyor belt system. Principle water 
mass flow paths are depicted together with regions of deep water formation and upwelling. ACC 
represents the Antarctic Circumpolar Current. From Rahmstorf (2002). 
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Southern Ocean, and then flows eastward with the Antarctic Circumpolar Current 

(ACC) before being distributed into the Indian and Pacific oceans.  

 

As deep water does not form at high northern latitudes in the Pacific or Indian 

Oceans, this input from the Southern Ocean constitutes the dominant deep water 

supply. In the Pacific Ocean, a strong halocline is formed due to a perennial low 

salinity surface layer that efficiently prevents sinking of surface water into the interior 

(Warren, 1983). In the subtropical Indian Ocean, warm surface temperatures maintain 

a stable density stratification that does not allow for convective overturning 

(Broecker, 1997). Upwelling of deep water into the surface layer at the northern 

extension of these two ocean basins is thought to feed the surface return flow into the 

Atlantic, thus closing the loop of the Ocean Conveyor Belt (the formation and flow 

paths of the major water masses that make up the ocean conveyor are described more 

completely in chapter 3 of this thesis).  

 

The conveyor model, although a simplified version of deep ocean circulation, broadly 

describes the modern thermohaline system. The thermohaline circulation (THC) is so 

termed because its pattern is influenced significantly by temperature and salinity 

induced density contrasts in the water column (Stommel, 1961; Rahmstorf 2002). 

Together, thermohaline and wind driven forcing form a “single integrated circulation 

system” (Gordan, 1996), often represented by the zonally integrated north-south 

meridional overtunrning circulation (MOC; Figure 1.2). 

 

In general, the ocean is well stratified, producing a stable water column with cold 

dense water sitting at depth while warm less dense water sits at the surface. The 
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region where the two water masses meet is marked by a large gradient in temperature, 

termed the thermocline (Figure 1.2). 

 

 

 

 

 

The water above the thermocline is kept warm by solar heating and wind energy 

mixes this layer to distribute heat across it. The high temperature of this mixed layer 

keeps it buoyant, preventing vertical mixing. However, there are some regions in the 

world ocean where surface water can sink to form deep water masses, principle 

among these are the Labrador and Greenland Seas in the North Atlantic and the 

Weddell and Ross Seas in the southern ocean (denoted by yellow circles in Figure 

1.1). There are also other regions where water can sink due to thermohaline density 

changes, such as the formation of intermediate waters in the Southern Ocean 

(discussed in section 3.4) and in the eastern Mediterranean. However, density changes 

Figure 1.2: Idealized meridional section representing a zonally averaged picture of the Atlantic 
Ocean. Density stratification is illustrated by colour shading (lightest waters in blue, most dense in 
orange). Straight arrows represent the MOC. Wind driven upwelling is a consequence of a 
northward flow of surface water in the Southern Ocean, the Ekman transport, that is driven by 
strong westerly winds. Mixing along the density gradient, called diapycnal mixing, causes mixing-
driven upwelling. Deep water formation occurs in the high northern and southern latitudes, forming 
North Atlantic Deep Water (NADW) and Antarctic Bottom Water (AABW, see also section 3.4.2). 
From Kuhlbrodt et al. (2007).  
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associated with these regions are not sufficient to cause the ventilation of water to the 

bottom of the major ocean basins.  

 

While THC may be simplistically thought as being driven by formation of deep 

convecting water masses at high latitudes, modeling studies show that after 

approximately 1000 years the deep ocean would be filled with cold dense water and 

circulation would cease (Rahmstorf, 2006). A de-densification mechanism is required 

to maintain circulation, which takes the form of a downward penetration of heat as a 

result of turbulent mixing from the winds and tides (e.g. Munk and Wunch 1998). 

Winds may also help drive ocean circulation more directly, whereby westerly winds 

over the Southern Ocean create unusually deep upwelling from >2500 m (Toggweiler 

and Samules, 1995; also see Figure 1.2). Modelling experiments show that both 

mechanisms are important in driving MOC (Kuhlbrodt et al., 2007) and, as global 

winds and tides are relatively constant, it is unlikely that deep water circulation could 

totally shut down for more than a few hundred years (Wunsch, 2003). 

 

1.2 Atlantic meridional overturning circulation and modern climate 

 

In the Atlantic Ocean, an immense quantity of water, equal to a flux of 20 sverdrups 

(1 Sv = 106 m3 s-1), is transported south at depth from the North Atlantic and replaced 

at the surface by warm water from the tropics (Broecker, 1991). This Atlantic 

meridional overturning circulation (AMOC) transports up to 1PW of heat energy to 

high northern latitudes via the Gulf Stream and the North Atlantic Drift (e.g. Talley, 

2003).  
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This heat is released to the atmosphere during deepwater formation in the Labrador 

and Greenland Seas, warming this region by up to 10oC (Ganachaud and Wunch 

2000, Figure 1.3).  

 

Smaller temperature increases relative to the latitudinal mean are observed over deep 

water formation regions in the Southern Ocean, most notably in the Weddell and Ross 

Seas. Perturbations to the modern Atlantic MOC that result in reduced rates of deep 

water formation (e.g. through salinity changes resulting from influx of freshwater at 

high latitudes) therefore have the potential to impact climate in the North Atlantic and 

globally. 

 

Figure 1.3: Global deviations from the zonal mean temperature. Higher temperatures are 
associated with deep water formation regions in the North Atlantic around Greenland and 
in the Weddell and Ross seas of the Southern Ocean. From Rhamstorf (2006). 
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1.3 Comparisons between modern and glacial Atlantic circulation  

 

Modern day hydrographic profiles of the Atlantic Ocean show that deep-water 

circulation is dominated by southward flowing NADW, which is readily identifiable 

as a tongue of nutrient-depleted water extending to depth and as far south as the 

Southern Ocean (Figure 1.4a). Southern source waters are by comparison limited in 

extent, with salinity minimum of Antarctic Intermediate Water (AAIW) seen as far 

north as ~20oN at depths of ~1000 m and the high nutrient water from the Southern 

Ocean (Antarctic Bottom Water, AABW) penetrating northward beneath NADW to 

~40oN.  

 

Nutrient proxies recorded in the calcite of benthic dwelling foraminifera, such as 

Cd/Ca (e.g. Boyle and Keigwin, 1982; Marchitto and Broecker, 2006) and !13C (e.g. 

Duplessy 1998; Curry and Oppo 2005), in addition to non-biological tracers such as 

"Nd (e.g. Piotrowski et al., 2004), have been used to map water-mass distributions in 

the past and show a water-mass geometry at the Last Glacial Maximum (LGM) quite 

different to today (Figure 1.4b). During the last glacial, deep-water production of 

NADW shallowed to intermediate depths, forming Glacial North Atlantic 

Intermediate Water (GNAIW; Boyle and Keigwin, 1987). At depths greater than 2 km 

in the North Atlantic, northern source waters were replaced by nutrient-rich Southern 

Ocean sourced water at depth, with AABW filling a much greater fraction of the 

ocean basin relative to today. 
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The presence of southern sourced AAIW at shallow depths is less well defined at the 

LGM due to a scarcity of data at intermediate depths in the South Atlantic (Marchitto 

and Broecker, 2006), although !13C data from the Brazilian margin indicate a 

continued presence of southern source waters at 1000 m at the LGM  (Curry and 

Oppo, 2005), as discussed in chapter 6 of this thesis.  

 

Figure 1.4: Distribution of the major water masses in the western Atlantic Ocean 
for both a) the modern ocean, based on dissolved phosphate concentrations and 
b) the Last Glacial Maximum (LGM), based on the carbon isotopic composition 
of the shells of benthic foraminifera. From Lynch Stieglitz et al., 2007.  
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Water mass tracers do not provide information about circulation rates, although the 

distinct vertical structure seen in nutrient proxies at the LGM must have been 

maintained by continuous circulation to prevent homogenization by wind and tidal 

mixing (Wunsch, 2003). 

 

Temperature and salinity were also different at the LGM, with temperatures of deep 

waters virtually reaching freezing point leading to a circulation controlled by salinity 

variations (Adkins et al., 2002). In contrast, the modern ocean is dominated by 

thermal gradients between cold, fresh and dense AABW which underlies warm, salty 

NADW at all latitudes south of 40oN in the Atlantic. 

 

1.4 Abrupt climate change and reorganizations of Atlantic MOC during the  

last glacial.   

 

The last glacial and deglacial periods were characterized by millennial scale shifts in 

global climate. Records from Greenland ice cores (Stuvier and Grootes, 2000) and 

North Atlantic sediments (e.g. Shackleton et al., 2000) suggest that high latitudes in 

the Northern Hemisphere were repeatedly subject to large and abrupt fluctuations in 

temperature, commonly referred to as Dansgaard-Oeschger (D-O) oscillations (Figure 

1.5). In the Northern Hemisphere, D-O oscillations take the form of rapid warming, 

typically over few decades, followed by gradual cooling over hundreds of years 

(Dansgaard, 1993). These changes occur too frequently and abruptly to be controlled 

by changes in the orbital cycle of the Earth. Instead, the cause of this climate 

instability has been attributed to changes in the mode of ocean circulation (e.g. 

Broecker 2004).  
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Major reorganizations of the MOC have also been linked to collapses in the 

Greenland ice sheet, with massive discharges of ice causing the collapse of NADW 

production and associated heat transport to the high latitudes via surface currents 

(Broecker, 1994). These so-called Heinrich events, which occur in the cold spells 

immediately preceeding D-O warmings, are documented as thick layers of ice-rafted 

debris in marine sediments in the North Atlantic (Hemming, 2004). 

 

Modeling studies (e.g. Ganopolski and Rahmstorf, 2001; Rahmstorf, 2002) suggest 

that abrupt climate changes that punctuated the glacial are associated with changes 

between three distinct modes of Atlantic circulation (Sarnthein et al., 1994, Elliot et 

al., 2002, Figure 1.6). 

Figure 1.5: Greenland !18O data from the GRIP ice core, for the last ~40 kyr 
displaying the rapid fluctuations in climate (D-O events) that characterized the last 
glacial. Massive ice rafting episodes known as Heinrich events are depicted (H4-H1) 
in addition to the Bolling Allerod (BA) and Younger Dryas (YD) intervals. In contrast 
to the glacial, and deglacial, climate was relatively stable during the Holocene, only 
punctuated by a brief cold snap at 8.2 ka.  
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The rapid warming observed at the end of D-O events in the glacial is associated with 

a “warm” circulation mode (Figure 1.6) which involves the resumption of deep water 

formation in the Nordic seas and heat transport to the northern high latitudes via 

surface currents.   

 

In the “cold” stadial mode, low atmospheric temperatures in the Nordic seas forces 

convection to shift to the open North Atlantic where NADW forms south of the 

Greenland-Scotland Ridge, sinking only to intermediate depths. Model simulations 

suggest that this mode of circulation is stable in a glacial climate (Ganopolski and 

Rahmstorf, 2001). The occurrence of Heinrich events immediately preceding D-O 

warmings is likely to have involved a switch from the glacial “cold” mode to an “off” 

Figure 1.6: Schematic of three 
ocean circulation modes that 
prevailed during different times of 
the last glacial period in the 
Atlantic. NADW and AABW 
circulation are shown by purple 
and blue lines respectively. 
During the “cold” stadial mode, 
production of NADW occurs at 
shallower depths than during the 
‘warm’ circulation mode and 
south of the shallow sill between 
Greenland and Scotland, as 
indicated by the rise in bottom 
topography at ~60oN. From 
Rahmstorf (2002). 
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mode (Figure 1.6, Rahmstorf, 2002) where NADW all but ceased due to freshwater 

inputs derived from melting ice sheets. In both the cold and off modes NADW is 

replaced by southern sourced AABW at depths, as observed in Atlantic water mass 

reconstructions for the LGM (Figure 1.4).  

 

1.5 Anti-phasing of climate records between hemispheres: a Bipolar See-saw?  

 

Comparison of high resolution ice core records from Greenland and Antarctica reveal 

that temperature fluctuations over Antarctica during the last glacial were more gradual 

than those observed in Greenland, and were anti-correlated with these northern 

changes (Blunier and Brook 2001, Figure 1.7).  

 
Figure 1.7: Greenland (A) and Antarctica (B) !18O records for the past 90 kyr, 
with timescale synchronized by methane concentrations (C,D). Vertical dashed 
lines indicate the onset of major Dansgaard-Oeschger events (numbered 1-21). 
Dashed vertical lines (A1-A7) are used to show times of maximum warming in 
the south (corresponding to peaks in !18O values) coinciding with cooling in 
the north (minimum !18O values). From Blunier and Brook (2001). 
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More specifically, Antarctic temperatures are observed to increase gradually while 

Greenland temperatures were decreasing or constant and the termination of Antarctic 

warming was coincident with the onset of rapid warming in Greenland.  

 

This anti-phasing of climate records between hemispheres has been explained by a 

mechanism known as the bi-polar seesaw (Broecker, 1998).  In this mechanism, deep-

water formation occurs more vigorously in one hemisphere than the other, drawing 

heat from the tropics to the high latitudes in one hemisphere at a time (Stocker, 1998). 

The location of vigorous deep-water formation is thought to oscillate from north to 

south causing climate changes that are out of phase in the two hemispheres. As 

discussed above, deep water production in the high latitudes of the North Atlantic 

currently drives heat transport northward in surface currents from the tropics, 

allowing reductions in NADW formation to cool the high latitudes of the northern 

hemisphere and warm the south (Clark et al., 2002). The accuracy of this seesaw 

mechanism as the cause of abrupt change is supported by an increasing body of 

evidence which demonstrates that changes in North Atlantic ocean circulation occur 

synchronously with changes in Greenland temperature (e.g. McManus et al., 2004, 

Gherardi et al., 2005, discussed in more detail in chapter 2 of this thesis). 

 

The classical bipolar seesaw model predicts an anti-phase relationship between 

hemispheres, with no time lag. However, the ice core synchronizations of Blunier and 

Brook (2001) show a time lag between abrupt cooling in Greenland and warming in 

Antarctica of ~1500 years. A thermal “bipolar seesaw” model has been proposed by 

Stocker and Johnsen (2003) in which a southern heat reservoir - thought to be the 

Southern Ocean - is used to account for the significant lag time of southern 
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hemisphere warming in response to a switch off of NADW formation. It is also 

possible that changes in atmospheric circulation, perhaps driven by changes in the 

North Atlantic, are responsible for the southern hemisphere response. Significant 

changes in the position of the Inter-Tropical Convergence Zone (ITCZ) has been 

predicted in models (Chiang et al., 2003) and observed in speleotherm records (e.g. 

Wang et al., 2004) and could therefore account for the bipolar temperature change. 

 

Warming over Greenland and Antarctica may also be the direct result of heat released 

to the atmosphere from deep water formation as discussed above (Figure 1.3). 

Broecker (1998) suggested, on the basis of atmospheric radiocarbon concentrations, 

that heat released due to increased AABW formation in the Southern Ocean was 

important in warming Antarctica during the Younger Dryas, when deep water 

production in the north was thought to have decreased. At present, however, it is not 

clear whether ocean circulation changes in the south accompany documented climate 

changes observed in Antarctica, due to a lack of circulation rate data for southern 

water masses. Consequently, the bi-polar seesaw, in its true sense of representing 

antiphase changes in deep-water formation in the two hemispheres, remains an 

untested hypothesis. Reconstructing past rates of flow of southern water masses in the 

Argentine Basin would allow for testing of the presently untested southern half of the 

bipolar seesaw. Furthermore, It is hoped that this research will help improve our 

understanding of the relationship between ocean circulation and climate, potentially 

enabling us to better constrain climate scenarios for the future. 
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1.6 Reconstructions of past ocean circulation in the Southern Hemisphere 

 

As discussed above, tracers such as !13C (e.g. Duplessy et al., 1984) Cd/Ca (e.g. 

Boyle, 1986) and Nd isotopes (e.g. Rutberg et al., 1998) have been used to investigate 

changes in the distribution of water masses in the past. However, it is the rate of 

circulation of these water masses that controls heat and carbon transport and hence is 

of critical importance for assessing the influence of ocean circulation on Earth’s 

climate. Proxies used to reconstruct past flow rates include 14C measurements on 

planktic and benthic foraminifera to estimate deep water renewal rates (e.g. Adkins et 

al., 1998), measurements of the mean grain size of the sortable silt (e.g. McCave and 

Hall 2006), stable-isotope geostrophy (e.g. Lynch-Stieglitz et al., 2006) and 

sedimentary 231Pa/230Th (e.g. Yu et al., 1996). 

 

Studies of past southern hemisphere circulation are few in comparison to those in the 

north. Hall et al. (2001) investigated flow speeds of the deep western boundary 

current (DWBC) for the past 1.2 Ma by measuring the mean grain size of sortable silt 

from sediments east of New Zealand. Using this sortable silt palaeocirculation proxy 

coupled with foraminiferal !13C data, Hall et al. (2001) found evidence for intensified 

deep Pacific Ocean inflow during glacial periods, possibly due to an increase in 

production of AABW.  

 

Pahnke et al. (2003) produced a record of !18O and Mg/Ca ratios from planktonic 

foraminifera in sediments from the southwest Pacific to assess surface water 

hydrographic changes (sea surface temperature !18O of sea water) over the past 

340,000 years. Data from interglacial core sections were observed to closely correlate 
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with Antarctic climate, whilst glacial core sections displayed higher variability than 

seen in Antarctic ice cores, implying climate de-coupling between mid and high 

southern latitudes during glacial times due to an enhanced circulation of the Antarctic 

Circumpolar Current. In a separate study using sediments from the same location, 

Pahnke and Zahn (2005) used benthic !13C in conjunction with benthic and planktic 

!18O records to infer greater production of AAIW during episodes of northern 

hemisphere cooling, suggesting that AAIW has significant potential as a dynamic 

component in interhemispheric deep water formation. 

 

As discussed in more detail in chapter 2 of this thesis, Thomas et al. (2007) observed 

near constant 231Pa/230Th ratios in sediments off Madagascar across the last glacial-

interglacial cycle, suggesting that there has been little or no change in the inflow of 

AABW to the Indian Ocean during the last 140 ka, in contrast to changes in deep 

circulation thought to occur in other ocean basins. 

 

The research presented in this thesis aims to add to these studies of past southern 

hemisphere circulation records through reconstruction of past flow rates of southern 

sourced water masses in the South Atlantic using the sedimentary 231Pa/230Th 

palaeocirculation proxy. 
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Chapter 2: The 231Pa/230Th proxy  

 

Overview  

 

This thesis focuses on the use of 231Pa/230Th ratios in ocean sediment as a proxy for 

past ocean circulation. The 231Pa/230Th ratio is more formally expressed as 

(231Pa/230Th)xs,0 where brackets are used to represent the activity ratio of 231Pa to 

230Th. The xs,0 subscript is used to indicate that values represent excess 231Pa and 

230Th activities which have been corrected for 231Pa and 230Th supported by uranium 

isotopes present in the sediment mineral lattices and decay corrected to the time of 

deposition (as described in section 7.2). For simplicity, this expression will 

subsequently be written in this text as 231Pa/230Th. 

  

This chapter gives a brief overview of the production of 231Pa and 230Th in the water 

column and discusses the major controls on the sedimentary 231Pa/230Th ratio: particle 

composition, particle flux and ocean circulation. The use of 231Pa/230Th to investigate 

past changes in oceanographic processes both in and outside the North Atlantic is then 

discussed from a historical perspective. At the end of the chapter, a brief introduction 

to the use of !Nd and "13C isotopes as water mass tracers is also given as these will be 

used to complement 231Pa/230Th data in this study.  

 

2.1 Production of Pa and Th in seawater 

 

The radioisotopes 231Pa (t1/2 = 32.5 kyrs) and 230Th (t1/2 = 75.2 kyrs) are produced in 

seawater by radioactive decay of dissolved parent isotopes 235U and 234U respectively:
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235U  !  231Th   !  231Pa  !……207Pb     (2.1) 

 

238U  !  234Th   !  234Pa   !  234U  !  230Th  !…..206Pb   (2.2) 

 

Uranium isotopes behave conservatively in oxygenated seawater, forming stable and 

soluble uranyl carbonate ions. Consequently uranium has a long residence time in the 

oceans of approximately 400,000 years (Dunk et al., 2002), resulting in the isotopic 

concentration of uranium being homogenous throughout the oceans (Chen et al., 

1986). Subsequently, 231Pa and 230Th are produced, from the decay of their respective 

parent uranium isotopes (equations 2.1, 2.2), at a constant production activity ratio, 

("Pa,/ "Th) of 0.093 throughout the ocean (equation 2.3):   

 

   (2.3) 

 

Protactinium and thorium are significantly less soluble than uranium and are rapidly 

removed from seawater by adsorption onto settling particles (Anderson et al., 1983). 

This scavenging process results in the accumulation of excess, or unsupported, 230Th 

and 231Pa in the underlying sediment. The process of adsorption onto falling particles 

and subsequent desorption leads to an increase of 231Pa and 230Th concentrations at 

depth in the water column (Figure 2.1). This process, known as reversible scavenging, 

takes place because of the sinking of particles to depths with different Pa and Th 

concentrations and because 231Pa and 230Th remain in an exchangeable form on 

particle surfaces (Bacon and Anderson, 1982). 

# " 

# # " " 
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The concentration of Th in the water column is greater than 231Pa due to its more 

abundant parent isotope 238U. 230Th is also more abundant than 231Pa in the particulate 

phase due to its greater particle reactivity. The less efficient scavenging of dissolved 

231Pa gives it a relatively longer ocean residence time of approximately 120 years 

while that of dissolved 230Th is approximately 30 years (Henderson and Anderson, 

2003). These residence times are orders of magnitude shorter than the half lives of 

231Pa and 230Th, meaning radioactive decay in the water column is a negligible factor 

for sedimentary 231Pa/230Th. In addition, the half life of the shorter lived 231Pa (t1/2 = 

32.5 kyrs) implies that the use of 231Pa/230Th as a valid proxy for ocean processes is 

restricted to the last 150 kyrs (i.e. ~5 half lives, e.g. Yu e al., 1996). 

Figure 2.1: A compilation of water column profiles of total, dissolved and particulate 
phases for 230Th (top) and 231Pa (bottom), with average profiles shown by black lines. 
From Henderson and Anderson (2003). 
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2.2 The influence of particle composition and particle mass flux on sedimentary 
231Pa/230Th 

 

The degree to which 230Th is preferentially scavenged relative to 231Pa is dependent on 

the composition of scavenging particles in seawater (e.g. Henderson and Anderson, 

2003). 

 

Partition coefficients (Kd) are used to describe the equilibrium partitioning of a 

species between the dissolved and particulate phase for a given particle type  

(equation 2.4): 

 

! ! !!!!!!!!!(2.4)
 

 

Typical values for equilibrium partition coefficients for 231Pa and 230Th on carbonate 

and opal (Table 2.1) are high, reflecting the fact that 231Pa and 230Th adhere to particle 

surfaces very strongly. However, most 231Pa and 230Th exist in the dissolved phase 

due to the low concentration of particles in seawater. 

 

   
 

 

Table 2.1: Typical partition coefficients for 230Th and 231Pa. 
From Siddall et al. (2005). 
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The differential removal of 231Pa and 230Th from the water column for a given particle 

composition is expressed in terms of the ratio of their partition coefficients, as a 

fractionation factor (F), (equation 2.5): 

 

  

  (2.5) 

 

 

 

Partition coefficients for 231Pa and 230Th as a function of particle composition have 

been determined experimentally through measurement of nuclide concentrations in 

particles collected in sediment traps and in the water above them (e.g. Chase et al., 

2002).   

 

Whilst the precise nature of particle type dependence is still controversial (e.g. Chase 

and Anderson, 2004; Luo and Ku, 2004; Siddall et al., 2005), there is a clear tendency 

for F(230Th/231Pa) to decrease with increasing opal content and increase with 

increasing carbonate content (Chase et al., 2002, Figure 2.2).   

 

  

Figure 2.2: Fractionation factor (230Th/231Pa) as a function of particle composition (Chase et al., 2002). 
 

! 

F 230Th /231Pa( ) =
Kd

230Th

Kd
231Pa

=

230Th
231Pa

" 

# 
$ 

% 

& 
' 
particulates

230Th
231Pa

" 

# 
$ 

% 

& 
' 
water



                                                                              Chapter 2: The 231Pa/230Th proxy  

 23 

In fact, Chase et al. (2002) report that, due to the lack of relationship between the 

fractionation factor and the percentage of lithogenic or particulate organic carbon 

(POC), the fractionation between 231Pa and 230Th in seawater depends primarily on the 

balance between the two biogenic components opal and carbonate, rather than on the 

absolute contribution of biogenic versus lithogenic fluxes.  

 

In open-ocean regions and particularly in oligotrophic areas where organisms with 

carbonate shells dominate, fractionation factors are high (typically F!10), reflecting 

the high proportion of carbonate in the biogenic fraction. Preferential scavenging of 

230Th relative to 231Pa in open ocean regions leads to dissolved 231Pa/230Th of 0.3 to 

0.4 (i.e. greater than the production ratio of 0.093) and correspondingly low 

231Pa/230Th of 0.03-0.04 in sediments underlying these waters (Henderson and 

Anderson, 2003). 

 

In regions of biological productivity where the composition of scavenging particles is 

dominated by opal, such as in the Southern Ocean, particles essentially do not 

fractionate between 231Pa and 230Th (F!1). This is due to the strong affinity of opal for 

231Pa and also to the weaker affinity of opal for 230Th, relative to other particle types. 

In such regions, sedimentary 231Pa/230Th is typically greater than the production ratio 

of 0.093 reflecting the higher seawater values caused by 230Th removed elsewhere  

(Yu et al., 1996, Figure 2.3). 
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Further evidence for a strong influence of particle composition and particularly the 

presence of opal on sedimentary 231Pa/230Th ratios comes from Holocene sediment in 

the Northern Rockall trough (Hall et al., 2006) and from several cores in the western 

tropical Atlantic (Bradtmiller et al., 2009) where downcore 231Pa/230Th profiles show 

a high correlation with opal concentrations. Whilst opal production is clearly a strong 

modulator of sedimentary 231Pa/230Th, it is important to note that estimations of past 

opal concentrations in marine surface waters is confounded by the many factors that 

can influence the efficiency of opal preservation in sediments (e.g. Lippold et al., 

2009). 

 

In addition to the control on 231Pa/230Th fractionation by particle composition, the 

scavenging efficiency of Pa and Th is greater in regions of high particle flux due to 

the higher surface area available to Pa and Th for scavenging (Kumar et al., 1993). 

Past changes in particle flux can be evaluated by 230Th normalization (as described in 

Figure 2.3: Distribution of 231Pa/230Th ratios in Southern Ocean Holocene sediments (Yu et 
al., 1996). Note that, for significant regions of the Southern Ocean the ratio is higher than the 
production ratio (0.093) due to scavenging of Pa by the opal rich particulate flux.  
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section 6.2 of this thesis). Using this technique, data collected from sediment traps 

have indicated a positive correlation between 231Pa/230Th and mass flux of particles in 

the water column (Lao et al., 1993; Kumar et al., 1995). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This relationship was initially relied on to use 231Pa/230Th ratios to reconstruct past 

productivity (e.g. Kumar et al., 1993, section 2.5), though subsequent realization of 

the importance of opal for 231Pa/230Th fractionation undermines the use of sediment 

231Pa/230Th as a proxy for paleo particle flux. 

 

Enhanced scavenging of Pa occurs at ocean margins due to the combined effects of 

high particle mass flux and high concentrations of opal in surface waters. The 

combination of these effects, known as boundary scavenging, involves the lateral 

Figure 2.4: 231Pa/230Th ratios plotted against mean annual mass flux of particles 
collected in sediment traps from the South Atlantic (Kumar et al. 1995) 
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transport of Pa to coastal areas by diffusive processes before being scavenged to the 

sediment (e.g. Anderson and Bacon, 1983). Causes for the increased scavenging in 

the near-shore environment include greater particulate flux from rivers and coastal 

erosion and enhanced bio-productivity due to upwelling (Luo et al., 2004).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: 231Pa/230Th ratios in surface sediments off the Namibian coast: grey circles 
are 231Pa/230Th ratios higher than the production rate of these isotopes in the water 
column (0.093), black circles are 231Pa/230Th ratios lower than the production ratio. 
From Scholten et al. (2008). 
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An example of such boundary scavenging is provided by Scholten et al. (2008), who 

document evidence for boundary scavenging in upwelling regions off the west coast 

of Africa, where 231Pa/230Th in surface sediments is observed to decrease with 

distance from the Namibian coast (Figure 2.5). This is thought to reflect enhanced 

removal of Pa due to higher particle flux and greater opal production with proximity 

to the coastline. However, boundary scavenging is generally weakly expressed in the 

Atlantic in comparison to other ocean basins with longer water mass residence times 

(Moran et al., 2001) because waters are advected southward and out of the basin 

before significant lateral diffusion of 231Pa to the margins can occur. 

 

2.3 The use of 231Pa/230Th as a proxy for past ocean circulation 

 

The use of 231Pa/230Th to assess past circulation rates relies on the difference in 

solubility of Pa and Th. As described in section 2.2, Pa is slightly more soluble than 

Th and therefore has longer residence time in the water column. Consequently, 231Pa 

is more strongly advected by ocean circulation than 230Th and can be transported 

laterally over longer distances and away from the site of sediment deposition.  

 

The 231Pa/230Th preserved in sediments can therefore be used as a proxy for measuring 

past rates of ocean circulation in ocean regions where water mass residence times are 

shorter or on the same order of magnitude as the scavenging time of 230Th and 231Pa 

(Scholten et al., 1995). Higher rates of meridional overturning circulation in the past 

would result in greater Pa export from the North Atlantic to the Southern Ocean and 

in lower 231Pa/230Th ratios in the underlying sediments of the North Atlantic. In 

contrast, a stagnant water mass will reach a state where the 231Pa/230Th of the 
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underlying sediments in the North Atlantic is equal to the production ratio in the 

water column of 0.093. 

 

In the North Atlantic today, deep water formation combined with rapid advection is 

responsible for exporting approximately 50-70% of 231Pa and only 10% of 230Th 

produced in the water column to the southern ocean (Yu et al., 1996). Consequently 

modern Atlantic sediments north of 50oS have a mean 231Pa/230Th significantly lower 

than the natural production ratio of 0.093 (Yu et al., 1996). On reaching the Southern 

Ocean, the excess 231Pa exported from the North Atlantic is scavenged by opal in 

regions of high biological productivity, leading to sedimentary 231Pa/230Th ratios in 

excess of the production ratio (Figure 2.6, Henderson 2002). 

 

  

 

 

Figure 2.6: Relative 231Pa/230Th ratios in the north Atlantic and 
Southern Ocean resulting from southward advection of Pa with NADW. 
Taken from Henderson (2002). 
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2.4 Reconstructing past variations in North Atlantic MOC using 231Pa/230Th 

 

The use of 231Pa/230Th as a paleocirculation proxy was first applied by Yu et al., 

(1996) to assess changes in the flow rate of NADW between the last glacial and the 

Holocene. Similar sedimentary 231Pa/230Th ratios in the Southern Ocean between the 

Last Glacial Maximum and the Holocene were at first used to indicate little change in 

the overall strength of the Atlantic MOC between these periods. This result conflicted 

with previous water mass studies that had demonstrated that less of the Atlantic was 

influenced by NADW during glacial times (e.g. Duplessy et al., 1998; Boyle and 

Keigwin, 1982). However, later modeling studies found that 231Pa/230Th in the 

Southern Ocean is relatively insensitive to changes in ocean circulation due to the 

high opal productivity in this region which results in high 231Pa/230Th regardless of the 

rate of NADW flow (Marchall et al., 2000).  

 

The timeslices of Yu et al. (1996) were followed by the first continuous high 

resolution palaeorecord of 231Pa/230Th in a study by McManus et al. (2004). In this 

study, changes in deep-water formation during the past ~20 kyrs were assessed by 

analysis of a high accumulation rate core (OCE326-GGC5; 33o42’N, 57o33’W, 4,550 

m) in the deep western subtropical Atlantic (Figure 2.7). The sedimentary 231Pa/230Th 

record in core GCC5 is marked by large changes in 231Pa/230Th during the deglacial, 

whose timing suggest rapid, large scale oscillations in MOC that occurred in concert 

with regional climatic variations as observed in Greenland ice core isotope records 

(Figure 2.7). Specifically, 231Pa/230Th ratios from the Bermuda Rise are observed to 

increase soon after ~19 ka toward the production ratio of 0.093 at ~17.5 ka and 

remain above 0.08 until ~15 ka. 
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These high 231Pa/230Th ratios were interpreted by McManus et al. (2004) as reflecting 

a nearly total shutdown of the MOC that lasted for more than 2000 years. This 

inferred collapse of deep ocean circulation is thought to be linked to the onset of the 

Heinrich-1 (H1) iceberg rafting event (at ~17.5 ka). The Heinrich-1 stadial was 

followed by an abrupt decrease in 231Pa/230Th and subsequent inferred reinvigoration 

of MOC during the dramatic warming of Bolling-Allerod (at ~15 ka). A further 

abrupt increase in 231Pa/230Th, implying a partial reduction in MOC, occurs at 12.7 ka 

coinciding with the beginning of the Younger Dryas cold event. 

 

The results of McManus et al. (2004) have been supported by subsequent studies from 

the Iberian Margin (Gherardi et al., 2005) and the northeast Atlantic (Gherardi et al., 

2009) in which similarly high 231Pa/230Th ratios were observed during H1 and the 

Younger Dryas (YD). The similarities in the 231Pa/230Th records from the Iberian 

Figure 2.7: 231Pa/230Th ratios (green) from the Bermuda Rise (core GGC5) after McManus 
et al (2004). GISP oxygen isotope data is shown in blue (data taken from NGDC). Dashed 
orange line is used to indicate the natural 231Pa/230Th production ratio (0.093).  
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margin and the Bermuda Rise record suggests that sedimentary 231Pa/230Th ratios 

record basin-wide changes in deep water circulation in the North Atlantic (Siddall et 

al., 2005).  

 

 

 

The 230Th normalized sediment flux records in each of the aforementioned studies did 

not show significant changes in particle flux at any of these sites, suggesting that 

changes in these 231Pa/230Th records are likely to be mainly due to changes in 

circulation (Siddall et al., 2005). However, further research by Lippold et al. (2009) 

Figure 2.8: a) 231Pa/230Th ratios from Bermuda Rise cores ODP1063 (blue, Lippold et 
al., 2009) and GGC5 (grey, McManus et al., 2004). b) Total diatom abundance in 
core ODP1063 (grey: original data, red: smoothed data). From Lippold et al., 2009.  
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found a significant correlation between diatom concentration and 231Pa/230Th ratios in 

core ODP 1063 (33o 41’N, 57o 37’W, 4,584 m) close to the location of core GGC5, 

suggesting that particle composition may have a strong control on 231Pa/230Th ratios in 

North Atlantic sediments, most notably during Heinrich stadials (Figure 2.8).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gherardi et al. (2009) compiled 231Pa/230Th ratios from six North Atlantic sediment 

cores ranging in depth from ~2-4.5 km to investigate the evolution of the geometry 

and rate of formation of deep waters in the North Atlantic for the last ~25 kyrs 

(Figure 2.9). These records included three previously published records from 

McManus et al. (2004), Gherardi et al. (2005) and Hall et al. (2006). Average 

Figure 2.9: Map of north Atlantic showing locations of cores used in Gherardi  
231Pa/230Th compilation study (red circles) and sites of cores used for 
stratigraphic correlations (black circles). From Gherardi et al. (2009). 
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sedimentary 231Pa/230Th ratios for each core were calculated for five major time slices 

(Heinrich-1 (H1), Younger Dryas (YD), Bolling-Allerod (BA), Holocene and the 

LGM) and plotted versus depth (Figure 2.10).  

 

 

 

 

Results from the time slice profiles show that Holocene 231Pa/230Th ratios decrease 

with depth (Figure 2.10a), indicating vigorous export of deep waters consistent with 

our understanding of modern Atlantic Ocean circulation. In contrast, 231Pa/230Th ratios 

at the LGM indicate that GNAIW drove a rapid overturning circulation down to 

depths of 3000 m, below which circulation was much slower than today, as indicated 

by higher 231Pa/230Th. The very different 231Pa/230Th profiles observed for the 

Holocene and LGM is consistent with the differences between Holocene and glacial 

circulation modes previously inferred from nutrient proxies (e.g. Curry and Oppo, 

2005) as discussed in chapter 1. 

Figure 2.10: Sedimentary 231Pa/230Th time slices versus water depth from North 
Atlantic sediments (Gherardi et al. 2009). a) LGM (solid dark blue) versus 
Holocene (orange) time slice. b) H1 (solid blue), BA (red) and YD (dashed light 
blue). The 231Pa/230Th natural production ratio (0.093) is shown using a black 
vertical dashed line. 
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The timeslice from H1 (Figure 2.10b), shows relatively high 231Pa/230Th ratios at 

depth indicating reduced deep water renewal rates, whereas significantly lower 

231Pa/230Th ratios at 2000 m suggests there was still an active overturning cell that was 

exporting 231Pa from the North Atlantic at this time. 231Pa/230Th values during the 

Bolling-Allerod period, commonly thought to have a circulation mode similar to the 

modern ocean, indicate lower deep water renewal than during the Holocene although 

greater than during H1. The circulation characteristics of the YD appear to be 

intermediate between those of H1 and BA. 

 

Hall et al. (2006) argue that the high 231Pa/230Th ratios recorded in core DAPC2 

during the Holocene are the result of high opal concentrations in particulate fluxes to 

the sediment in the Rockall trough. Others have suggested that the 231Pa/230Th signal 

in some North Atlantic records may be caused by high opal concentrations (Keigwin 

and Boyle, 2008). However, a similar level of opal abundance to DAPC2 is observed 

in core MD95-2037 during the glacial, with little apparent influence on the 231Pa/230Th 

signal, casting doubt on this explanation (Gherardi et al. 2009). 

 

2.5 The use of 231Pa/230Th outside of the North Atlantic 

 

Early studies of sedimentary 231Pa/230Th ratios outside of the North Atlantic focused 

on the use of 231Pa/230Th as a paleo productivity proxy in the Southern Ocean. Kumar 

et al. (1993) used 231Pa/230Th records from cores located north and south of the 

modern day Antarctic Polar Front (APF) to investigate spatial variations in particle 

flux and biologic productivity over the last ~150 kyrs. Kumar et al. (1993) observed 

that high 231Pa/230Th ratios occurred during interglacial periods south of the APF 
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(Figure 2.11a) whilst during glacial periods high 231Pa/230Th was found north of the 

APF (Figure 2.11b).  

 

Assuming 231Pa/230Th to reflect mainly changes in mass flux, regardless of the 

composition of settling particles, Kumar et al. (1993) interpreted these 231Pa/230Th 

records as reflecting an a northward shift in the zone of high biological productivity 

during glacial periods due to an increase of Southern Ocean sea-ice cover.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Subsequent work investigating the control of particle composition on 231Pa/230Th (e.g. 

Chase et al., 2002) found that opal concentrations have a significant influence on 

Figure 2.11: Decay corrected 
231Pa/230Th ratios in sediments 
from (a) core RC13-259 located 
south of the present position of 
the Antarctic Polar Front (APF) 
and (b) RC 13-254 located north 
of the APF. The SPECMAP !18O 
record (dashed line) is shown to 
illustrate glacial-interglacial 
cycles over this time interval 
(Kumar et al. 1993). The pattern 
of variability north and south of 
the APF are opposite to one 
another with 231Pa/230Th ratios 
well below the production ratio 
(0.093) observed during 
interglacials north of the APF 
and 231Pa/230Th ratios a factor of 
three greater than the production 
ratio observed during 
interglacials south of the APF. 

© 1993 Nature  Publishing Group
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231Pa/230Th (as discussed in section 2.2). However, because high particle flux regions 

tend to be dominated by diatoms (opal) it is often difficult to separate the influences 

of both particle flux and particle composition on sedimentary 231Pa/230Th ratios in 

regions of high particle flux. 

 

Pa and Th water column profiles for the southwest Indian Ocean, produced by 

Thomas et al. (2006) indicate that waters flowing from the Southern Ocean (AABW) 

are depleted in Pa relative to other water masses (Figure 2.12). This was attributed to 

scavenging of Pa as waters flow northwards through the opal belt at ~50oS.  

 

 

This result has important implications for the study of sedimentary 231Pa/230Th in 

ocean regions where sediments are bathed by southern sourced water masses. For 

example, enhanced scavenging of Pa in southern sourced water masses flowing 

through the opal belt would result in 231Pa/230Th ratios below the production ratio at 

core sites in the Argentine Basin. 231Pa/230Th ratios below the production ratio are 

likely to be sensitive to changes in circulation and export productivity and can 

Figure 2.12: Water column results from the southwest Indian Ocean showing profiles through the 
water column for a) 230Th; b) 231Pa and c) 232Th. A depletion in Pa relative to overlying waters and 
globally averaged data (thick grey line) is observed in AABW. From Thomas et al. (2006). 
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therefore potentially be used to reconstruct the past circulation of AABW in the South 

Atlantic. 

 

The observation of water masses with distinct Pa values in a single water column also 

raised the question of which water mass controls sedimentary 231Pa/230Th values. A 

common assumption in interpretation of sedimentary 231Pa/230Th ratios from the North 

Atlantic has been that they represent average flow conditions through the entire water 

column. This assumption has been tested in a recent study by Thomas et al. (2006). 

Using a simple 1D model to assess the depth at which Pa and Th last equilibrate in the 

water column before reaching the sediment, Thomas et al. (2006) found that Pa and 

Th exported to the ocean bottom last equilibrate with waters within ~1000 m of the 

seafloor as a consequence of increasing Pa and Th concentration with depth. The 

sedimentary 231Pa/230Th ratio is therefore thought to reflect the flow rate of only the 

deepest water mass, rather than averaging flow across the entire water column. This 

finding suggests that southern component waters may act as a potential modulator of 

sedimentary 231Pa/230Th in the North Atlantic, given the evidence of northward 

intrusion of southern waters during cold periods (e.g. Boyle and Keigwin, 1987; 

Curry and Oppo, 2005). 

 

Thomas et al. (2007) measured 231Pa/230Th in sediments from a deep core east of 

Madagascar to assess past flow-rates of AABW into the Indian Ocean over the last 

glacial-interglacial cycle. 231Pa/230Th ratios were found to be nearly constant at 0.055 

throughout this period, significantly lower than the production ratio of 0.093, 

indicating that the proxy is sensitive to changes in circulation and sediment fluxes at 

this site. The consistent value suggests there has been no change in the inflow of 
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AABW to the Indian Ocean during the last 140 ka, in contrast to changes in deep 

circulation thought to occur in other ocean basins (e.g. Atlantic Ocean) 

 

2.6 Modeling the response of 231Pa/230Th to changes in Atlantic MOC 

 

General Circulation Models (GCM’s) are able to reproduce the main features of 

global 231Pa/230Th in sediments (Siddall et al., 2005) and have recently been used to 

examine the potential changes in sedimentary 231Pa/230Th with a shutdown of NADW 

formation (Siddall et al., 2007). Figure 2.13(A) shows modeled 231Pa/230Th ratios 

representing modern day AMOC circulation scenario with core top 231Pa/230Th data 

(in circles) shown for comparison.  

 

 

 

 

 

 

 

 

Figure 2.13: Model simulation of surface sedimentary 231Pa/230Th. For (a) the control simulation of 
the present day surface sedimentary 231Pa/230Th (AMOC-on, 14 Sv), as given by Siddall et al. 
(2005). Observations are shown as colored circles. (b) Modled surface sedimentary 231Pa/230Th for 
the AMOC-off state (2 Sv). (c) The difference in modeled surface sedimentary 231Pa/230Th between 
the AMOC-on and AMOC-off states. The diamond marks the location of core GGC5 from 
McManus et al. (2004) and the triangle that of core SU81-18 from Gherardi et al. (2005). Adapted 
from Siddall et al. (2007). 
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Open ocean regions can be seen to have relatively low 231Pa/230Th as a result of their 

low particle flux and predominance of carbonate (as discussed in section 2.1). The 

model run for a collapsed or reduced state of AMOC (Figure 2.13(B)) shows that Pa 

is scavenged to sediments in regions of high particle flux. The influence of boundary 

scavenging and particle flux is more fully expressed in the Pacific and Indian Oceans 

due to the relatively short residence time of Atlantic waters. The difference in surface 

sedimentary 231Pa/230Th between AMOC on and off states (Figure 2.13(C)) is most 

pronounced in the North Atlantic. However, there is also a significant reduction in 

231Pa/230Th observed in the SW Atlantic due to changes in circulation of southern 

source waters in this region. This model result hints at a possible seesaw like behavior 

in circulation strength of northern and southern water masses in the southwest 

Atlantic. 

 

2.7 Water mass tracers complimentary to 231Pa/230Th 

 

This section briefly describes the use of !Nd in Fe-Mn precipitates and "13C in 

benthic foraminifera as water mass tracers in the ocean. These proxies will be used to 

complement 231Pa/230Th data in this study, in helping to reconstruct the evolution of 

water mass geometry in the Argentine Basin over the last ~25 kyrs. 

 

2.7.1 Stable carbon isotopes 

 

Paleoceanographic studies of stable carbon isotopes focus on the ratio of 13C to 12C in 

the tests of bottom dwelling (benthic) foraminifera, which is reported as relative 

deviation from a standard, Vienna Pee Dee Belemnite (Coplen 1996): 
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During photosynthesis, marine phytoplankton preferentially take up the lighter 

isotope of carbon, 12C, causing enrichment of 13C in the dissolved carbon of surface 

waters (Park and Epstein 1960). The strong preferential uptake of 12C causes marine 

phytoplankton to form organic matter with !13C values which are -20 to -23 ‰ lower 

than ambient seawater (e.g. Hoefs, 2003). When the 13C depleted organic matter sinks 

and decomposes, nutrients and CO2 enriched in 12C are released causing a decrease in 

the !13C of seawater at depth. 

 

Greater surface productivity will therefore cause an increase in the gradient between 

13C enrichment in surface waters and 13C depletion in deep waters. In addition, the 

longer a water mass spends at depth with organic matter raining into it, the more 

enriched in 12C and nutrients it becomes. Therefore, newly formed deepwaters, such 

as NADW, have high !13C values and are nutrient poor where as poorly ventilated 

deep waters such as AABW have relatively low !13C and are nutrient rich. 

 

As carbon behaves as a conservative element in the ocean, changes in !13C of deep 

waters may arise from mixing of waters with different isotopic compositions and from 

remineralisation of organic matter in the deep ocean (Curry et al., 1998). Hence, !13C 

of benthic foraminifera can be used as a tracer of past water mass distribution in the 

ocean. 
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However, the !13C of seawater can also be influenced by carbon isotope fractionation 

during air-sea exchange. At the ocean-atmosphere interface, carbon dioxide 

equilibrates with the atmosphere. Given sufficient time at the surface, surface water 

will tend towards equilibrium, exchanging 12C for 13C with the atmosphere. The 

efficiency of the equilibrium reaction is dependent on both the time any one parcel of 

water spends in contact with the atmosphere and on the sea surface temperature, with 

oceanic carbon becoming more enriched in 13C relative to the atmospheric value by 

about 0.1! per degree of cooling (Mook et al., 1974). High wind speeds increase 

exchange rates, bringing the dissolved inorganic carbon !13C closer to equilibrium 

with the atmosphere (e.g. Broecker and Maier-Reimer, 1992). Due to the greater 

mobility of 12CO2, the direction of carbon dioxide flux also influences the air-sea 

exchange signature, imparting a negative surface ocean air-sea exchange signature in 

regions of CO2 invasion and a positive exchange signature in regions of CO2 evasion 

Figure 2.14: !13C distribution in the modern western Atlantic, showing the distinctly high 
!13C signature of AAIW relative to NADW and AABW. Adapted from Curry and Oppo 
(2005). 
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(Lynch-Stieglitz et al., 1995).  These factors can lead to significant changes in the 

preformed signature of a water mass that are independent of changes in nutrient 

content. For example, AAIW is characterized by an extremely positive !13C value as a 

result of surface waters spending a prolonged period in contact with the atmosphere 

prior to its formation in the cold, windy Southern Ocean.  

 

At the LGM, the air-sea exchange signature of !13C in AAIW is thought to have been 

significantly different due to several reasons. In particular, reduced ventilation of the 

Southern Ocean, due to increased sea ice (Moore et al., 2000, Stephen and Keeling 

2000) and surface water stratification (Francois et al., 1997; Toggweiler, 2006) along 

with a reversal in the direction of CO2 flux (e.g. Sigman and Boyle, 2000) would 

reduce the !13C signature in AAIW (Mook et al., 1974; Lynch-Stieglitz and 

Fairbanks, 1994; Lynch-Stieglitz et al., 1995). Additionally, shoaling of northern 

source waters at the LGM (discussed in chapter 6 of this thesis) resulted in mixing of 

AAIW with an increased component of GNAIW, which had aged along its flow path 

from the North Atlantic to the South Atlantic, further reducing the !13C signature in 

AAIW (Oppo and Horowitz, 2000; Came et al., 2003). 

 

In addition to variations in the isotopic composition of seawater, the !13C recorded in 

benthic foraminifera can also vary by species. This is due to different species having 

different microhabitat preferences, with some species (e.g. Cibicidoides) living on or 

near the sediment surface and others (e.g. Uvigerina) living within the sediments. The 

infaunal species Uvigerina show depleted !13C relative to the !13C DIC of bottom 

waters that, in general, reflect the magnitude of the pore-water depletions. The 
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epifaunal species Cibicidoides tend to have the smallest isotopic offset relative to 

bottom waters (Lynch-Stieglitz 2003). However, in areas of high productivity, benthic 

foraminifera living above the sediment may also experience !13C depletion due to 

calcification within a layer of phytodetritus resulting from the high supply of organic 

material to the sediments (Mackensen et al., 1993).  

 

2.7.2 Neodymium isotopes 

 

The use of neodymium isotopes in paleoceanography focuses on the ratio of the 

radiogenic isotope 143Nd to the stable isotope 144Nd, the former being produced by the 

alpha decay of 147Sm (t1/2 ~ 1.06 x 1011 years). Due to the long half-life of 147Sm, 

geological variations in 143Nd/144Nd values are very small. To facilitate interpretation 

and presentation of Nd isotopic data, an epsilon notation, !Nd, is used which 

normalizes the 143Nd/144Nd value of a geologic sample to that of a chondritic uniform 

reservoir (CHUR) representing the bulk Earth, in parts per ten thousand (DePaolo and 

Wasserburg, 1976): 
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with CHUR having a present day value of 0.512638 (Jacobsen and Wasserburg, 

1980).   
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The 143Nd/144Nd ratio in a given lithology results from different initial Sm and Nd 

concentrations acquired during mineral formation. Sm, is a more compatible element 

than Nd and is consequently partitioned into the mantle during partial melting of the 

silicate earth, where as Nd is partitioned into the crust. Old continental rocks which 

contain relatively low concentrations of Sm are therefore characterized by low 

143Nd/144Nd ratios and very negative, nonradiogenic !Nd values. In contrast, younger 

mantle-derived rocks such as arc terranes and mid-ocean ridge basalts have higher 

initial Sm concentrations and are characterized by higher 143Nd/144Nd ratios and more 

radiogenic !Nd values. These !Nd values are imprinted on seawater through 

weathering and erosion of the continents, and the use of !Nd as a water mass tracer 

stems from the geographic distribution of the continents with different lithologies and 

ages (Lynch-Stieglitz 2003). More specifically, the Nd isotopic composition of an 

individual deep water mass is derived from the composition of dissolved, and to a 

lesser extent suspended materials draining into the source regions of that water mass 

(Goldstein and Jacobsen, 1988; Elderfield et al., 1990).  

 

The geographically distinct !Nd isotope ratios in bottom water and Fe-Mn precipitates 

(Figure 2.15), vary from values as high as !Nd~ 0 in the Pacific to !Nd < -20 in the 

Labrador Sea (Piotrowski et al., 2004). In the North Atlantic, NADW forms as dense 

waters from the Nordic Sea, with a !Nd value of ~-9, flow southward and mix with 

sinking waters from the Labrador Sea with a surface !Nd as low as -26, resulting in 

NADW having a !Nd signature of ~-14 (Piepgras and Wasserburg, 1987). The low 

!Nd values in the North Atlantic reflect the addition of Neodymium from the 
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predominantly old continental derived detrital material where as the high Pacific 

values reflect the influence of recent volcanic activity (Lynch-Stieglitz, 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Water column profiles show that water masses conserve the Nd isotopic fingerprints 

of their source regions over long transport paths. In the modern Atlantic Ocean, the 

NADW Nd isotope signature (!Nd~-14) can be traced into the South Atlantic and the 

Antarctic Bottom Water signature (!Nd~-7 to -9) can be traced northward (Figure 

2.15).  In regions where there is active mixing between water masses, such as the 

Atlantic and Southern Oceans, the seawater and Fe-Mn precipitates have intermediate 

values (Frank, 2002). Neodymium isotope ratios are unaffected by biological cycling 

in the ocean but there are both sources and sinks of Neodymium beneath the sea 

surface particularly at the sediment-water interface where it is precipitated in metallic 

crusts.  

Figure 2.15: The modern distribution of Nd isotopes in deep water from Fe-Mn 
crust top data. From Frank 2002. 



 46 

Given the documented stability of both the Pacific (Abouchami et al., 1997) and 

Atlantic (Van de Flierdt et al., 2006) !Nd end-members through the LGM to 

Holocene, any changes in the southern !Nd end-member are thought to relate only to 

the relative input of northern and southern sourced waters to the circum-polar ocean 

(Piotrowski et al., 2004, Pahnke et al., 2008). During periods of reduced North 

Atlantic overturning (such as the Younger Dryas and Heinrich Stadial 1), the southern 

end-member has been observed to become more radiogenic (Goldstein et al., 2007, 

Pahnke et al., 2008). This finding has been interpreted as due to a decreased 

contribution of northern component water to CDW. In contrast, less radiogenic values 

during the Holocene and LGM reflect an increased presence of northern component 

waters in the form of NADW and GNAIW respectively (Goldstein et al., 2007). 

 

2.8 Summary  

 

Changes in 231Pa/230Th through time, as recorded by marine sediments, document 

variations in the processes and factors controlling the fractionation between Th and Pa 

in the water column. Principle among these are particle mass flux and composition of 

scavenging particles in addition to rate of flow. It is therefore essential to consider 

possible biases resulting from changes in particle flux and composition at any core 

site before interpreting sedimentary 231Pa/230Th profiles in terms of circulation 

changes. This can be achieved by measuring biogenic silica and evaluating past 

changes in particle flux by 230Th normalization. 

 

The model result of Thomas et al. (2006) indicating that 231Pa/230Th ratios are set by 

the bottom most water mass is particularly relevant to this study in which 231Pa/230Th 
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sedimentary records will be produced from a suite of cores at different depths in the 

Argentine Basin, a region modeling studies have shown to be sensitive to changes in 

AMOC. This will allow for reconstruction of circulation changes in both northern 

(NADW) and southern source water masses (AAIW, AABW), as identified using 

existing !13C and Nd data, over the past 25 kyrs, a time period encompassing the last 

deglaciation and the major abrupt climate changes associated with it (H1, YD).
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Chapter 3: Regional setting and core selection 

 

3.1 Regional setting: SE Brazilian Continental Margin 

 

This study is based on the analysis of sediment cores from the southeast Brazilian 

continental margin and in the Argentine Basin of the southwest Atlantic Ocean, 

between 27oS to 29oS (Figure 3.1). 

 

 

 

 

 

 

 

 

 

 

The Rio Grande Rise and Santos Plateau separate the Argentine Basin from the Brazil 

Basin to the north. Deep water flows from the south and into the Brazil Basin via the 

Figure 3.1: Bathymetry of the southwest Atlantic Ocean showing location of sample cores on 
the Brazilian continental margin. Major rivers are indicated by blue arrows. Flow paths of 
surface currents and deep water masses in South Atlantic are shown in Figures 3.2 and 3.4 
respectively. Adapted from Rae (2008).  
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Vema Channel, which separates the Rio Grande Rise from the Santos Plateau and the 

continental slope (Figure 3.1). 

 

Ocean sediments in this region range from coarse bioclastic carbonates on the inner 

continental shelf to foraminiferal ooze on the outer shelf and slope, with deep sea 

sediments being dominated by clays below approximately 4000 m water depth 

(Mollenhauer et al. 1993). The supply of terrestrial sediments to the Brazilian margin 

core sites utilized in this study are sourced from the Rio Itajai, which drains part of 

the South Brazilian coastal mountains and lowlands (Heil, 2006).  

 

3.2 Core selection 

 

A number of cores from the Argentine Basin were available for sampling as listed in 

Table 3.1.  

 

 

 

 

 

 

 

 

 

 

 
Table 3.1: A selection of available cores from the Argentine Basin. Cores 
are archived at the Center for Marine and Environmental Sciences 
(MARUM) at Bremen University and the Lamont Doherty Earth 
Observatory (LDEO) at Columbia University.  
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Four sediment cores were selected for 231Pa/230Th analyses: GeoB 2104, 2107, 2109 

and 2112 (Table 3.2). These cores span water depths from 1045 m (GeoB 2107) to 

4010 m (GeoB 2112), a range that allows for characterization of each of the major 

water masses observed in the modern southwest Atlantic Ocean (Figure 3.3). 

 

 

In addition to sampling each of the major water masses, these cores were carefully 

selected for the following reasons:  

 

1. Quality and availability of sample material: All sample cores were deemed to be 

in a good condition on visual inspection at the MARUM core repository in Bremen. 

For the most part, these cores were not heavily sampled which meant that extra 

sample material would likely be available if required (e.g. for replica measurements). 

According to original cruise reports, sedimentation rates in at least the shallower cores 

were high enough to obtain data records at a resolution sufficient to observe changes 

in ocean processes on millennial timescales. 

 

Table 3.2: Details of Brazilian margin cores selected for 231Pa/230Th analysis. All cores were 
sampled from the Center for Marine and Environmental Sciences (MARUM), Bremen. Further 
details regarding core chronology and sample intervals are presented in chapter 5 of this thesis. 
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2. Existence of complimentary proxy data: Previous work on each of these four 

cores provided a wealth of existing data complementary to 231Pa/230Th. All existing 

data from the cores used in this study is summarized in section 3.5 of this chapter. 

 

3. Proximity of cores to one another: The selection of cores in close proximity to 

one another offers potential to establish an age model for the deepest core, GeoB 2112 

(4010 m), which, due to its greater depth, would likely have an insufficient mass of 

carbonate required for 14C dating. Chronologies of shallower cores, based on 14C ages, 

might be extrapolated to depth by correlation of existing XRF data. Furthermore, as 

discussed in chapter 2, particle flux and composition are geographically highly 

variable, so sampling cores from the same oceanographic region, deposited under 

similar sedimentary conditions, would help in assessing the influence of ocean 

circulation versus particle flux and composition on sedimentary 231Pa/230Th. 

 

3.3 Modern day hydrography in the southwest Atlantic 

 

The surface circulation pattern along the Brazilian margin is dominated by the Brazil 

Current, which flows south over the GeoB core sites, and the northward flowing 

Malvinas (or Falkland) Current.  These two surface currents meet at the Brazil 

Malvinas Confluence to the south of the study area (Figure 3.2).  

 

Deep water circulation in the Argentine Basin is characterized by the interplay 

between several water masses (Figure 3.3). Warm South Atlantic central waters are 

observed at shallow depths down to 500 m. From 500 m to 1200 m Antarctic 

Intermediate Water (AAIW) is distinctive by its relatively low salinity levels (Table 
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3.3). Core GeoB 2107 (at 1048 m) is located in the main body of AAIW today, whilst 

GeoB 2104, located at 1503 m, is at the lower limit of AAIW in the transition zone to 

underlying UCDW and NADW.  

 

 

 

 

North Atlantic Deep Water (NADW), distinguished by its low nutrient content is 

found between 1500 m and 3500 m water depth, bisecting upper and lower 

circumpolar deep waters. GeoB 2109 (2504 m) is located within the modern day core 

of NADW. Below NADW, nutrient rich AABW fills the basin from depths between 

3500 m and 4000 m to the ocean floor. GeoB 2112 (4010 m) is located within the 

transition zone between modern day AABW and NADW. 

Figure 3.2: Oceanographic map showing the major surface currents in the southwest 
Atlantic. The blue circle is used to denote the approximate location of GeoB cores used in 
this study. Also shown are the Malvinas or Falkland current (FC), the Southern South 
Equatorial Current (SSEC), the Brazil Malvinas Confluence Zone (BMCZ) and the Antarctic 
Circumpolar Current (ACC). Adapted from Strammer and England, 1999).  
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Figure 3.3: Salinity, phosphate and oxygen profiles showing the various water masses in 
the southwest Atlantic today. Adapted from eWOCE transect data 
(http://www.ewoce.org/gallery/). A tongue of AAIW, identified by its low salinity content, 
lies immediately below high salinity Surface Water (SW) and South Atlantic Central 
Water (SACW) and above oxygen poor UCDW. NADW, identified by its high oxygen 
and salinity content, can be seen splitting UCDW and LCDW. The distinctive salinity and 
nutrients of AABW fill the South Atlantic Basin. White circles mark the approximate 
location of the four sample GeoB cores utilized in this study.  
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In total, more than 10 water masses can be distinguished along the western boundary 

of the South Atlantic (e.g. Reid et al., 1997) but these may be grouped into six main 

units (Table 3.3). 

 

3.4 Formation and circulation of intermediate and deep water masses 

 

The following section briefly describes the formation and flow paths of the major 

water masses observed in the southwest Atlantic today. 

 

3.4.1 North Atlantic Deep Water (NADW) 

 

In the North Atlantic, warm and saline surface waters travel northward via the Gulf 

Stream and the North Atlantic Drift. As this water flows northward it becomes 

Table 3.3: characteristics of the major water masses in the southwest Atlantic. References: 
Strammer and England 1999; Arz et al., 1999; Reid et al., 1999 and Oppo and Horowitz 2000. 
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increasingly cold and saline due to heat exchange with the atmosphere and net 

evaporation. These changes in temperature and salinity make the surface waters more 

dense and prone to sinking, although vertical convection is inhibited by a strong 

thermocline. This stratification can be overcome during storm events, when surface 

divergence and increased vertical mixing disrupts the thermocline, allowing surface 

waters to sink (Gascard and Clarke, 1983). 

 

Figure 3.4: Map of the South Atlantic showing the major flow paths of NADW (red), AABW 
(yellow) and AAIW (pink). A yellow circle is used to indicate a formation region of AABW and 
white circles indicate the approximate location of GeoB cores used in this study. The pink 
horizontal dashed line marks the approximate location of AAIW formation in the southwest 
Atlantic (shown in Figure 3.5) which combines with AAIW that has formed in the southeast 
Pacific and enters the Atlantic via the Drake Passage. 
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The sinking of dense and highly saline waters in the Norwegian, Greenland and 

Labrador Seas combine to form NADW (e.g. Colling et al., 2001). Sinking to a depth 

of 2000-4000 m, this water mass flows south across the Atlantic as a deep western 

boundary current. It is clearly distinguished by its low nutrient, high oxygen and high 

salinity levels (Figure 3.3). In the South Atlantic, the vertical extent of NADW 

decreases and there is an increasing prominence of AAIW above and AABW below. 

NADW passes along the coast of South America between 20oS and 50oS before 

turning eastward across the south Atlantic as part of the ACC (Figure 3.4). The high 

salinity of NADW can be traced into the Southern Ocean as it mixes with CDW and 

also into the Pacific and Indian oceans where it spreads northward towards the 

equator (Reid et al., 1994). 

  

3.4.2 Antarctic Bottom Water 

 

AABW is formed in the Southern Ocean around the coast of Antarctica, particularly 

in the Weddell and Ross Seas. It is formed from circumpolar deep waters that upwell 

in the Antarctic Divergence region (Figure 3.5). Upon upwelling, these waters 

experience Ekman transport of the surface layer (depth to which wind penetrates) due 

to wind forcings. In the Southern Hemisphere, Ekman transport acts at a 90 degree 

angle to the left of the surface motion (e.g. Colling et al., 2001). Consequently, the 

East Wind Drift (Figure 3.5), flowing counter clockwise around Antarctica, is pushed 

south and the clockwise flowing ACC is pushed towards the equator. The surface 

waters flowing toward Antarctica lose heat and moisture to the cold and dry 

atmosphere. This effect is enhanced by cold catabatic winds blowing off the Antarctic 

land mass (Parish, 1998). In addition, surface waters increase in salinity due to sea ice 
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formation, causing them to cool and densify before sinking down the continental rise 

of Antarctica, forming a thick layer of AABW (Warren, 1981; Reid et al., 1989).  

 

 

 

 

 

 

 

 

AABW spreads throughout the Southern Ocean by mixing with the overlying waters 

of the ACC and from there flows into the rest of the world ocean. It is characterized 

by low temperature (-1 to 0oC), low salinity and high nutrients (Table 3.3). It is the 

densest water mass in the world ocean and therefore is often the deepest water mass in 

ocean basins.  The movement of AABW in the Atlantic, Indian and Pacific Oceans is 

restricted by seafloor topography, with ridges acting as barriers and deep fracture 

zones and channels acting as conduits (Stramma and England, 1999). In the Argentine 

Basin, AABW enters through gaps in the Falkland Ridge to the South and spreads to 

fill the deep basin before exiting to the north through the Vema channel (Figure 3.4). 

 

Figure 3.5: Water mass bodies of the Southern Ocean. Source: Hanes Grobe, Alfred 
Wegener Institute for Polar and Marine research, Bremerhaven, Germany (2000). 
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3.4.3 Circumpolar deep water (CDW)   

 

CDW originates in the Southern Ocean as a result of mixing of AABW with northern 

source waters – i.e. NADW (Orsi et al., 1999). CDW is a large mass of fresh, oxygen 

poor and nutrient-rich water. It circulates eastward around Antarctica as part of the 

ACC and returns to the Atlantic through the Drake Passage. In the Argentine Basin 

CDW encounters NADW flowing from the north and splits into an upper (UCDW) 

and lower branch (LCDW). LCDW is characterized by a salinity maximum and 

nutrient minima derived from NADW (Table 3.3). UCDW is characterized by an 

oxygen minimum and nutrient maxima, with sources in the Indian and Pacific Oceans 

(Reid et al., 1989).  

 

3.4.4 Antarctic Intermediate Water (AAIW)  

 

AAIW is formed at the ocean surface in the Antarctic Convergence Zone (AACZ) 

near the Antarctic Polar Front (e.g. Garabato et al., 2009) currently located between 

50oS and 60oS (Figure 3.5). Upwelling CDW in the Antarctic Divergence region 

flows towards the equator due to Ekman transport of the ACC. Persistent precipitation 

at the polar lows (60oS) along with an influx of melt water decreases the overall 

salinity of the original CDW, forming Antarctic Surface Waters, such as Subantarctic 

Mode Water (SAMW) (Maamaatuaiahutapu et al., 1999). SAMW is specifically 

formed by deep winter mixing of surface waters in the Subantarctic Zone immediately 

north of the Polar Front (McCartney, 1977). These surface waters continue to flow 

north until they encounter warmer ‘Subantarctic Water’ at the AACZ (Figure 3.5). 

Here they begin to sink due to thier greater density, forming AAIW, which is 

sandwiched between warmer South Atlantic Central Water above and colder, more 



                                                           Chapter 3: Regional setting and core selection  

 60 

saline NADW below (Lutjeharms, 1985). An additional component of AAIW forms 

from upwelling of CDW at the Polar Front in the Southeast Pacific. This water enters 

the Atlantic through the Drake Passage and joins AAIW formed in the Atlantic at the 

AACZ (Reid et al. 1989). 

 

Together with AABW, AAIW is transported into all ocean basins by the ACC, which 

flows clockwise around Antarctica. The movement of AAIW is less restricted than 

AABW by topographic barriers, although the depth to which it can penetrate is 

limited due to its relatively low salinity and high temperature. In the South Atlantic, 

AAIW is injected into the subtropical gyre in the Falkland Current loop and at the 

Brazil Malvinas (or Falkland) Confluence Zone (BMCZ; Boebel et al. 1999; Figure 

3.2) and is carried east with the South Atlantic Current. AAIW splits to the east of the 

mid-Atlantic Ridge where is meets Aguhlas Water, with one branch joining the 

Benguela Current and the other continuing into the Indian Ocean. Upon reaching 

South America, AAIW bifurcates near the Santos Plateau between 25-30oS with a 

southward component flowing over the sample core sites and a northward component 

flowing as the North Brazil western boundary current. North of 20oS AAIW 

properties gradually erode due to warming and diapycnal upwelling into thermocline 

waters (You, 2001), although traces of AAIW can be followed as far north as ! 60oN 

(Tsuchiya, 1989).  

 

3.5 Existing core data  

 

All but the deepest of the cores used in this thesis have existing �18O and �13C data, 

collected by Dr Stefan Mulitza and Cristiano Chiessi at the University of Bremen, 
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Germany.  These �18O stratigraphies provide a first estimate of the ages of sediments 

in the cores, and of the sedimentation rates, by correlation with the global benthic 

�18O curve of Lisiecki and Raymo (2005, Figure 5.11). No stable-isotope data were 

available for the deepest core, GeoB 2112, due to the lack of carbonate present in 

ocean sediments at this depth. 

 

 

 

3.6 Core sampling 

 

The four GeoB cores selected for sample analysis were collected by the RV Meteor 

during the 1993 METEOR cruise 23/2. These cores are stored at the MARUM Center 

For Marine and Environmental Sciences at the University of Bremen and sampled on 

site with help from James Rae (Oxford), Paul Carter (Bristol) and Cristiano Chiessi 

(Bremen). 

 

Table 3.4: Summary of existing data for each of the GeoB cores selected for sampling. 
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Individual cores were sealed in plastic containers and wrapped tightly in cling film to 

prevent mould growth. Each core was visually inspected for sampling suitability. A 

brief physical description for each sample core was recorded in the original cruise 

report, as summarized below: 

 

GeoB 2104 (1045 m): The sediments in the upper 2 m are light olive brown to grey 

mud-bearing foraminferal nannofissil ooze. Below 2 m the core consists of grey 

pelagic clays without apparent structure. 

 

GeoB 2107 (1503 m): Sediments are very homogenous with respect to colour and 

lithology. The top 10 cm consist of dark grayish brown to grey clay-bearing 

foraminiferal nanofossil ooze. The remainder of the core is grey to dark grey 

foraminifera and nannofossil bearing pelagic clay. 

 

GeoB 2109 (2504 m): Comprises alternations between carbonate rich (calcareous 

pelagic clay) and carbonate poor (pelagic clay) sections. Colour varies between light 

grey and grayish brown with intensively green colured layers in the pelagic clay. 

 

GeoB 2112 (4010 m): Sediments are homogenous with respect to lithology and color. 

Thicker calcareous clay sections alternate with thin layers of foraminifer and 

nanofossil bearing pelagic clay. 

 

Individual samples were taken from these cores at 5 cm intervals in GeoB 2104, 2107 

and 2109 and at 1 cm intervals in GeoB 2112 (due to the lower sedimentation rate in 

this core) using 5 cm3 plastic scoops. The exact depth of each sample from the core 
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top was carefully recorded.  Holes created by the sampling process were filled using 

polystyrene foam to prevent slumping. Each core was then re-sealed with cling film, 

capped and returned to the core repository to be stored under refrigerated conditions. 

 

 

 

 

 

A total of 108 individual sediment samples from the four GeoB cores were placed 

into sealed plastic bags and transferred to the Earth Sciences department at the 

University of Oxford where they were stored in a cool dry place in preparation for 

sample analysis. 

 

 

 

 

Figure 3.6: Photo of a section of core GeoB-2107 being sub sampled. Samples were 
taken at 5 cm intervals using 5 cm3 plastic scoops with a width of 1 cm. Pieces of 
circular grey foam mark the location of previously sampled material which has been 
filled to prevent slumping. 
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Chapter 4: Analytical techniques 

 

Overview 

 

This chapter includes the methods and techniques used for all laboratory work and 

sample analysis done as part of this thesis. This includes the preparation of a 233Pa 

spike, sample chemistry and analysis by multi-collector inductively coupled plasma 

mass spectrometry (MC-ICPMS). Corrections associated with mass spectrometric 

biases and data uncertainties are discussed. Also included are methods for 

measurement of opal, trace metals and preparation of samples for radiocarbon dating. 

For completeness, the method used for the analysis of Nd isotopes performed by 

collaborators at Bristol University is also included in this chapter. 

 

4.1. Overview of Pa, Th and U analysis 

 

The analytical procedure for the measurement of Pa, U and Th in sediment involved 

sample digestion, the manufacture of a 233Pa spike, U-Th-Pa separation using anion-

exchange resin and measurement of these element concentrations and isotope ratios 

by MC-ICPMS. 

 

The sediment digestion procedure is based on a method developed by Steve Wyatt 

and adapted by Alex Thomas at Oxford (Thomas, 2006). Due to the very low 

concentrations of 231Pa and 230Th in ocean sediment, all sample chemistry was carried 

out under clean laboratory conditions. All laboratories were pressurized with HEPA 

filtered air, preventing airborne particulate contaminants from entering.  Laminar flow 
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hoods used for column chemistry were kept under neutral pressure, preventing flow of 

contaminants into the hoods and removing chemical vapours. Tyvec suits, latex 

gloves, goggles and lab clogs were worn at all times for safety reasons and to reduce 

contamination. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2 Beaker cleaning and sample preparation  

 

Teflon sample beakers were cleaned by refluxing overnight with strong acids (2M 

HCL, 7.5M HNO3, 6M HCL + 0.05M HF) at 120oC. Between reflux steps beakers 

were rinsed thoroughly using milli-Q deionized water (18 mOhm). Reagent bottles 

and columns were also cleaned in this way prior to use. 

 

Figure 4.1: Photo showing laminar flow hood and materials used in column chemistry. 
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Samples selected for 231Pa/230Th analysis were dried overnight in an oven at 90oC to 

remove moisture. Individual samples were then lightly crushed using a pestle and 

mortar. Approximately 0.1 g of dried sediment was weighed into cleaned 30 ml 

Teflon beakers using a Satorius Genius ME balance, accurate to 10-4g. Sample 

weights were measured by recording differences in beaker weights before and after 

each sample was placed into the sample beaker. For each sample mass an average of 

three readings were taken. A few drops of milli-Q H2O was used to dampen each 

sample immediately after weighing to prevent loss of powdered sediment from the 

beaker. 

 

4.3 Sediment dissolution 

 

To remove carbonates, 4 ml of 7.5M HNO3 was added to each sample, with the first 2 

ml of acid added drop wise to reduce potential sample loss from violent fizzing as the 

carbonate component reacted. Beakers were capped and refluxed overnight at 120 oC. 

 

 

! 

CaCO3 + 2HNO3 "Ca(NO3)2 +H2O + CO2   (4.1) 

 

Sample solutions were dried down and redissolved in 4 ml of Aqua Regia 

(3HNO3:1HCl) taking care to add HCl drop wise to the nitric acid. Aqua Regia acts as 

a very strong oxidizing agent, due to the nitrosyl chloride produced (equation 4.2).  

 

! 

3HNO3 +HCl"NOCl+ 2NO2 + 2H2O +O2      (4.2) 

 

Oxidation of nitrosyl chloride produces chlorine (equation 4.3), which removes 

organic matter from solution. 
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! 

O2 + 2NOCl" 2NO2 + Cl2          (4.3) 

 

Samples were then refluxed again overnight at 150oC before being dried down to 

incipient dryness.  

 

To digest silicates, a mixture of 4 ml 7.5M HNO3  and 1 ml 0.05M concentrated 

(27M) HF was added to each sample solution, together with a few drops of perchloric 

acid. The mixture was refluxed at 150oC overnight before being heated to incipient 

dryness. 

 

! 

SiO2 + 4HF" 4SiF4 + 2H2O        (4.4) 

 

The addition of HF effectively breaks Si-O bonds. However, this can lead to the 

formation of insoluble fluorides. These fluorides are converted to nitrates whenever 

HNO3 is added during dissolution steps. 

 

           

! 

MF2 +HNO3 "M NO3( ) + 2HF         (4.5) 

 

Adding perchloric acid and drying down at a high temperature (~150 oC) helps to 

drive this reaction to completion, ensuring all HF is evaporated. This procedure was 

performed in a fume hood equipped with a scrubber to remove any condensed 

perchloric acid from the exhaust piping. 

 

This dissolution process was repeated several times until no remaining solids were 

visible in solution. Samples were then redissolved in 4 ml of 7.5M HNO3, ready for 
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spiking. Complete dissolution was often only achieved once the total volume of 

solution was increased to 8 ml due to the partial insolubility of some nitrates. 

 

4.4 Standards and spikes 

 

4.4.1 Isotope dilution 

 

The ability of the MC-ICPMS to measure more than one isotope at the same time 

allows for very accurate measurements of isotope ratios, as any variation in plasma 

intensity will affect both isotopes similarly. 

 

This feature is exploited using a technique know as ‘isotope dilution’ in which a 

known mass of a calibrated spike solution is added to a sample and equilibrated. The 

ratio of spike isotope to sample isotope in this mixture is measured and from this the 

amount of sample isotope can be calculated (e.g. McClaren et al.,1987). 

 

The measured ratio of spike and natural isotopes, 

! 

RM, can be described by the 

addition of spike, S and natural, N, ratio: 

 

   

! 

RM =
AN + AS

BN + BS
      (4.6) 

 

where A and B are the number of moles of each isotope. As the number of moles of 

an isotope is the same as the number of moles of the element (M) multiplied by the 

atomic abundance of the isotope (%), the expression can be written as: 
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! 

RM =
MN "%AN +MS "%AS

MN "%BN +MS "%BS
       (4.7) 

 

which can be rearranged to give: 

 

! 

MN =MS "
%AS #RM "%BS
RM "%BN -%AN

       (4.8) 

 

The above expression can be rewritten to give the mass of the natural isotopes, using 

the fact that mass (P) = number of moles (M) x atomic weight (W): 

 

! 

PN =
PS "WN

WS

"
%AS #RM "%BS
RM "%BN -%AN

       (4.9) 

 

Assuming the composition of the spike is known, the number of natural atoms of each 

isotope can now be calculated. If the spike contains some of the sample isotope of 

interest then this must be corrected for when calculating the number of natural atoms 

in the sample. This can be done by subtracting the number of atoms of this isotope in 

the spike, as determined by calibration against a standard of known concentration, 

from the total number of atoms of this isotope measured in the sample. 

  

4.4.2 U and Th spike 

 

It is necessary to add approximately the same mass of spike isotope to each sample as 

the mass of the isotope of interest in that sample. This minimizes any uncertainty due 

to non-linearity of small isotope beams during mass spectrometric measurement of the 
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isotope ratio. It is therefore necessary to use a mixed spike of U and Th so that the 

concentrations of 236U and 229Th can best be matched to the ratio of U and Th typical 

in samples of ocean sediment. Furthermore, a mixed spike containing both 236U and 

229Th reduces the time involved in spiking each sample, and the associated weighing 

errors from calculations. Both 236U and 229Th are contained within the “Oxford 

Carbonate spike” prepared and calibrated against secular equilibrium standards by 

Robinson et al. (2002) and recalibrated by Thomas et al. (2009). 

 

 

 

 

 

 

4.4.3 233Pa spike 

 
231Pa is the only naturally occurring long-lived isotope of Pa. As a spike for Pa, we 

use the second longest lived isotope, 233Pa with a half-life of 26.967 days (Usman and 

MacMahon, 2000). The 233Pa spike is prepared by milking of its parent isotope 237Np, 

which is not found naturally but is formed as a waste product of the nuclear industry. 

237Np decays to 233Pa via alpha emission: 

 

 

! 

237Np"
#
233Pa"

$
233U"....208 Pb     (4.10)    

 

 t1/2 (237Np)=2.14 x 106 yrs  

t1/2 (233Pa)=26.97 days  

Table 4.1: Table to show the composition of the mixed 229Th and 236U 
spikes: The Oxford ‘Carbonate’ spike and dilute water spike, as calibrated 
by Robinson et al. (2002). 

229
Th

236
U

Oxford Carbonate Spike (g/g) 2.43494x10
-10

9.09591x10
-8

Oxford Dilute Water Spike (g/g) 3.882143x10
-16

4.369682x10
-11

mass (amu) 229.031755 236.045562

decay constant (a
-1

) 8.77x10
-5

2.96x10
-8
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As 237Np decays, the concentration of its radioactive daughter 233Pa increases until 

secular equilibrium is reached between the two isotopes. 

 

 

 

 

 

 

 

 

 

Once 233Pa has been chemically separated from the 237Np solution, the 237Np solution 

must be left for at least three months to allow enough 233Pa to grow in before another 

milking can usefully be performed. 

 

4.4.4. The 237Np-233Pa separation procedure 

 

The separation procedure of 233Pa from 237Np is taken from Regolus et al. (2004) and 

is based on the high affinity of Pa to silica in 7.5 M HNO3 while Np, U and Th do not 

adhere and are washed from the column. Subsequent use of HNO3 with trace HF 

solubilises Pa and removes it from the silica. 

 

Figure 4.2: The increase in (233Pa/237Np) during ingrowth to secular equilibrium of a 
237Np solution with no initial 233Pa. Also shown is the amount of 233Pa produced 
from a 237Np solution containing 750 µg of 237Np (from Thomas, 2006). 
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The Np-Pa separation procedure was carried out in a clean lab designated for ‘hot’ 

chemistry (Figure 4.3) and adhering to all UK and EU laws for handling of 

radioactive substances. Radioactivity levels were monitored using a gamma counter 

and a DP6RA 2019 alpha and beta monitor. Radioactivity counts on all equipment 

were checked against background levels and logged on a daily basis during chemistry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.5 237Np - 233Pa column preparation 

 

A silica gel column was prepared by first degassing approximately 30 mls (enough for 

four columns) of MERCK “Silica Gel 60” resin using a glass bell jar under vacuum 

for several hours. It was important that any trapped air bubbles were removed from 

the resin to ensure the columns did not get blocked during the elution passes. The 

degassed resin was then washed several times using Milli-Q H2O and 8M HNO3. 5 ml 

Figure 4.3: Photo showing the clean lab hood designated for ‘hot’ chemistry 
and materials used for the Np-Pa separation procedure. 
 
 



                                                                               Chapter 4: Analytical techniques                                                                                  

 74 

of cleaned, degassed silica resin was then loaded onto a 7 ml Bio-rad column which 

was then sealed before being centrifuged inside a larger tube filled with water to 

ensure any remaining air is expelled from the column. A further three columns were 

prepared in this way so that four columns were available for the milking procedure. 

 

4.4.6 237Np - 233Pa column chemistry 

 

The Np solution, stored in 8M HNO3 and trace HF was dried down on a hot plate at 

120oC, with a few drops of HCLO4 added to help drive off the trace HF. The Np was 

loaded onto the first silica gel column in 5 ml 8M HNO3 and washed on with a further 

5 ml 8M HNO3. The load and wash solutions were collected from the column and 

monitored to check for the absence of 233Pa by gamma spectrometry. 2x 35 ml of 8M 

HNO3 was then added to the column using a funnel to wash 237Np and 233U from the 

column. This wash was returned to the original bottle and stored safely for the next 

milking. The Pa was then collected with 1x 30 ml 7.5M HNO3 + 0.05M HF and 1x 30 

ml 7.5M HNO3 + 0.1 M HF. The strength of the HF used was critical: too weak and 

the Pa remained on the column, too strong and the HF started to dissolve the silica gel 

which blocked the column resulting in very long elution times and introduces Si into 

the Pa fraction which must be removed by fuming with HF. The column and all 

washes were monitored using a Geiger counter to check for 233Pa recovery. Good 

separation of Pa from Np was important as any Np left in the Pa spike will continue to 

form 233Pa meaning that the concentration of 233Pa will no longer be a simple function 

of the decay constant of 233Pa:  

 

! 

233Pa=233Pa0e "#233Pa t( )+237Np0 1- e -#237Npt( )( )   (4.11) 
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To achieve a sufficient separation of Pa and Np the Pa solution was cleaned by 

repeating the same separation procedure twice more using an extra 35 ml of HNO3 to 

wash out Np for the second and third columns. All HF was driven off between each 

column by fuming with HCLO4. All aliquots containing Np were combined and 

evaporated to a smaller volume, then made up with ~30 ml 7.5M HNO3 + 0.05M HF 

and stored for the next milking separation.  

 

The 237Np/233Pa atom ratio of the Pa spike was measured using a Thermo-Finnigan 

MAT element 2 sector field ICPMS. Prior to measurement, a small drop of the 

concentrated Pa solution was pipetted onto a square piece of aluminium foil, dried 

down and monitored for alpha and beta counts. A reading of 0 alpha counts was 

required to ensure Np levels were sufficiently low for mass spectrometer analysis.  

10 µl of the Pa solution was then taken and transferred to a 6 ml Teflon beaker, to 

which was added ~1 ml of 7.5N HNO3 and a few drops of HCLO4. This was then 

fumed to drive off any HF. This sub-sample of the Pa was diluted to 1 ml in a 

centrifuge tube, which was then measured by ICP-MS for all unit masses 229 to 238. 

A 237Np/233Pa atom ratio <30 in the milked Pa spike is sufficient to require only one 

calibration of 233Pa following milking (Regelous et al., 2004). After three passes 

through silica gel columns the 237Np/233Pa ratio was typically between 30-100 and 

after a fourth column pass the ratio was ~1. By increasing the volume of nitric acid 

added to the first three columns, the 237Np/233Pa ratio was typically <30 after the third 

column pass. If separation was not sufficient then the contents of the Pa beaker were 

treated as if it were the initial Np solution and the entire process was repeated, making 

sure to fume the Pa solution with HCLO4 to remove the HF before adding it to the 

next column. If Np/Pa separation was sufficient (Np/Pa <30) then the Np was stored 
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by reducing the volume, and then adding 7.5N HNO3 and trace HF, before 

transferring to its Teflon bottle. The Pa solution, once fumed with HClO4, was made 

up with 7.5N HNO3 and 0.5N HF, allowed to cool and transferred to a spike bottle to 

use in sample analysis.  

 

Separation of the 233U that ingrows from 233Pa was also important as calibration and 

use of the spike assumes zero initial 233U. The 233Pa/233U ratio has been measured in 

prepared spikes at 2x106, which is sufficiently high to assume zero initial 233U in the 

spike. 

 

4.4.7 233Pa spike calibration 

 

The 233Pa spikes were calibrated by MC-ICPMS against a known 236U spike after 

approximately five months once all 233Pa had decayed to 233U. This approach allows 

the 233Pa concentrations to be measured from 236U/233U, eliminating the effect of 

elemental fractionation within the mass spectrometer. Any 231Pa impurities stemming 

from the 237Np solution were quantified during an initial calibration soon after 

milking and later confirmed from the final calibration. These were corrected for when 

calculating sample 231Pa concentrations as described in section 4.7. 

 

Table 4.2: Concentrations of 233Pa (and 231Pa impurities) in the six 233Pa spikes produced as part of 
this thesis work. Initials A.T and B.H stand for Alex Thomas and Ben Hickey respectively. 

06-Mar-07 A.T 21-Dec-07 1 419.47 4.34 8.55 0.29

10-Jul-07 B.H 21-Dec-07 2,3 1222.72 5.33 66.37 1.39

07-Jun-08 B.H 17-Jul-09 4,5,6 1036.74 23.50 11.85 0.58

06-Oct-08 B.H 17-Jul-09 7,8 745.86 3.99 3.63 0.24

03-Jun-09 B.H 03-Dec-09 9,10,11 698.36 3.39 2.71 0.18

09-Jul-09 A.T 03-Dec-09 12 1349.42 5.79 3.73 0.17

231
Pa (fg/g) 2 S.E.date spike made made by date of final calibration sample batch 233

Pa (fg/g) 2 S.E.
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4.4.8 Spike additions 

 

Approximately 10 drops (~0.1g) of 229Th-236U carbonate spike and 0.5-1 ml of 233Pa 

spike were added to dissolved sample solutions. A Sartorius Genius ME balance, 

accurate to 10-4g was used to record all spike masses. The amount of 233Pa spike 

added to each sample depended on the approximate concentration of 231Pa in the 

sediment, aiming for a measured 233Pa/231Pa ratio of 1.0.  Samples were then refluxed 

overnight and heated to incipient dryness with HCLO4. This was done to ensure full 

equilibration of spike and sample and to drive off HF from the 233Pa spike. The 

sample solution was then converted to nitrate from with 4 mls 7.5M HNO3, in 

preparation for column chemistry. 

 

4.5 Pa-Th-U separation 

 

Pa, Th and U were separated from the sample matrix and each other by column 

chromatography, adapting the procedure described in Edwards et al. (1986). This 

process is important to accurately measure Pa, U and Th on the mass spectrometer 

without clogging the nebuliser with matrix solids. Element separation also minimizes 

abundance sensitivity and molecular interference from large beams, such as 232Th and 

232ThH+ onto 231Pa and 233Pa and removes any ingrown 233U from the 233Pa spike that 

formed since milking. 

 

4.5.1 Separation procedure 

 

10 ml Biorad columns were loaded with Dowex Biorad AG1-X8 anion exchange 

resin (100-200 mesh) that had been cleaned with repeated 10 ml washes of Milli-Q, 
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and 7.5M HNO3. 4 ml of 7.5M HNO3  was added to each column before being loaded 

with dissolved sample solutions. Acids were added drop wise to each column to 

prevent remixing of elements into the reservoir and minimize re-suspension of resin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

To ensure a clean Pa fraction, the first Pa cut was dried down, redissolved in 4 ml 

7.5M HNO3 and given a second column pass. The additional Pa column pass 

improves Pa/Th separation, reducing the interference of 232Th hydrides to the 233Pa 

beam during measurement. The Pa fraction was collected in original sample beakers 

to improve yields, as Pa can have an affinity for Teflon. Due to the relatively short 

half-life of 233Pa it is important to accurately record the time of the final separation of 

Pa and U. This is taken to be the time of the final column pass. Once separated from 

U, the 233Pa spike will continue to decay and produce daughter 233U (159 ka half life). 

As this daughter has the same mass as 233Pa, the 233+/231+ should not change after 

Figure 4.4: Schematic of column chemistry used in the U-Th-Pa separation process. 
Resin is indicated in yellow (from Rae, 2007).  
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separation. Although the ionisation efficiencies of U and Pa have been shown to be 

similar (Choi et al., 2001) the Pa fraction was measured as soon as possible after 

chemical separation to minimize potential fractionation of 233Pa and 233U during 

ionisation.  

 

Finally, Pa, Th and U fractions were reduced to a single drop and redissolved in 1 ml 

of 2% HNO3  in preparation for analysis by MC-ICPMS. 

 

4.6. Mass spectrometry  

 

U, Th and Pa were measured on a Nu instruments Multi Collector Inductively 

Coupled Mass Spectrometer (MC-ICPMS). The use of MC-ICPMS allows for highly 

accurate and precise measurements of isotope ratios after correction for mass bias, ion 

counter gain, molecular interferences, abundance sensitivity and machine drift (as 

described in section 4.8).  

 

Prior to the main sample run, diluted aliquots of the U and Th fractions were used to 

check solution concentrations of 238U and 232Th. This was done to optimize beam 

intensities and to ensure standard concentrations were approximately equal to sample 

concentrations, reducing biases that can result from variations in beam size. 

 

Samples were loaded into the auto sampler and introduced to the mass spectrometer 

using a Nu Instruments desolvating nebuliser with an uptake rate of ~100 µl min-1, 

being ionized by the ~8000 k plasma. The ions are accelerated through the sampler 

and skimmer cones by a high voltage (~4 kV) before entering an electrostatic and 
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magnetic sector and arriving at an array of 12 Faraday collectors and three ion 

counters. 

 

Ion counters are used for low abundance isotopes and can detect the arrival of a single 

ion, while Faraday cups measure the beam current as a voltage passing across a 

resistor, and require beams of ~100,000 ions per second to provide precise values. 

The maximum voltage that can be recorded on one of the Faraday collectors is 10V. 

Above this limit isotope beam signals are invalid and readings from other collectors 

become unreliable.  

 

Uranium was measured statically with 238U, 236U and 235U focused in Faraday 

collectors and 234U in an ion counter (step 4, Table 4.3). Each sample was bracketed 

Figure 4.5: The Nu-instruments Multi-Collector Inductively Coupled Plasma Mass Spectrometer 
(MC-ICPMS) used for sample analysis. 
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with a measurement of CRM-145 uranium standard (step 5, Table 4.3) measured as a  

dummy sample, to correct mass bias, abundance sensitivity and ion counter gain 

(described in section 4.8). 

 

 

Following each standard measurement, a repeated wash of 2% HNO3  and 10% HNO3 

was required to ensure all standard solution was washed out before the next sample 

solution was measured. A test was first carried out to estimate wash out time, which 

varies depending on the gas flow rate of the nebuliser. The total wash out time used 

was approximately three times the time taken for a beam to reduce to 1% of its 

original intensity after the sipper is taken from the standard and placed into the 2% 

HNO3 wash. Due to the ion counters on the Nu Instruments MC-ICPMS being spaced 

two mass units apart, Thorium was measured in two steps (steps 2 and 3, Table 4.3) to 

allow both 230Th and the spike isotope 229Th to be measured in ion counters. The 

230Th/229Th ratio is corrected for variations in beam intensity between steps 2 and 3 by 

normalizing to 235U in each step. No gain correction was required for the 230Th/229Th 

ratio due to the fact that each isotope was measured in the same ion counter. Mass 

bias and ion counter gain (for the 232Th/230Th and 232Th/229Th ratios) were corrected 

for by sample bracketing with U standard CRM 145 (steps 5 and 7, Table 4.3). As 

Table 4.3:  The ion counter and Faraday cup collector configurations for Pa, Th and U analysis. 
F = Faraday collector IC = ion counter. Numbers refer to their mass relative to the axial collector. 
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3 238 235 230 229

Uranium 4 238 236 235 234

CRM 145 mass bias 5 238 235

CRM 145 gain corr. 6 238 235 234

(Pa and Th) 7 238 235 234
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with U, a measurement of 2% HNO3 was made following each standard measurement 

to ensure sufficient wash out of Th between samples. Due to the high concentration of 

232Th in sediment samples, the Th cut was diluted before the main run to ensure that 

the 232Th beam did not exceed the 10 V limit of a Faraday cup and that the 

concentration between samples and standards was approximately equal.  

 

Protactinium was measured in a static step, with both 233Pa and 231Pa collected in ion 

counters IC(-3) and IC(-5) respectively (step1, Table 4.3). Ion counter gain and mass 

bias were assessed by bracketing samples with U standard CRM 145, setting 235U 

sequentially into each ion counter (steps 6 and 7) and then a Faraday collector (step 

5). The affect of abundance sensitivity from 232ThH+ on 233Pa as well as molecular 

interference from 232Th was assessed by measuring a 232Th standard run as a sample 

(step1) between Pa sample measurements. As this Th standard contained no Pa, all 

measured signal masses at 233 and 231 were the result of these affects and were later 

corrected for in the raw Pa data. For each element, samples were measured in blocks 

of ~30 x10 second integrations and standards were typically measured in blocks of 5 

x 10 second integrations.  

 

4.7 Corrections for mass spectrometric biases 

 

4.7.1 Mass bias 

 

The transfer of ions from the ion source in a plasma ionization mass spectrometer is 

significantly dependent on the mass of the ions. Heavy ions are preferentially 

transferred into the mass spectrometer. This mass bias is thought to be due to the fact 
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that when charged ions pass through a confined space their positive charges repel one 

another out of the central ion beam. Lighter ions are deflected further by this 

repulsion resulting in the central ion beam becoming enriched in heavier ions. 

 

This mass bias effect was corrected for by bracketing sample measurements with 

measurements of a standard of known isotopic ratio (238U /235U) and correcting for all 

biases by normalizing the samples to this ratio, so that: 

 

! 

" =
238U /235 U
137.88

#1
$ 

% 
& 

' 

( 
) /3       (4.12) 

 

where ! is mass bias per atomic unit. 137.88 is taken as the natural and uniform value 

of 238U/235U (Stirling et al., 2005). Recent work has demonstrated small natural 

variations in this ratio (Bopp et al., 2009) but these variations are too small to affect 

the results of analysis in this thesis. 

 

This correction assumes that the mass bias effect is linear at high atomic numbers and 

is the same for U, Th and Pa. This has been demonstrated for U and Th on the Nu 

instrument (Mason and Henderson 2010) and is likely to be so for Pa. 

 

4.7.2 Ion counter gain 

 

The difference between the response of an ion counter relative to that of the same ion 

beam in a Faraday cup is known as the ‘ion counter gain’ and is corrected by dividing 

the measured intensity by this number: 
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! 

Gain =
IntensityIC

IntensityFaraday
      (4.13) 

 

External measurements of the gain are made by measuring the 238U/235U ratio 

sequentially with a 235U beam centered firstly in each ion counter and then in a 

Faraday collector. Gains on the ion counters during analysis reported here were 

typically 75-80% for IC(-3) and 80-85% for IC (-5) and were assessed between each 

sample measurement. Typical uncertainty on the gain measurements were 0.7-0.9%  

(2 s.e). 

 

4.7.3 Abundance sensitivity and molecular interference 

 

As a beam of ions travels through the mass spectrometer a small proportion of the 

ions interact with gaseous atoms due to the imperfect vacuum. Some ions are slowed 

by these interactions and have lower energy than is typical for ions of their mass. 

Consequently, when the magnet deflects the beam, these ions of lower energy are 

deflected more and appear as a low mass tail on isotope peaks. This abundance 

sensitivity becomes a significant contribution to measurements of isotopes in small 

concentrations in the same solution as an isotope of relatively much greater 

concentration and slightly greater mass. For example, a major source of abundance 

sensitivity on 231Pa measurements is from the larger 232Th beam.  

 

In addition, molecules may be formed when the sample is introduced the plasma, 

often by interaction with water. The most significant molecular interference is from 

232ThH+ due to the large beam size of 232Th relative to 233Pa,U. The effect of 

abundance sensitivity and molecular interference are corrected from the 233Pa/231Pa 
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ratio using a measurement of a 232Th standard containing no Pa in between sample 

measurements. Typical contributions from abundance sensitivities and molecular 

interference were 5 x10-7 cps on 231 and 5 x 10-6 cps on 233 . These were equivalent 

to 0.3% and 0.1% of the actual values for the 233 and 231 beams respectively.  

 

! 

233Pa /231Pacor =
233Pameas"

232Thmeas # 233
+ /232 Th( )std

231Pameas"
232Thmeas # 231

+ /232 Th( )std
  (4.14) 

 

To help reduce the effect of abundance sensitivity, the central ion counter (IC-5) is 

equipped with an energy filter that only allows ions through to the detector that have 

the same energy as those accelerated by the high voltage at the front of the machine. 

 

4.8 Blanks and Uncertainties 

 

A full procedural blank was run with each batch of samples to correct for sample 

contamination introduced during sample preparation (Table 4.4). 

 

Table 4.4: Blanks of the major isotopes measured in each sample run. Values in italics were 
subjectively removed from the mean. Th blanks for run 6 were set to 0 due to negative readings for 
this sample blank in the Th run. 
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The percentage blanks are highest for 231Pa. Due to the relatively low concentration of 

Pa in sediments, this high blank is most likely the result of cross contamination 

between samples, possibly during vigorous evaporation steps. Blanks could therefore 

be reduced by greater physical separation of samples during chemical dissolution 

steps. Blanks for 230Th are noticeably higher in JR_run3 and run1. This may be the 

result of increase cross contamination resulting from two people (James Rae and the 

author) using the same hood to dissolve sediments from different sample batches (JR-

run3 and run1) over the same period of time. 

 

Standard errors were converted from standard deviations by dividing by the square 

root of the number of measurements, n: 

 

! 

" =
s.d
n         (4.15) 

 

Standard errors were propogated through corrections assuming that uncertainties in 

each correction are independent of each other. In this way, errors were summed 

quadratically, such that: 
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Where a and b are independently measured variables of which y is a function and ! is 

the standard error. This can be simplified for simple addition or subtraction of 

individual errors to: 
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for simple multiplication and division. In complex cases, such as the propagation 

through Pa spike addition, each variable has its error added and subtracted in turn and 

the corrected error calculated by summing these values quadratically. 

 

 

The largest contribution to the final (231Pa/230Th)xs0 error comes from the error 

associated with the Paxs0 component (Table 4.5). A relatively minor impact on the 

final error comes from 230Th component whilst errors associated with 232Th and 238U 

are only associated with small corrections and are of less significance. 

 

The relatively high errors on Pa derive mainly from the raw measurement due to low 

concentration of Pa in samples and also the gain correction, with both Pa isotopes 

being measured in gain counters. No error is applied to the blank correction as this is 

assumed to be constant between samples of the same batch. 

Table 4.5: Summary of the average internal errors for the isotopes of interest and on the 
lithogenic and authigenic Pa and Th components for samples from core GeoB 2107. Standard 
errors were propogated through corrections to give the final error for (231Pa/230Th)xs0. All 
sample errors are listed in data tables 7.1-7.8 in the appendix at the end of this thesis. 

!
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4.9 Total particulate trace metal concentrations 

 

Following complete dissolution of sediment (as described in section 4.2) and prior to 

sample spiking, a 2 ml cut of sample solution was pipetted into cleaned 2 ml 

centrifuge tubes in preparation for trace metal analysis. Sample Teflon beakers were 

weighed before and after the cut was taken in order to calculate the % mass of 

solution removed. 30 microlitres of each sample cut was then added to 1 ml of Indium 

500 ppb spike solution in cleaned 15 ml polypropylene tubes and topped up to 15 ml 

with 2% HNO3.  

 

All trace metal elements were measured on a Thermo-Finnigan MAT element 2 sector 

field ICPMS, coupled with an Aridus desolvation unit, run with help from Cees-Jan 

de Hoog and Andrew Mason. The x 20 dilution factor of 0.1 g of sediment into a 2 ml 

cut, followed by a x 500 dilution of 30 microlitres into 15 ml, represented a total 

dilution factor of 10,000. Such a large dilution factor was necessary to keep 

concentrations of major ions at sufficiently low levels when samples were analysed 

on the mass spectrometer. 

 

Trace element data was first normalized to Indium concentrations and then blank 

corrected. For a given trace element of interest (specifically Fe, Ca, Ba), 

concentrations were determined by calibration against a multi element standard run at 

a suitable range of concentrations expected in ocean sediment, accounting for the 

sample dilution.  Final concentrations for each element were determined after 

correcting for mass spectrometer drift and a dilution factor of 10,000. 
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4.10 XRF element intensities 

 

At intervals of 1 cm, GeoB cores 2107, 2104 and 2112 were analyzed for bulk 

sediment chemistry using an X-ray fluorescence (XRF) core scanner. All core 

analysis was conducted at the University of Bremen by Dr. Cristiano Chiessi. The 

XRF core scanner generates an X-ray beam which is directed onto the surface of a 

split sediment core over a 1 cm2 area. The incident X-ray increases the energy levels 

in the atoms of the sediment core, resulting in the emission of an electron from the 

inner shell of each atom. The vacancy in the inner shell is instantly filled by an 

electron from the outer shell of each atom, resulting in a release of radiation. As the 

wavelength of the emitted radiation is element specific (Potts, 1987), the 

measurement of the wavelength spectrum allows for the calculation of XRF element 

intensities. XRF intensities give estimates of the concentrations of analysed elements 

but do not allow for calculation of these concentrations. Therefore, only relative 

changes in XRF element intensities are significant (Heil, 2006).  

 

4.11 Opal concentrations 

 

4.11.1 Sample preparation 

 

Sample preparation for opal measurements were carried out using a protocol adapted 

from Mortlock and Froehlich (1989). Approximately 50 mg of dried sediment for 

each sample was weighed into 50 ml polypropylene centrifuge tubes. 5 ml of 10% 

H2O2 was pipetted into each tube to break down organic matter and after 30 minutes 

an additional 5 ml of 1 M HCL was added to dissolve carbonates. The sample tubes 

were then capped and sonicated in a water bath at room temperature for 30 minutes. 
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20 ml of deionized milli-Q water was added to each sample tube, which were then 

centrifuged at 4,500 rpm for 6 minutes. Each sample tube was then carefully decanted 

to discard the supernatant and placed in an oven overnight at 60oC to remove 

moisture. 40 ml of 2 M Na2CO3 was added to each tube, which were capped, shaken 

vigorously and sonicated for 20 minutes. Sample tubes were then placed into a 

constant temperature water bath at approximately 85oC in order to digest all silica 

present in the sediments. At 2 hour intervals, sample tubes were shaken and sonicated 

for 5 minutes before being returned to the water bath. After a total of 5 hours the 

tubes were immediately centrifuged for 6 minutes at 4,500 rpm. Approximately 20 ml 

of the supernatant liquid was transferred to polyethylene vials and stored for future 

analysis as below. 

 

4.11.2 Photo spectrometer analysis 

 

Opal analysis was performed using the colorimetric Heteropoly Blue Method adapted 

from Koroleff (1983). 9.3 ml of milli-Q water was added to cleaned polypropylene 

tubes, together with 0.1 ml of sample solution and 0.2 ml of molybdate reagent. This 

mixture was shaken and left for 5 minutes. 0.2 ml of citric acid and 0.2 ml of amino 

acid were added to the sample mixture and left for another hour. Silic acid reacts with 

molybdate in the presence of acids to form silcomolybdic acid, which is then reduced 

to a blue colour by an amino naphtol sulfonic acid for low concentrations of silica. 

The sample mixtures were transferred to spectrophotometer cells and measured using 

a Hac Lange DR2800 spectrophotometer. Sample readings were calibrated using a 

silica standard of known concentration. A blank milli-Q solution was used to bracket 
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every sample measurement to account for possible machine drift between sample 

readings. 

 

Typical data errors were assessed by measurement of several replica samples from 

each core and standard deviations calculated using repeat measurements on individual 

samples. All opal data was converted to sample weight % SiO2 and converted to opal 

flux by normalization to 230Th, as described in chapter 6. 

 

4.12 Radiocarbon dating 

 

Planktic foraminifera were picked from the >250 µm fraction of wet-sieved sediment 

samples. For each sample, the most abundant single species of planktic foraminifera 

were picked for radiocarbon analysis (Figure 4.6). Mixed planktic species were 

picked in carbonate-poor samples, in order to obtain a minimum mass of 10 mg of 

carbonate required for accurate 14C dating. 

 

Picked foraminifera were ultrasonically cleaned in Milli-Q and 2% H2O2 for 5 

minutes at 80oC. The total mass of carbonate picked for each sample was weighed 

before being sent to the NERC Radiocarbon Facility where samples were prepared for 

radiocarbon analysis by Dr. Steve Moreton. Briefly, samples were hydrolysed to CO2 

using 85% orphophosphoric acid at 25oC before being converted to graphite by Fe/Zn 

reduction. Samples were then analysed for 14C at the SUERC AMS Facility in East 

Kilbride, Scotland. 
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For samples of foraminifera, 14C ages have to be corrected for the reservoir effect 

(Bard, 1988). In the upper ocean, surface waters mix with upwelled deep waters, 

which are depleted in 14C. Therefore, upper ocean organisms yield 14C ages that are 

too old. This artificial aging is referred to as the reservoir effect, which on average 

amounts to 400 years in the world’s oceans (Bard, 1988). For the Argentine Basin 

core samples used in this study, radiocarbon ages were corrected for a reservoir age of 

318 years (data source http://calib.qub.ac.uk/marine).  

 

Finally, radiocarbon ages were calibrated to calendar years BP using the 

“Fairbanks0107” calibration curve extending from 0 to 55,000 years BP (Figure 4.7, 

Fairbanks et al. 2005). For comparison, calendar ages were also calculated using the 

calibration curve “Intcal04” and were found to be within error of the calendar ages 

produced using the “Fairbanks0107” calibration curve. Calendar ages are reported in 

Figure 4.6: Photo showing the major abundant species Globorotalia 
tumida and Globigerina ruber in sediment samples from cores GeoB 
2104 and GeoB 2109. 
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years before present (yr BP). However, they are dated relative to the year 1950 rather 

than relative to the present because nuclear bomb testing significantly increased the 

amount of 14C in the atmosphere after 1950 (Stuvier and Polach, 1977). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.13 Neodymium Isotopes 

 

The following method was used for Nd isotopes analysis by Paul Carter at Bristol 

University and is taken from Carter (2009). 

 

The chemical separation procedure involved the grinding of ~0.1g bulk sediment per 

sample, which was then decarbonated using sodium acetate buffered acetic acid, 

Figure 4.7: Calibration curve for the conversion of 14C ages to calendar ages (Fairbanks et al., 
2005). The calibration of 14C ages to calendar ages is required due to variations in the 
concentration of 14C in the atmosphere over the past 50 ka. Calendar ages are obtained directly 
by dendrochronology and varve chronology as well as by U/Th dating of corals and speleotherms 
(e.g. Chiu et al., 2005; Wang et al., 2001). 
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rinsed multiple times, and subjected to 3 hrs of leaching using an acetic acid- 

hydroxylamine hydrochloride (HH) solution to separate the Fe-Mn oxide fraction, 

following previously used techniques (e.g. Piotrowski, 2004). The Fe-Mn fraction 

was centrifuged and decanted to remove any particulate matter, before being 

dissolved in strong acid. The supernatant was then split into a bulk element fraction 

and a Nd isotopic fraction.  

 

A number of variants of the acetic acid-HH solution have been used in recent studies, 

summarised in Gutjahr et al. (2007). Due to previously identified issues with the 

leaching of easily exchangeable volcanics from southwest Atlantic sediments, 

recommendations have been made to use weaker leaching solutions on these 

sediments (Piotrowski, 2004). The recommended solution of Gutjahr et al. (2007) and 

a 10x diluted version, were tested here on samples from GeoB 2107. The 

recommended solution of Gutjahr et al. (2007) comprises: 0.05 M hydroxylamine 

hydrochloride- 15% acetic acid- 0.02 M Na-EDTA, which is buffered to pH 4 with 

NaOH and shaken for 3 hours. The weaker solution comprises: 0.005 M 

hydroxylamine hydrochloride - 1.5% acetic acid - 0.002 M Na-EDTA, also buffered 

to pH 4 with NaOH and shaken for 3 hours. 

 

The two leachate solutions were found to produce significant differences in !Nd, 

87Sr/86Sr and Al/Nd for the same samples of core GeoB 2107 (Carter 2009, chapter 6), 

with downcore results showing an offset to more radiogenic !Nd values when a 

weaker leachate solution was used. Gutjahr et al. (2007) argue that the Al/Nd ratio of 

the leachate fraction can be used as the best measure of potential contamination, as 
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Al/Nd values in leachates are comparable to those of Fe-Mn crusts when no leaching 

of the detrital phase has occurred. The Al/Nd ratios of samples from GeoB 2107 were 

found to be consistently lower for the ‘weak leach’ samples relative to their ‘strong 

leach’ counterpart from the same depth in core. On this basis, all !Nd data presented 

in this thesis has been acquired using the ‘weak leach’ solution. 
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Chapter 5: Core chronology  

 

5.1 Introduction  

 

The age models for the cores used in this study were based primarily on multiple 

radiocarbon measurements on planktonic foraminifera and on bulk sediment for 

samples that lacked sufficient levels of foraminifera required for radiocarbon dating. 

A large number of 14C ages were required because of the non-uniform sedimentation 

rate from these cores as determined from existing !18O stratigraphy and in order to 

place down-core records onto a robust timescale to allow their comparison with other 

records, particularly with the ice-cores and North Atlantic 231Pa/230Th records. 

 

All radiocarbon dates were measured at the NERC Radiocarbon Laboratory, East 

Kilbride, Scotland as part of this thesis research with the exception of those for GeoB 

2107 which were a pre existing data set measured at the Leibniz-Laboratory for 

Radiometric dating and Isotope Research, University of Kiel, Germany. The method 

used for sample preparation for radiocarbon analysis is described in section 4.12. In 

each core the ages of samples between radiocarbon dates were determined by linear 

interpolation. As discussed in section 4.12, radiocarbon ages were uniformly 

corrected for a reservoir age of 318 years (source: http://calib.qub.ac.uk/marine) and 

converted to calendar ages using the calibration program of Fairbanks et al. (2005). 

All planktonic foraminifera were picked from the >250 µm fraction of wet-sieved 

sediment except for core GeoB 2107 (see section 5.2). Sample integration times were 

calculated by dividing the width of the plastic scoops used to sample the cores (1 cm) 

by the average sedimentation rate for each core. 
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5.2 GeoB 2107 age model  

 

The age model of GeoB 2107 (1045 m) was developed by Heil (2006) and is based on 

eight calibrated radiocarbon ages spanning the last ~25 kyr (Table 5.1). Analysis was 

performed on the mono specific species Globigenroides sacculifer sized between 200  

µm and 450 µm.  All radiocarbon ages for this core were measured at the Leibniz-

Laboratory for Radiometric dating and Isotope Research, University of Kiel, 

Germany.  

Table 5.1: Radiocarbon ages for GeoB2107. Results are reported as conventional 
radiocarbon years (relative to AD 1950).  

Figure 5.1: Age model for GeoB 2107. Red triangles denote calibrated radiocarbon ages. 

Depth in core

(cm) 
lab ID

Foramiferal 

Species
14

C age (yr BP)
Calendar Age

(yr BP)

3 KIA 14534 G.Sacculifer 1590 ± 30 1120 ± 47

33 KIA 14533 G.Sacculifer 5340 ± 40 5670 ± 44

63 KIA 14532 G.Sacculifer 8995 ± 55 9580 ± 37

73 KIA 14530 G.Sacculifer 11890 ± 80 13390 ± 97

103 KIA 14528 G.Sacculifer 13030 ± 80 14990 ± 135

148 KIA 22409 G.Sacculifer 19100 ± 130 22340 ± 129

163 KIA 14525 G.Sacculifer 19810 ± 150 23160 ± 154

178 KIA 22408 G.Sacculifer 24250 ± 200 28790 ± 261
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The sedimentation rate for GeoB 2107 averages 7 cm ka-1 for the duration of the 

Holocene and much of the deglacial with a maximum rate of ~19 cm ka-1 observed 

from 14-15 ka and from 22-23 ka. For a sampling interval of 5 cm used for this core, 

this translates into average time sampling steps of ~0.7 ka, with an average sample 

integration time of ~140 years. 

 

5.3 GeoB 2104 age model 

 

Radiocarbon ages for GeoB 2104 (1503 m) were initially obtained for four samples of 

the planktonic foraminifera Globorotalia tumida, four samples of the planktonic 

foraminifera Globigerina ruber and one sample from a mixture of these two species. 

For cores GeoB 2104 and GeoB 2109, the switch from dating Globorotalia tumida to 

Globigerina ruber was the result of the increasing abundance of Globigerina ruber 

relative to Globorotalia tumida downcore and the need to pick 10 mg of a single 

species for radiocarbon dating where possible. The age of Globigerina ruber was 

Figure 5.2: Sedimentation rate for GeoB 2107. 
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found to be ~570 years older than Globorotalia tumida in one sample for which both 

species were dated (depth 41 cm). An average of the two different radiocarbon ages 

from the two species was used for this sample depth (41 cm) in the age model for core 

GeoB 2104 (Figure 5.4). Age reversals were observed in two samples at 76 cm and 

121 cm (Table 4.2). The cause of these reversals is unknown, although Came et al. 

(2003) report similar age reversals in the glacial section of a core in the Argentine 

Basin measured on the same planktonic species Globigerinoides ruber but noted that 

radiocarbon measurements of benthic foraminifera Globigerina pachyderma in the 

same samples produced glacial ages, suggesting that the observed age reversals from 

Globigerinoides ruber in the deglacial may be false. For this reason, the radiocarbon 

ages given for the two samples at 76 cm and 121 cm are excluded from the age model 

for core GeoB 2104 (Figure 5.4). 

 

In order to extend the age model beyond ~13 ka in GeoB 2104, additional tie points 

were produced by cross correlation of XRF Fe/Ca ratios to the shallower core GeoB 

2107 (provided by Chiessi, pers comm. 2009). GeoB 2104 is located immediately  

Table 5.2: Radiocarbon ages and age model tie points for GeoB 2104. Results are reported as 
conventional radiocarbon years (relative to AD 1950).  

GeoB 2104 core

depth (cm) 
AMS lab number Type of dating

Foramiferal 

Species
14

C age (yr)
Calendar Age

(yr)

1 SUERC-23880 AMS 
14

C on carbonate G. tumida 929 ± 35 598 ± 39

16 SUERC-23881 AMS 
14

C on carbonate G. tumida 4718 ± 35 4969 ± 75

31 SUERC-23884 AMS 
14

C on carbonate G. tumida 5615 ± 36 6064 ± 69

41 SUERC-23885 AMS 
14

C on carbonate G. tumida 6763 ± 38 7376 ± 44

41 SUERC-23886 AMS 
14

C on carbonate G. ruber 7430 ± 37 7943 ± 28

56 SUERC-23887 AMS 
14

C on carbonate G. ruber 8548 ± 38 9195 ± 71

67 SUERC-23888 AMS 
14

C on carbonate G. ruber 11730 ± 40 13262 ± 65

76 SUERC-23889 AMS 
14

C on carbonate G. ruber 9072 ± 38 9724 ± 79

121 SUERC-23890 AMS 
14

C on carbonate mixed species 7281 ± 37 7789 ± 48

157 SUERC-30516 AMS 
14

C on bulk sediment - 20072 ± 117 23977 ± 147

72 - Correlation with 2107 XRF - - 14200

74.5 - Correlation with 2107 XRF - - 14730

120.5 - Correlation with 2107 XRF - - 18500
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downslope of GeoB 2107 on the Brazilian margin and has a greater depth of just  

450 m. Due to their close proximity, GeoB 2104 has the same sediment supply as 

GeoB 2107 and is therefore very likely to have similar bulk sediment chemistry 

histories. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Correlation of XRF Fe/Ca ratios between GeoB 2104 and GeoB 2107 used to 
produce additional age tie points for GeoB 2104. The XRF Fe/Ca ratios for GeoB 2107 and 
GeoB 2104 are also plotted together against age in section 6.1.7 of this thesis (Figure 6.10). 
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An additional sample from 157 cm was dated for a bulk sediment radiocarbon age, 

due to there being an insufficient mass of foraminifera for radiocarbon analysis at this 

depth in core.  

 

The apparent high variability of sedimentation rates in GeoB 2104 may simply be a 

function of the uncertainty of radiocarbon and tie point ages used for this age model. 

Average sedimentation rates are 6.5 cm ka-1. For a sampling interval of 5 cm used for 

this core, this translates into average time sampling steps of ~0.8 ka, with an average 

sample integration time of ~150 years. 

 

 

Figure 5.4: Age model for GeoB 2104: Combination of calibrated radiocarbon ages (red 
triangles), bulk sediment radiocarbon ages (grey diamond) and correlation of XRF Fe/Ca 
ratios with GeoB 2107 (orange diamonds). Two radiocarbon ages (yellow circles) are 
excluded from the age model as justified in the text. 
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5.4 GeoB 2109 age model 

 

The age model for GeoB 2109 (2504 m) is based on nine calibrated radiocarbon ages 

spanning the last ~30 kyr (Table 5.3). Radiocarbon ages for the upper section of the 

core were measured on single species Globorotalia tumida. The remaining ages were 

measured on single species Globigerina ruber.  

GeoB 2109 core

depth (cm) 
AMS lab number Type of dating

Foramiferal 

Species
14

C age (yr)
Calendar Age

(yr)

1 SUERC-23891 AMS 
14

C on carbonate G. tumida 1432 ± 37 1011 ± 43

10 SUERC-23895 AMS 
14

C on carbonate G. tumida 5468 ± 37 5906 ± 34

15 SUERC-23896 AMS 
14

C on carbonate G. tumida 6890 ± 38 7465 ± 29

15 SUERC-23897 AMS 
14

C on carbonate G. ruber 8257 ± 35 8769 ± 31

20 SUERC-23898 AMS 
14

C on carbonate G. ruber 10293 ± 37 11382 ± 89

29 SUERC-23899 AMS 
14

C on carbonate G. ruber 11086 ± 39 12691 ± 43

34 SUERC-23900 AMS 
14

C on carbonate G. ruber 11384 ± 40 12929 ± 43

46 SUERC-23901 AMS 
14

C on carbonate G. ruber 13754 ± 43 15642 ± 118

73 SUERC-23904 AMS 
14

C on carbonate G. ruber 19813 ± 70 23258 ± 155

113 SUERC-23905 AMS 
14

C on carbonate G. ruber 26054 ± 133 30946 ± 191

Table 5.3: Radiocarbon ages for GeoB2109. Results are reported as conventional radiocarbon 
years (relative to AD 1950).  
 

Figure 5.5: Apparent sedimentation rate for GeoB 2104. 
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The offset in ages between Globorotalia tumida and Globigerina ruber was assessed 

by radiocarbon dating of both species in one Holocene sample and found to be ~1300 

years at 15 cm depth in core (Table 5.3). An average of the two radiocarbon ages 

Figure 5.6: Age model for GeoB 2109. Red triangles denote calibrated radiocarbon ages. 

Figure 5.7: Sedimentation rate for GeoB 2109. 
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from the two species was used for this sample depth (41 cm) in the age model for core 

GeoB 2109 (Figure 5.6).  

 

Sedimentation rates average 5 cm ka-1 between 30 – 15 ka and are stable throughout 

the Holocene at ~2 cm ka-1. The peak in sedimentation rate at ~13 ka is unlikely to be 

real given the uncertainty in radiocarbon ages and the relatively small distance 

between the two samples at this point in the core. The average sedimentation rate for 

GeoB 2109 is ~4 cm ka-1. For a sampling interval of 5 cm used for this core, this 

translates into average time sampling steps of ~1.25 ka, with an average sample 

integration time of 250 years. 

 

5.5 GeoB 2112 age model 

 

Due to increased carbonate dissolution at depths associated with core GeoB 2112 

(4010 m), in common with other cores bathed by AABW, GeoB 2112 was found to 

have an insufficient mass of foraminifera (i.e. less than 10 µg) needed to produce 

radiocarbon ages in samples greater than 8 cm depth in core. Consequently, 

radiocarbon ages were determined from bulk sediments for samples beyond this depth  

in core (Table 5.4).  

 

To assess the offset between foraminiferal carbonate and bulk sediment radiocarbon 

ages in GeoB 2112, samples containing both types of material were measured for 

radiocarbon ages at 3.5 and 7.9 cm depth in core. As stated in section 3.6, core GeoB 

2112 was sampled at approximately 1 cm resolution. However, due to the fact that 
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core GeoB 2112 had been previously heavily sampled, it was not possible to sample 

at exactly 1 cm intervals, resulting in irregular sample depths (appendix Table 7.7). 

 

 

The offset between foraminiferal carbonate and bulk sediment radiocarbon ages was 

found to be only 180 years at 3.5 cm depth but approximately 3100 years at 7.9 cm 

(Table 5.4). The greater offset between the different sample types at 7.9 cm can 

perhaps be explained by the fact that these samples date from the late deglacial when 

sea levels were sufficiently low enough to leave the continental shelf exposed. This 

material could have been exposed on the shelf for some time before being washed 

into waters bathing the core site. Sea level would have risen enough to flood the shelf 

by the late deglacial (Niemann 2003, see section 6.3.1) removing the source 

component of older shelf material in bulk sediment, accounting for the relatively low 

offset between bulk sediment and carbonate radiocarbon ages from 3.5 cm (at 7.5 ka). 

 

Table 5.4: Sample ages of GeoB 2112. Additional tie point (10.3 cm) is provided from correlation 
of dissolved Ba/Ca data with GeoB 2109. 

GeoB 2112 core

depth (cm) 
AMS lab number Type of dating

Foramiferal 

Species
14

C age (yr)
Calendar Age

(yr)

0.5 SUERC-30506 AMS 
14

C on bulk sediment - 4992 ± 35 5398 ± 58

2 SUERC-30499 AMS 
14

C on carbonate mixed species 5376 ± 37 5807 ± 63

3.5 SUERC-30500 AMS 
14

C on carbonate mixed species 6795 ± 37 7404 ± 33

3.5 SUERC-30507 AMS 
14

C on bulk sediment - 7043 ± 39 7585 ± 26

4.8 SUERC-23906 AMS 
14

C on carbonate G. tumida 6878 ± 35 7456 ± 26

7.9 SUERC-30504 AMS 
14

C on carbonate mixed species 9717 ± 38 10622 ± 51

7.9 SUERC-30518 AMS 
14

C on bulk sediment - 12205 ± 53 13724 ± 58

10.3 - Correlation with 2109 Ba/Ca - - 16000

11.1 SUERC-30508 AMS 
14

C on bulk sediment - 17731 ± 93 20587 ± 125

12.7 SUERC-30509 AMS 
14

C on bulk sediment - 17182 ± 85 20035 ±  121

17.6 SUERC-30510 AMS 
14

C on bulk sediment - 18540 ± 98 21718 ± 187

20.6 SUERC-30511 AMS 
14

C on bulk sediment - 23344 ± 176 27637 ± 243

24.1 SUERC-30514 AMS 
14

C on bulk sediment - 26994 ± 275 31960 ± 331

26.7 SUERC-30515 AMS 
14

C on bulk sediment - 23990 ± 191 28366 ± 254
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The consistency of this offset further downcore can not be directly determined but it 

is reasonable to assume that bulk ages are maximum ages and the age model is 

constructed on that basis (Figure 5.9). Without further age constraints in the glacial it 

is recognized that the age model beyond the Holocene section of this core has a 

considerable uncertainty associated with it. An estimate for this uncertainty was 

calculated by taking an average of the difference between the age model and all bulk 

sediment radiocarbon ages between the tie point at 10.3 cm (discussed below) and the 

final bulk sediment radiocarbon age at 26.7 cm. This was found to be approximately 

1500 years, and is shown on the age model for this core (Figure 5.9). Any 

interpretation of data based on this age model must therefore take this uncertainty into 

account, particularly when assessing possible paleoceanographic changes on 

millennial timescales (section 7.4.7). 

 

To better constrain the age model for the deglacial section of this core, a further age 

tie point was derived from cross correlation of Ba/Ca ratios from bulk sediment 

solutions with the well dated core GeoB 2109 (Figure 5.8). Cross correlation of higher 

resolution XRF element intensity ratios was not possible because such data was not 

available for GeoB 2109 and because the shallower cores are geographically too 

remote to produce an accurate correlation with GeoB 2112. The additional tie point, 

produced from correlation of a mid-point in the slope of Ba/Ca in GeoB 2112 and 

GeoB 2109 (Figure 5.8), yields an age of approximately 16 ka at 10.3 cm.  
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Figure 5.8: Correlation of Ba/Ca ratios in bulk sediment between GeoB 2112 and GeoB 
2109 used to produce additional age tie point for GeoB 2112 
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Sedimentation rates of 3.5 ka-1 are observed between 0.5 – 2 ka. For the remainder of 

the downcore record, average sedimentation rates are ~1 cm ka-1. This excludes the 

Figure 5.9: Age model for GeoB 2112. Combination of calibrated radiocarbon ages (red triangles), 
bulk sediment radiocarbon ages (grey triangles) and interpreted offset from bulk sediment 
radiocarbon ages (grey crosses). Additional tie point from cross correlation of Ba/Ca records with 
GeoB 2109 is denoted by the yellow triangle. The age error bar at 10.3 cm is shown to indicate the 
estimated uncertainty (± 1500 years, discussed above) of the age model between linear 
interpolation of points at 10.3 cm and 26.7 cm. 
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Figure 5.10: Sedimentation rate for GeoB 2112. 
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peak in sedimentation rate at ~7.5 ka which is unlikely to be real given the uncertainty 

in radiocarbon ages and the relatively small distance between the two samples at this 

point in the core. For a sampling interval of approximately 1 cm used for this core, 

this translates into average time sampling steps of ~1 ka, with an average sample 

integration time of 1000 years. 

 

 

 

 

 

 

 

 

 

Figure 5.11: Summary age model plot showing benthic !18O against age for GeoB cores 2107, 2104 
and 2109. A stack of 57 globally distributed benthic !18O records (Lisiecki and Raymo, 2005) is 
shown for comparison. Although !18O in the core does not perfectly agree during the whole 
deglaciation, this may reflect water mass differences, and is reassuring that the start and end of the 
deglaciation coincide in all cores. 
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Chapter 6: Particulate fluxes, Uranium and water mass proxy data 

 

Introduction 

 

Variations in local flux of settling particle (due, for instance, to changes in biological 

productivity) or the composition of settling particles, can strongly influence 

231Pa/230Th scavenging processes and need to be assessed before any interpretation of 

231Pa/230Th data in terms of changing ocean circulation can be made (as discussed in 

chapter 2).  In addition to providing this essential backdrop for interpretation of 

231Pa/230Th, proxy assessment of past sediment composition and sedimentary 

processes offers useful information about the local environment of the Argentine 

Basin more generally. In this chapter, new results from the Argentine Basin are 

presented that constrain past particle flux, lithogenic flux, sediment focusing, opal 

flux, sediment composition, and productivity. 

 

An additional complication in interpreting changes in sedimentary 231Pa/230Th ratios 

in terms of ocean circulation is the need to know the water mass that bathed the 

measured core in the past so that changes in water mass structure can be taken into 

account. This is particularly important for the four cores used in this study, which 

have a depth range of over 3km in the Argentine Basin, spanning several major water 

masses in the modern ocean today. In this chapter unpublished data for !13C and Nd 

isotopes from two collaborators is described and this data is used to assess the past 

distribution of water masses in the Argentine Basin.   
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Data for all cores are presented by proxy type before being discussed collectively in 

the second section of the chapter. Results are shown graphically here and listed in full 

in the appendix at the end of this thesis. Derivation of the age models for these cores 

is given in Chapter 4. 

 

6.1 Sediment processes and composition 

 

6.1.1 Preserved vertical particle flux 

 

Vertical particle flux (Fv) was calculated by normalization to excess 230Th. This 

procedure is based on the assumption that the flux of scavenged 230Th to the seafloor 

is equal to its production rate in the overlying water column (

! 

P230Th
water ). Hence, 

 

! 

Fv =
P230Th
water

A230Th
scav =

"z
230Th[ ]0

=
234U[ ]w#230Thz

230Th[ ]0     (6.1)
 

 

where (

! 

A230Th
scav ) is the activity of 230Th in sediments, ! is the production rate constant of 

230Th in the water column, 

! 

230Th[ ]0  is the measured activity of the decay and ingrowth 

corrected 230Th in the sediment in d.p.m g-1, 

! 

234U[ ]w  is the activity of 234U in seawater 

(2750 d.p.m m-3), "230Th is the decay constant of 230Th in yr-1 and z is the core depth in 

m, which gives the vertical particle flux  (Fv) in g m-2 yr-1 (Henderson and Anderson, 

2003).   
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[230Th] and [234U] data GeoB cores 2107, 2104, 2109 and 2112 were assessed for 

samples spanning the last 30 kyr using the techniques outlined in Chapter 5.  

The profiles of vertical particle flux in each of the four cores reveal an overall glacial 

to interglacial trend of decreasing particle fluxes. Vertical particle flux in GeoB cores 

2107, 2104 and 2109 range from ~1.6-2.5 g cm-2 kyr-1 between 30 – 19 ka and from 

~1.1-1.7 g cm-2 kyr-1 between 8-0 ka (Figure 6.1). 

 

 

 

 

 

 

 

 

 

GeoB 2104 and GeoB 2109 show similar vertical flux histories throughout the record. 

Both cores show a pronounced decrease in flux between glacial and Holocene times, 

with the decrease occurring between ~17.5 ka and 13.7 ka, with fluxes dropping from 

around 3 g cm-2 kyr-1 to 1.9 g cm-2 kyr-1 in GeoB 2104 and from 2.3 g cm-2 kyr-1 to 1.3 

g cm-2 kyr-1 in GeoB 2109. The shallowest core, GeoB 2107, has significantly higher 

average vertical flux during the late deglacial and early Holocene (2.5 g cm-2 kyr-1) in 

Figure 6.1: 230Th normalized particle fluxes for GeoB 2107, GeoB 2104, GeoB 2109 and 
GeoB 2112. Errors are within symbol size where not shown. 
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comparison to deeper cores GeoB 2104 (1.4 g cm-2 kyr-1) and GeoB 2109 (1.1 g cm-2 

kyr-1). 

 

GeoB 2112 shows significantly lower particle fluxes than any of the shallower GeoB 

cores, with fluxes below 0.5 g cm-2 kyr-1 throughout the ~28 kyr record. The mass flux 

to this core is highest in the late glacial with maximum values 0.4 g cm-2 kyr-1 at 26 

ka. Flux values are observed to decrease across the deglacial to fluxes less than 0.1 g 

cm-2 kyr-1 throughout the Holocene. 

 

6.1.2 Lithogenic flux 

 

The method of 230Th normalization allows calculation not only of the instantaneous 

sediment flux, but of the vertical rain rate of any sedimentary constituent (

! 

Fi ) from its 

weight concentration in the sediment (

! 

fi): 

 

! 

Fi = fiFv          (6.2) 

 

This allows for calculation of lithogenic fluxes to the sediment. 

 

Lithogenic fluxes in the study region are influenced by the many drainage basins and 

rivers of southeast Brazil, in particular the Rio Itajai, the mouth of which is just 270 

km from the core site of GeoB 2107 (Heil, 2006). The proportion of terrigenous 

material in the sediments was inferred from the measured concentration of 232Th, 

which is of lithogenic origin, assuming a 232Th concentration of 13 ppm in lithogenic 
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material (Rae, 2007). 232Th data was measured using the techniques presented in 

Chapter 5. 

 

 

 

 

 

 

 

 

 

 

The lithogenic flux profiles for GeoB 2107, GeoB 2104 and GeoB 2109 all show a 

significant decrease between glacial and Holocene times with most of the decrease 

occurring between  ~17.5 ka and ~13.5 ka. This step change is most pronounced in 

GeoB 2109 where values decrease from ~1.7 g cm-2 kyr-1 at 17.5 ka ~to 0.75 g cm-2 

kyr-1 at 13.7 ka. Lithogenic fluxes are generally constant during the Holocene with 

fluxes ranging from 1.0-1.1 g cm-2 kyr-1, 0.7-1.0 g cm-2 kyr-1 and 0.5-0.7 g cm-2 kyr-1 

for GeoB 2107, GeoB 2104 and GeoB 2109 respectively. The lithogenic flux records 

for each core are relatively noisy during the deglacial and LGM and show little 

correlation between records. However, the range of lithogenic flux remains between 

1.2 and 2 g cm-2 kyr-1 for all cores during this period. 

 

Figure 6.2: 230Th normalized lithogenic fluxes for GeoB 2107, GeoB 2104, GeoB 
2109 and GeoB 2112. Errors are within symbol size where not shown. 
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The lithogenic flux profile for GeoB 2112 shows strong similarities with the 

preserved vertical particle flux, with values distinctly lower than in any of the 

shallower core records. Maximum lithogenic fluxes are observed in the glacial, 

averaging 0.3 g cm-2 kyr-1 between 23 and 30 ka, before decreasing continuously 

across the deglacial and Holocene to just 0.05 g cm-2 kyr-1 at 5 ka. 

 

6.1.3 Sediment focusing 

 

The sediment focusing factor (

! 

" ) is used to reconstruct syndepositional sediment 

redistribution and also provides useful information about near bottom water flow at 

the core site. The focusing factor is calculated as the amount of decay-corrected 230Th 

scavenged to the seafloor (

! 

A230Th
scav ) relative to 230Th production in the overlying water 

column (

! 

P230Th
water ) during a time interval of sediment deposition for a specific core: 

 

 

! 

" =
A230Th
scav dr

r2

r1#
P230Th
water =

230Th[ ]0$bdrr2

r1#
%z t1 & t2( )      (6.3)

 

 

where 

! 

230Th[ ]0  is the activity of the decay and ingrowth corrected 230Th in the 

sediment in d.p.m g-1, r  is the depth of the core in m, t is the age of the sediment 

horizon in yrs, ! is the density of the sediment in g cm-3, 

! 

"  is the production rate of 

230Th in the water column between two dated horizons t1 and t2 and z is the water 

depth of the core in meters (Suman and Bacon, 1989).   
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For a specific core section, a value of 

! 

"=1 indicates that the sediment has not been 

affected by syndepositional redistribution, 

! 

">1 indicates that more 230Th has 

accumulated in the sediment than is produced in the overlying water column (and 

therefore presumably that sediment has been focused to the site) and 

! 

"<1 indicates 

winnowing of sediment from that location. This focusing proxy relies on the 

assumption that all 230Th formed in the water column is removed to the seafloor with 

no lateral advection of 230Th in the water column. This assumption has been called 

into question by some workers (e.g. Lyle et al. 2005) but from chemical observation 

and modeling appears to be reasonable (e.g. Henderson et al. 1999). 

 

Sediment focusing factors for the four cores of this study are calculated from the 

230Th data presented above, and from the age models presented in Chapter 5. 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: Sediment focusing factors for GeoB 2107, GeoB 2104 and GeoB 2109. Errors 
are within symbol size where not shown. 
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The results obtained show distinctly different histories of sediment focusing for all 

cores used in this study. GeoB 2107 data shows sediment focusing factors to be stable 

at 

! 

"=~3 between 23-16 ka before peaking at 

! 

"=8 between 16-13.5 ka. Focusing 

factors in GeoB 2107 then decrease to 

! 

"=~1 between 13.5 ka and 10.5 ka before 

increasing to 

! 

"=~5 at ~9 ka and are stable at 

! 

"=~4 for the remainder of the 

Holocene. Several peaks in 

! 

"  are seen in the GeoB 2104 record, most noticeably 

between 24-19.5 ka (

! 

"=6), 13-8 ka (

! 

"=7) and 7-5 ka (

! 

"=~10). GeoB 2109 shows 

! 

"  

values to increase during the deglacial, with 

! 

"=~1.5 at ~20 ka increasing to 

! 

"=~4 at 

13 ka. There is a prominent, isolated peak of 

! 

"=~18 between 12.9-12.8 ka. However, 

this peak value reduces to 

! 

"=~10 when calculating the focusing factor using the 

extremes of the age errors between two samples at this depth in core. Focusing factors 

in GeoB 2109 are observed to be between 

! 

"=2 and 

! 

"=1 throughout the Holocene. 

Figure 6.4: Sediment focusing factors for GeoB 2112. Errors are within symbol size 
where not shown. 
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GeoB 2112 shows a gradual increase in focusing factor from 

! 

"=~3 at ~27 ka to 

! 

"=~8 

at 16.5 ka before returning to 

! 

"=~3 between 16.5 ka and 14 ka. Focusing factor in 

GeoB 2112 increases gradually from 

! 

"=~3 at 14 ka to 

! 

"=~13 at ~6 ka. A pronounced 

change in focusing factor occurs around 6 ka when 

! 

"  increases from ~13 to ~60. 

Such large values for 

! 

" at 6 ~ka are most likely due to two samples having similar 

radiocarbon ages (5.4 and 5.8 ka, Table 5.4) resulting in artificially high 

sedimentation rates between these samples and consequently high focusing factors. 

 

6.1.4 Opal flux  

 

Opal concentrations in the four GeoB cores were measured using the techniques 

described in chapter 5 (section 5.11). The data indicates a range of relatively low opal 

concentrations of 2-4.5 % of the total sediment mass (Figure 6.5) with no clear 

correlation between any of the core records. 

 

 

 

 

 

 

 

 

 
Figure 6.5: Opal concentrations for GeoB 2107, GeoB 2104, GeoB 2109 and GeoB 2112.  
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This concentration data can be converted to an opal flux by 230Th normalization as in 

the previous section (Figure 6.6). This produces opal flux profiles with less scatter 

than opal concentrations The flux of opal in GeoB 2107 show little variation, with 

values close to an average of 0.55 mg cm-2 kyr-1 throughout the 30 kyr record.  

 

Cores GeoB 2104 and GeoB 2109 both display highest opal fluxes in the glacial and 

early deglacial, averaging 80 mg cm-2 kyr-1 in GeoB 2104 and 70 mg cm-2 kyr-1 in 

GeoB 2109 during the LGM. Both cores show a rapid decrease in opal flux across the 

deglacial between ~17.5 and 13.5 ka before reaching minimum average opal fluxes 

during the Holocene of 50 mg cm-2 kyr-1 in GeoB 2104 and 35 mg cm-2 kyr-1 in GeoB 

2109. GeoB 2112 shows comparatively low opal fluxes, averaging 10 mg cm-2 kyr-1  

during the LGM, reaching a maximum of 20 mg cm-2 kyr-1 at 17 ka before decreasing 

to 5 mg cm-2 kyr-1 during the Holocene. 

 

 

 

 

 

 

 

 

 

Figure 6.6: 230Th normalized opal fluxes for GeoB 2107, GeoB 2104, GeoB 2109 and GeoB 
2112. Errors for the method were calculated on a selection of samples and shown above. 
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6.1.5 Authigenic Uranium  

 

Authigenic U is formed in sediments which are experiencing reducing conditions due 

to a depletion of oxygen in the overlying water or to a high flux of organic carbon 

from the overlying water column (Langmuir, 1978). Anoxic and suboxic conditions 

are typically found in ocean basins with restricted deep-water circulation and in near 

shore regions associated with vigorous upwelling and intense biological productivity 

(Cochran, 1992). 

 

Authigenic uranium can be calculated by subtracting detrital uranium from the total 

uranium measured in each sample as follows: 

 

! 

(238U)auth =(238U)meas "(
238U)det =(238U)meas "(

232Th)meas
(238U)
(232Th)
# 

$ 
% 

& 

' 
( 
det  (6.4)

 

 

where (…) denotes activity and the subscripts 

 auth = authigenic (insitu ingrowth from U) 

meas  = measured (total) 

 det = detrital (continental component) 

  

 In this approach, the activity of 238Udet is estimated from the 232Thmeas which is 

assumed to be entirely of lithogenic origin (Brewer et al, 1980).  

 

U and Th data was measured on the four cores using techniques described in chapter 4 

(section 4.6). 
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The detrital (238U/232Th) ratio was determined for these cores following the approach 

of Thomas et al. (2007) by plotting (238U/232Th) against !234U for all cores.  The 

detrital (238U/232Th) is selected as the average of the lowest, and therefore least 

authigenic, !234U values. This approach assumes that detrital material has a !234U 

value <1 due to alpha-recoil during weathering, while authigenic U has a !234U 

initially = 146 because it is derived from seawater with this value.  

 

There is a clear relationship between (238U/232Th) and !234U in these Argentine cores 

(Fig 6.7) supporting the use of this approach, and indicating a detrital value of  

0.50 for the Argentine Basin. This value lies between values typically used for the 

Atlantic (0.6) and Southern Ocean (0.4) as shown in Figure 6.7. 

 

Figure 6.7: Plots of (238U/232Th) against !234U for cores GeoB 2107, GeoB 2104, GeoB 2109 and 
GeoB 2112. The lowest !234U values are typically found near the core top where samples have little 
authigenic uranium (which has a !234U of +146 ‰) and retain a low !234U due to 234U loss from small 
detrital particles. The red horizontal line represents the detrital (238U/232Th) value selected for the 
Argentine Basin. The (238U/232Th) values typically used for the Atlantic (0.6) and the Southern Ocean 
(0.4) are represented by the orange and pink horizontal lines respectively. 
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Authigenic U concentrations in GeoB 2107 (Figure 6.8) show little variation, ranging 

between 1.5 ppm and 0.6 ppm from the LGM to 5 ka before decreasing to a minimum 

of 0.5 ppm near core top. In contrast GeoB 2104 displays significantly more variation 

in authigenic U concentrations with values increasing gradually from 1.1 ppm at 24 

ka to 2.1 ppm at 15.5 ka before increasing rapidly to a peak of 3.1 ppm at 13.3 ka, 

remaining above 2 ppm until early Holocene. Concentrations steadily decrease in the 

Holocene towards a minimum value of 0.5 ppm at core top, with an isolated peak of 

1.8 ppm at 5.7 ka. 

 

 

 

 

 

 

 

 

 

Authigenic U concentrations in GeoB 2109 increase from 0.5 ppm at 31 ka BP to a 

maximum of 1.4 ppm centered at 23 ka, with values decreasing to relatively low 

authigenic U concentrations between 0.2-0.3 ppm throughout the late deglacial and 

Holocene, concentrations lower than those observed in GeoB 2104 and GeoB 2107 at 

any time. Concentrations of authigenic U are lowest for core GeoB 2112, with values 

less than 0.3 ppm observed for the entire downcore record. 
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Figure 6.8: Authigenic uranium profiles for cores GeoB 2107, GeoB 2104, GeoB 2109 and GeoB 
2112. Errors are within symbol size where not shown.   
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6.1.6.  Total particulate trace metal ratios 

 

Ratios of trace elements such as Ba/Ca in dissolved sediment solutions can be useful 

for confirming changes in productivity. 

 

 

 

 

 

 

 

 

Dissolved Ba/Ca ratios show a rapid decrease from 0.009 to 0.003 between ~17.5 and 

~12.5 ka in GeoB 2109 and from 0.007 to 0.0045 between 18.5 and 15 ka in GeoB 

2104. GeoB 2104 Ba/Ca ratios increase gradually during the Holocene from 0.003 to 

0.004 between 8 ka and 0.5 ka where as the Ba/Ca ratio appears to be relatively 

constant during the Holocene for GeoB 2109, though data resolution is too low for 

detailed comparison.  

 

6.1.7 XRF element intensities 

 

Fe (as well as Ti and K) derives from the weathering of humid tropical soils and 

therefore represents the terrestrial (siliclastic) fraction of sediment cores on the 

Brazilian margin (Arz et al., 1998). In contrast, Ca (as well as Sr) mainly occurs in 

Figure 6.9: Comparison of dissolved Ba/Ca ratios in GeoB 2104 and GeoB 2109. 
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biogenic carbonates such as foraminiferal shells in these cores.  The absence of 

significant Ca in the catchment area of the Rio Itajei (Schobbenhaus et al., 1995) 

means that the terrestrial fraction does not contain significant amounts of Ca. As Fe 

represents the terrestrial and Ca the marine source material, the Fe/Ca ratio is suitable 

for analyzing the ratio of terrestrial versus marine sediment input. Furthermore, as the 

XRF intensities of Fe and Ca are an order of magnitude higher than those of the other 

analyzed elements, Fe and Ca XRF intensities allow the most reliable analysis of 

changes in sediment composition for the cores used in this study. 

 

 

 

 

 

 

 

 

 

 

XRF Fe/Ca ratios in GeoB 2107 show little variability between 30 ka and 23 ka, 

ranging from ~3.2-3.7 (Figure 6.10). Maximum Fe/Ca ratios of ~5 are observed in 

GeoB 2104 between 24-23 ka. Fe/Ca data is unavailable for GeoB 2104 between 23-

20 ka, when low Fe/Ca values of ~1.5 are observed in GeoB 2107 at ~22.5 ka and 

21.5 ka. From ~20 ka to core top, Fe/Ca ratios are almost identical between these two 

cores. Ratios decrease rapidly in both cores at ~17.5 ka from 4.4 in GeoB 2104 and 

~4.0 in GeoB 2107 to minimum values of 0.9 in both cores at 14 ka. From 14 ka to 
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Figure 6.10: XRF Fe/Ca records from cores GeoB 2107 and GeoB 2104.  
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8.3 ka Fe/Ca ratios remain at 0.9 before increasing continuously to ~2.7 at core top of 

both GeoB 2104 and GeoB 2107. 

 

 

 

 

 

 

 

 

 

 

GeoB 2112 shows higher Fe/Ca values in the glacial than in any of the shallower 

cores, presumably due to dissolution of carbonate at greater depths. A prominent peak 

is observed at 26.5 ka with Fe/Ca values decreasing rapidly across the deglacial and 

into the Holocene.  

 

6.2 Proxies for changes in water mass structure 

 

Two proxies are used to assess the past depth distribution of water masses in the 

Argentine basin - carbon and neodymium isotopes. An introduction to the use of these 

proxies is presented in chapter 2, section 2.7.   

 

 

 

 

Figure 6.11: XRF Fe/Ca records from cores GeoB 2112. 
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6.2.1 Stable Carbon Isotopes   

 

Carbon stable isotope data was provided by Cristiano Chiessi at the MARUM 

Research Institute for Marine Sciences, University of Bremen. Analysis was 

performed on benthic foraminifera species Uvigerina perigrina for cores GeoB 2107 

and GeoB 2104, on Cibicidoides spp. for GeoB 2107 (measured by Laurence Vidal, 

CEREGE) and on Cibicidoides wuellerstorfi for GeoB 2109 (Figure 6.9). 

Measurements were made every 5 cm in each core except for GeoB 2107 where 

U.peregrina was measured every cm. No !13C measurements were made on core 

GeoB 2112 (4000m) due to the absence of preserved carbonate at this depth. 

 

 

 

 

 

 

 

 

 

 

The !13C profiles in all cores show a general trend of increasing !13C across the 

deglacial, with minimum !13C values observed during the late glacial and maximum 

!13C values in the Holocene (Figure 6.12).  !13C values for U. perigrina from GeoB 

2104 and GeoB 2107 show a similar range of !13C values which are approximately 
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Figure 6.12: Benthic !13C records from cores GeoB 2107, GeoB 2104 and GeoB 2109. 
Derivation of the age models for these cores is given in Chapter 4. 
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1‰ less than the C. spp. !13C record for GeoB 2107 and the C.wuellerstorfi record for 

GeoB 2109.  

 

!13C values in the relatively high resolution record of GeoB 2107 U.peregrina display 

a rapid increase between 14.5 ka and 13.6 ka of ~0.9 ‰. This is followed by a more 

gradual decrease from 13.6 ka to 9.5 ka (of 0.3 ‰ to 0.2 ‰) before another rapid 

increase between 9.5 ka and 8.1 ka of ~0.8 ‰. The range of !13C values from C. Spp. 

in GeoB 2107 (!13C difference between LGM and Holocene = ~0.9 ‰) is noticeably 

less than seen in the U.peregrina record for the same core (!13C difference between 

LGM and Holocene = ~1.6 ‰). !13C values for the U.peregrina profile of GeoB 2104 

are on average 0.2 ‰ lower than GeoB 2107 during the deglacial and 0.4 ‰ lower 

during the Holocene. A significant increase in !13C values in GeoB 2109 occurs at 

13.5 ka where values increase from 0.2 ‰ to maximum values of 1.3 ‰ at 7 ka.  

 

 

6.2.2 Neodymium isotopes 

 

Nd analysis was performed by chemical leaching of Fe-Mn oxyhydroxides in 

sediments from all cores by Paul Carter at Bristol University using analytical methods 

briefly summarized in section 4.14.  

 

"Nd values (Figure 6.13) range from -3.7 ‰ to -7.9 ‰ for GeoB 2107, -5.9 ‰ to -7.4 

‰ for GeoB 2104, -6.4 ‰ to -8.4 ‰ for GeoB 2109 and -3.8 ‰ to -6.7 ‰ for the 

deepest core GeoB 2112. Cores GeoB 2107 and GeoB 2104 show excursions to more 
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radiogenic values down core, and all cores except GeoB 2112 are more radiogenic at 

the LGM and during the deglacial than modern values.  

 

 

 

 

 

 

 

 

 

 

 

 

There are strong similarities observed between GeoB 2107 and GeoB 2112 with both 

cores showing a broad trough in !Nd between 14 ka and 8 ka before a decrease to 

minimum !Nd values in the late Holocene. GeoB 2109 shows stable !Nd values 

during the deglacial around -6.5 ‰ decreasing to -8 ‰ between ~15.5 ka and 11 ka 

and remaining below -7.5 ‰ throughout the Holocene. GeoB 2104 shows the least 

variability in Nd of all cores, with values relatively constant at around !Nd = -6 

between 22 ka and 6 ka, decreasing to -7.5 ‰ at core top. 

Figure 6.13: !Nd records from GeoB cores 2107, 2104, 2109 and 2112. 
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6.3 Discussion  

 

6.3.1. Variations in particulate fluxes 

 

According to Arz et al. (1999), chemical scavenging in the coastal ocean is likely to 

have increased at the LGM, with reduced sea levels shifting sediment deposition to 

the shelf break and increasing sediment fluxes at intermediate depths. This view is 

supported by the lithogenic flux data, which show maximum lithogenic fluxes in the 

glacial when sea level was low and minimum lithogenic fluxes during the Holocene. 

More specifically, peak lithogenic fluxes are observed between ~17.5 ka and 20 ka, in 

GeoB 2104 and GeoB 2109. These flux peaks are just after or approaching the end of 

the LGM when sea level would be lowest and shelf exposure at a maximum.  

 

 

 

As sea level begins to rise in response to the melting of ice sheets during the 

deglaciation, lithogenic fluxes continuously decrease until approximately ~13.5 ka. 
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Figure 6.14: Changes in lithogenic flux in GeoB 2107, GeoB 2104 and GeoB 2109 relative to 
changes in southeast Argentina sea level (Guilderson et al., 2000) and eustatic sea level 
(Fairbanks and Bard 1990). A horizontal dashed line is used to indicate the approximate depth of 
the continental shelf between 23oS and 28oS (Heil, 2006). 
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This time coincides with the flooding of the Brazilian continental shelf (Niemann 

2003, Figure 6.14). Following flooding of the shelf, lithogenic flux is observed to 

level off before showing a moderate increase from ~8 ka in intermediate depth core 

GeoB 2104 and from 5.5 ka in GeoB 2107. This may be related to increased runoff 

and river discharge as a result of a wetter climate during the Holocene (Heil, 2006).  

 

XRF Fe/Ca intensities, which, at shallow core depths, reflect terrestrial inputs to the 

oceans (see section 6.17), show similar XRF Fe/Ca profiles (Figure 6.10) to lithogenic 

fluxes in intermediate depth cores GeoB 2104 and GeoB 2107 closest to the coast. In 

both of these cores Fe/Ca is observed to peak at 18 ka and decrease rapidly until 

approximately 13.4 ka, consistent with the timing of lithogenic flux decrease in the 

deglacial.  

 

Lithogenic fluxes in GeoB 2112 are noticeably lower and show less correlation to 

changes in sea level which is expected given that this core is located significantly 

further from the coast relative to the shallower cores and should therefore be less 

sensitive to changes in inputs of coastal material. The pronounced maximum in 

lithogenic flux in the late glacial record of GeoB 2112 may be related to increased 

levels of dust transport from Patagonia to Antarctica during the last glacial (Sugden et 

al., 2009). 

 

The observed changes in lithogenic flux (and XRF Fe/Ca intensities) correlate 

strongly with changes in vertical particle flux in cores GeoB 2104 (r2 = 0.88, Figure 

6.15), GeoB 2109 (r2 = 0.94) and GeoB 2112 (r2 = 0.94). There are some differences 

between lithogenic and particle flux records in GeoB 2107 (r2 = 0.16), most notably 
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during the late deglacial where particle fluxes are observed to increase (to a maximum 

of ~2.5 g cm-2 kyr-1 at ~13.5 ka) despite a decrease in lithogenic fluxes at this time 

(from 1.55 g cm-2 kyr-1 at 14.3 ka to 1.2 g cm-2 kyr-1  at 13.5 ka), suggesting that 

another factor (e.g. changing biogenic fluxes) may be influencing particle fluxes at 

the GeoB 2107 core site during this time.  

The overall strong correlation between lithogenic fluxes and preserved vertical 

particle flux records of GeoB cores in the this study (average r2 = 0.73) suggest that 

changes in particle flux are mainly driven by terrestrial inputs over these GeoB core 

sites, related to changes in sea level. This is not unexpected given the proximity of 

these cores to the South American continent, with lithogenic and particle fluxes 

generally decreasing with depth (and therefore distance from the coast) when 

comparing records from all four cores.  

Figure 6.15: Correlation plots between lithogenic and vertical particle flux for cores GeoB 2107, 
2104, 2109 and 2112, with r2 values given to two significant figures for each core. 
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6.3.2. Variations in biological productivity  

 

The flux of biogenic particles to the sediment is not by itself a sufficient indicator of 

past changes in productivity due to the fact that dissolution in the water column and 

particularly at the sediment-water interface can dramatically modify the biogenic flux 

signal. For this reason, measurements of authigenic U and Ba/Ca are discussed in 

addition to opal flux data to assess past changes in productivity in the Argentine 

Basin. 

 

Peak opal flux values are observed in the glacial for GeoB 2104 (at ~24 ka), GeoB 

2109 (at 22 ka) and GeoB 2112 (at 25 ka, Figure 6.6). This data suggests productivity 

was greater along the Brazilian margin in the late glacial. A northward shift of the 

Southern Ocean opal belt in the glacial of approximately 5o (Gersonde et al., 2003) 

may have increased productivity in the southern limb of the subtropical gyre (~40oS) 

but could not have led to a direct increase in opal flux levels at cores as far north as 

the latitude of the four study cores between 27oS and 29oS.  

 

Opal flux records correlate well with particle flux records in all GeoB cores with the 

exception of GeoB 2107 (Figure 6.16), which shows relatively constant opal flux 

downcore (Figure 6.6). The general decrease in opal flux with core depth (Figure 6.6) 

is likely related to lower opal preservation with decreasing sedimentation rates 

(Lippold et al., 2009), with GeoB 2112 having significantly the lowest opal flux as 

well as the lowest sedimentation rate of all four cores used in this study (see chapter 

5).  
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Ba/Ca records for GeoB 2104 and GeoB 2109 (Figure 6.9) both show higher values in 

the late glacial and early deglacial relative to the Holocene. In comparison to opal flux 

data (Figure 6.6), GeoB 2104 shows maximum Ba/Ca values to coincide with peak 

opal flux at ~23 ka. Peaks in Ba/Ca and opal flux data for GeoB 2109 are also 

observed to coincide around 17 ka. The similarity between Ba/Ca and opal flux 

records in these two cores support the interpretation from opal flux data that 

productivity in the Argentine Basin was greater during the late glacial and early 

deglacial relative to the Holocene. 

 

Downcore authigenic U records are distinctly different in GeoB cores 2107, 2104, 

2109 and 2112 (Figure 6.8). A prominent peak is observed between ~14-9 ka GeoB 

Figure 6.16: Correlation plots between opal flux and particle flux for cores GeoB 2107, GeoB 
2104, GeoB 2109 and GeoB 2112, with r2 values given to two significant figures for each core. 
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2104 and in the glacial of GeoB 2109 where as GeoB 2107 shows little variation in 

authigenic U between 23 ka and 2 ka. Additionally, GeoB 2112 shows significantly 

lower authigenic U levels than all other cores throughout the last ~28 kyrs. Downcore 

authigenic U profiles (Figure 6.8) show some similarities to opal flux (Figure 6.6) in 

cores GeoB 2107 and GeoB 2109 where mean authigenic U and opal flux values are 

observed to be higher at the LGM than during the Holocene. The prominent peak in 

authigenic U in GeoB 2104 between 14-9 ka can not be compared with opal flux data 

due to absence of opal data in GeoB 2104 during this time interval. There is also some 

similarity between authigenic U and opal flux records in GeoB 2107 with both opal 

and uthigenic U levels showing little variation downcore, with the exception of a 

decrease in authigenic U levels at core top. 

 

There is some disparity between authigenic U and opal flux in GeoB 2112, which 

shows peak opal flux values in the late glacial at a time of a minor decrease in 

authigenic U. Both opal flux and authigenic U values are significantly lower in GeoB 

2112 relative to the three shallower cores. 

 

The similarities between opal flux and authigenic U in cores GeoB 2107, GeoB 2104 

and GeoB 2109 suggest that authigenic U levels are influenced mainly by changes in 

productivity in the Argentine Basin. However, an alternative explanation for the 

observed variations in authigenic U is that these records are reflecting different levels 

of ventilation of different water masses at the depths specific to each core. Depleted 

oxygen levels associated with reduced ventilation would give rise to peaks in 

authigenic U and can be assessed by comparison with 231Pa/230Th records (discussed 

in section 7.4.2).  
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6.3.3. Changes in water mass geometry 

 

According to modern hydrographic transects, cores GeoB 2107 (depth 1048 m) and 

GeoB 2112 (depth 4010 m) are located within nutrient rich southern component 

waters AAIW and AABW respectively. GeoB 2104 (depth 1503 m) is positioned on 

the boundary of AAIW and nutrient poor NADW. GeoB 2109 is positioned within the 

core of NADW at 2500m (Figure 3.3). 

 

In this section, !13C and "Nd data from each of the GeoB cores examined in this study 

will be discussed to assess changes in water mass distribution in the Argentine Basin 

over the last ~25 kyr. However, before interpreting this data, a number of issues 

regarding the reliability of both the !13C and "Nd data to assess water mass changes 

must first be addressed. 

 

As discussed in section 2.7.1, the benthic species Cibicidoides is an epifaunal species 

living on or near the sediment surface and reflects the !13C of dissolved inorganic 

carbon (!13CDIC) in waters above the sediment with relatively little offset (Lynch-

Stieglitz, 2003). Uvigerina, on the other hand is a shallow infaunal species, which 

lives in the pore waters of sediment where !13C of the dissolved inorganic carbon is 

lower than the overlying water column. Consequently the !13C of Uvigerina for GeoB 

2107 shows significantly lower !13C values than the record from Cibicidoides from 

the same core (Figure 6.12). For this reason, the use of !13C data to interpret water 

mass geometry will focus only on the Cibicidoides records from GeoB 2107 and 

GeoB 2109.  
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In comparison to modern !13C water column data for the southwest Atlantic (Figure 

6.17), mean Holocene !13C values of GeoB 2107 and GeoB 2109 are observed to be 

higher than !13CDIC values (Figure 6.17). The offset of is ~0.35-0.4 ‰ for GeoB 2107 

and ~0.35 ‰ for GeoB 2109.  

 

Positive offsets between Cibicidoides and !13CDIC values have been well documented 

in various ocean basins, as summarized by McCorkle et al. (1998). The largest 

positive offsets have been observed in core tops from 1 km to 3 km in the 

southeastern Indian Ocean (0.45 ‰, McCorkle et al., 1998), the upper northern Indian 

Ocean (0.3-0.4 ‰, Ahmed and Labeyrie, 1994) and the shallow northern subtropical 

western Atlantic (0.3 ‰, Slowey and Curry, 1995). In other ocean regions there does 

not appear to be an offset, such as in the shallow regions off the coast of Australia and 

Tasmania (Lynch-Stieglitz et al., 1994). In the southwest Atlantic, Oppo and 

!"!#$

!"%&$

Figure 6.17: The distribution of modern !13C in the western Atlantic from Curry and Oppo 
(2005) after GEOSECS transect data (Kroopnick, 1985). The locations of cores GeoB 2107 
(blue circle) and GeoB 2109 (red circle) are displayed, together with their Holocene (0-10 ka) 
!13C mean. The offset between these cores and the GEOSECS transect data is discussed below. 
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Horowitz (2000) report that Cibicidoides calcify with !13C values up to 0.4 ‰ higher 

than !13CDIC in this region, consistent with the offset observed in cores GeoB 2107 

and GeoB 2109 stated above. 

 

Core top "Nd values Fe-Mn leachates from GeoB cores 2107, 2104, 2109 and 2112 

were compared by Carter (2009) with the closest seawater "Nd profile, SAVE 302, 

from Jeandel et al., (1993). The core top "Nd of GeoB 2107 and GeoB 2104 are both 

within 1 "Nd of the modern seawater value at their respective depths (Figure 6.18).  

 

 

 

 

 

 

 

 

 

 

 

 

A core top value obtained by Pahnke et al. (2008) on core KNR159 from the Brazilian 

margin at 1268 m ("Nd = -7.3 ± 0.14) is within analytical uncertainty of those 

obtained by Carter from 1045 m and 1503 m (GeoB 2107 = -7.29 ± 0.08; GeoB 2104 

= -7.42 ± 0.06), all of which are directly influenced by AAIW. These results suggest 

Figure 6.18: Seawater Nd 
profile from SAVE 302 (black 
line, Jeandel 1993) and core 
top Fe-Mn leachate values 
(closed squares). Core tops 
Fe-Mn from GeoB 2107 
(blue), GeoB 2104 (green) 
and GeoB 2112 (purple) are 
close to modern seawater "Nd 
and more radiogenic than 
modern seawater for GeoB 
2109 (red). Error bars are 
within symbol size where not 
shown. Adapted from Carter 
(2010). 
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that Nd from Fe-Mn leachates in intermediate depth cores are representative of 

modern seawater and can be used to reconstruct water mass histories at intermediate 

depths in the southwest Atlantic. 

 

The sample from GeoB 2112 (4010 m) also has as !Nd value within ~1 !Nd of the 

water that bathes it today - AABW. However, this ‘core top’ sample produced a 

radiocarbon age of ~5 ka and therefore can not be compared to modern seawater 

values. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 6.19: "13C and !Nd data from GeoB cores 2107 (1048 m, blue), 2104 (1503 m, 
green), 2109 (2504 m, red) and 2112 (4010 m, purple). Also shown are !Nd records from 
core KNR159-5-36GGC at 1258 m (black curve, Pahnke et al., 2008) and from core 
RC11-83 (4718 m) in the Cape basin (pink curve, Piotrowski et al 2005). Modern NADW 
!Nd~-14, AABW !Nd~-7 to -9, Pacific deep waters !Nd~-4 (Frank, 2002). Nd values 
higher than -7 in GeoB 2107, GeoB 2112 – cores bathed by southern source water masses 
throughout the record, reflect an increase in the southern Nd end-member due to reduced 
influence of northern source waters. 
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The core top from GeoB 2109 located within modern day NADW is 4 !Nd units 

higher than modern seawater at 2500 m and is therefore significantly more radiogenic 

than expected (core top !Nd =-8.37; seawater !Nd =-12.3 (Jeandel et al., 1993)). 

Carter (2009) suggests that contamination by a combination of Nd from volcanics and 

silicates may have overprinted the authigenic seawater values in this core.  

 

Despite the possible contamination of Nd in GeoB 2109, downcore changes in !Nd 

correlate well with "13C, with both records indicating an increasing component of 

northern source water across the deglacial (Figure 6.19), suggesting that Nd may still 

be recording changes in relative contributions of northern and southern waters. 

Furthermore, the !Nd record from GeoB 2109 shows some similarity to core RC11-83 

(pink curve, Figure 6.19) from the Cape Basin (Piotrowski et al., 2004) before ~12 ka. 

Therefore, both the Nd and "13C data from GeoB 2109 will be used to interpret past 

changes in water mass geometry over this core site. 

 

6.3.4 Interpretations of changes in water mass geometry at intermediate depths 

  

The interpretation of down core !Nd and "13C data from intermediate depth cores 

GeoB 2107 and GeoB 2104 is made difficult by the fact that these cores are currently 

located close to the transition zone from AAIW to underlying NADW in the modern 

ocean (Figure 3.3). 

 

In order to help understand changes in water mass geometry at these depths, a 

valuable source of data is provided by Curry and Oppo (2005) who compiled "13C 

data from multiple cores along the Brazilian margin to assess glacial and Holocene 
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water mass geometry in the southwestern Atlantic ocean. The Holocene and LGM 

profiles of !13C versus depth (Figure 6.20) show that the core of AAIW, indicated by 

relatively low !13C values in the profile, is observed at ~1500 m in the Holocene 

(!13C = ~1.0 ‰) and at approximately 1000 m (!13C = ~0.5 ‰) during the Glacial.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Average !13C values for GeoB 2107 during the mid to late Holocene (!13C = 1.35 ‰ 

between 0-7 ka) and glacial (!13C = 0.55 ‰ between 19-23 ka) on Cibicidoides 

(Figure 6.19) are practically identical to the Curry and Oppo (2005) !13C data (Figure 

6.20) at 1000 m for the Holocene (!13C = ~1.4 ‰) and in the Glacial (!13C = ~0.5 ‰). 

The ~0.9 ‰ difference in !13C between the Holocene and LGM is significantly 

Figure 6.20: Holocene (solid line, solid symbols) and glacial (dashed line, 
open symbols ) profiles of Cibicidoides and Paulina !13C values from a 
compilation of Brazilian margin cores. Surface values are provided by stable 
isotope measurements on G. ruber. Lines fit through the data produced with a 
spline function (adapted from Curry and Oppo, 2005).  Blue circles mark the 
average Holocene (0-8 ka) and LGM (19-23 ka) !13C values from GeoB 2107. 
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greater than the mean whole ocean Holocene to glacial !13C depletion of 0.32 ‰ 

(Duplessy et al., 1988; Matsumoto and Lynch-Stieglitz, 1999; Oppo and Horowitz, 

2000). The shift to more negative !13C values in excess of the mean whole ocean !13C 

change at the LGM can be explained by changes in the air sea exchange of surface 

waters that form AAIW. As discussed in section 2.7.1, modern AAIW has a distinctly 

positive !13C signature (!13C = ~1.5‰) due to prolonged exposure of source waters to 

the atmosphere in cold, windy regions of the Southern Ocean allowing dissolved 

carbon to exchange with heavier carbon in the atmosphere. During the last glacial, 

reduced ventilation of the Southern Ocean, due to increased sea ice (Moore et al., 

2000, Stephen and Keeling 2000) and surface water stratification (Francois et al., 

1997; Toggweiler, 2006) along with a reversal in the direction of CO2 flux (e.g. 

Sigman and Boyle, 2000) all contributed to a reduced !13C air-sea signature in AAIW 

(Mook et al., 1974; Lynch-Stieglitz and Fairbanks, 1994; Lynch-Stieglitz et al., 1995).  

  

The Curry and Oppo (2005) !13C data is also helpful for interpretation of the 

downcore Nd values from the shallowest core, GeoB 2107, which are more 

radiogenic than Nd values from GeoB 2104 from ~22 ka to ~5 ka (Figure 6.19). This 

is consistent with the fact that GeoB 2107 is located within modern day AAIW and, 

according to the !13C depth profiles in Figure 6.20, should not be seeing any local 

mixing with an underlying northern water mass at the LGM.   

  

As discussed in section 2.7.2 of this thesis, variations in the southern Nd end-member 

are related to the relative input of northern versus southern sourced waters to the 

circumpolar Southern Ocean (Piotrowski et al., 2004, Pahnke et al., 2008). This 
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suggests that lower Nd values observed in GeoB 2107, whilst still located within 

AAIW, reflect a greater contribution of northern source waters to the Southern Ocean 

during the late Holocene and to a lesser extent at the LGM.  

 

The Nd record from GeoB 2104 at 1503 m contrasts with the shallower record from 

GeoB 2107, recording less radiogenic values at all points up until ~5 ka. The 

downcore Nd data set from GeoB 2104 is broadly similar to a published Nd record 

from core KNR159-5-36GGC (black curve, Figure 6.20) at 1258 m (Pahnke et al., 

2008), also from the Brazilian margin (27.51oS, 46.47oW), which suggests that the 

same water mass was present at both 1500 m and 1250 m from the LGM to the 

present. 

 

At a depth of ~1500 m, GeoB 2104 is located very close to the core of GNAIW 

(~1600 m) as defined by the Curry and Oppo (2005) glacial !13C depth plot (Figure 

6.20) and should see a significantly greater component of GNAIW in the glacial. This 

possibly explains the observation that Nd values in GeoB 2104 are less radiogenic 

than GeoB 2107 at all points during the late glacial and deglacial, although values are 

within error of each other at ~21 ka, suggesting that GeoB 2107 was in close 

proximity to northern source waters at this time. 

 

The similarity of !13C records between GeoB 2107 and GeoB 2104 on Uvigerina 

(Figure 6.12) may appear inconsistent with the Nd evidence that suggests GeoB 2107 

is within AAIW for the duration of the 25 kyr record whereas GeoB 2104 is seeing a 

greater component of northern source waters during the glacial and deglacial. 

However, as discussed above, these records are from the same benthic species 
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Uvigerina peregrina that is strongly susceptible to changes in biological productivity 

(e.g. Lynch Stieglitz et al., 2003). Given the close geographic proximity of these two 

cores, it is possible that the !13C records on Uvigerina are reflecting changes in 

biological productivity rather than water mass distribution histories.  

 

6.3.5 Interpretation of changes in deep water mass geometry 

 

During the last glacial, deep water circulation in the South Atlantic was dominated by 

waters of southern origin (Figure 6.21, Curry and Oppo 2005). The Holocene and 

LGM profiles of !13C versus depth in Figure 6.20 show NADW, indicated by 

relatively high !13C values, was centered at 2500 m (!13C = ~1.4 ‰) during the 

Holocene but had shoaled to ~1600 m (!13C = ~0.9 ‰) during the Glacial (GNAIW). 

 

 

 

 

 

 

 

 

 

 

 

This change in water mass structure is reflected in the benthic !13C record of GeoB 

2109 which shows an increase in !13C from 0.3 ‰ at the LGM to average values of 

Figure 6.21: The distribution of !13C in the glacial western Atlantic. Black arrows are 
shown to represent the flow direction of AAIW, GNAIW and AABW. Adapted from Curry 
and Oppo (2005). White circle mark the locations of the four GeoB cores used in this study. 
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1.3 ‰ between 0-8 ka, in agreement with glacial and Holocene values compiled by 

Curry and Oppo (2005) at 2500 m. The ~1.0 ‰ difference in !13C between the 

Holocene and LGM, in excess of the mean ocean depletion of 0.32 ‰ (e.g. Duplessy 

et al., 1988), are consistent with the increased contribution of poorly ventilated 

southern component waters and reduced basin scale convection in the deep glacial 

Atlantic (e.g. Boyle and Keigwin 1987; Lynch Stieglitz et al., 2007) 

 

The transition from dominant southern water flow in the glacial to northern waters in 

the Holocene is observed to begin at approximately 15 ka when !13C values of 0.24 

‰ begin to increase steeply until 6.2 ka where !13C values level off at 1.2 ‰ (Figure 

6.20). 

 

As already discussed, the fact that core top "Nd values in GeoB 2109 do not match 

modern seawater means that interpretations of absolute "Nd values from this 

downcore record must be made with caution. However, variations in the "Nd of GeoB 

2109, whist purely indicative rather than diagnostic of any paleoceanographic 

changes, may still be useful for examining the relative changes in contribution of 

northern versus southern sourced waters over the core site and are therefore discussed 

in this section. 

 

The most radiogenic values in GeoB 2109 are observed during the glacial and early 

deglacial (averaging -6.5 ‰ between 28 ka and 16 ka). Similar glacial and early 

deglacial "Nd values are observed in core RC11-83 (averaging -6.8 ‰ between 28 ka 

and 16 ka) form the Cape Basin (pink curve, Figure 6.20) of Piotrowski et al. (2005), 



                  Chapter 6: Particulate fluxes, Uranium and water mass proxy data 
 

 147 

consistent with a strong influence of southern source water flow in the South Atlantic 

at this time.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

There is evidence from the Nd record of core RC11-83 (4718 m) in the southeast 

Atlantic that northern source waters may have penetrated to depth in the South 

Atlantic during the Antarctic Cold Reversal (ACR) following HS1, as indicated by an 

decrease in !Nd  to ~-9 at 14.5 ka (Figure 6.22). The similarity between Nd records of 
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Figure 6.22: South Atlantic deep core Nd records showing the transition from AABW flow at 
mid depths in the South Atlantic during the early deglacial to NADW flow during the Holocene. 
Greenland ice core "18O (GISP, blue line) and Antarctica ice core "18O (Byrd, orange line) 
indicate periods of cooling in the north (HS1, YD, grey shaded bars) and in the south (ACR).  
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RC11-83 and GeoB 2109 prior to ~12 ka suggests that northern source waters may 

also have been present at the core site of GeoB 2109 during the ACR, although a lack 

of Nd data for GeoB 2109 at this time means this is inconclusive. 

 

It is noticeable that Nd values from RC11-83 in the Cape Basin (4718 m) are not 

consistent with those from GeoB 2112 at 4010 m in the Argentine Basin, which are 

significantly more radiogenic during the early deglacial and up to the mid Holocene. 

The more radiogenic Nd values of GeoB 2112 relative to RC11-83 indicates that 

southern sourced waters were present at depths of 4 km in the Argentine Basin whilst 

a stronger component of northern sourced waters occupied similar depths in the 

southeast Atlantic.  Due to dissolution of carbonate at depths associated with these 

two cores, it is not possible to further assess the possible east-west water mass 

distribution gradient using !13C . 

 

The "Nd profiles for GeoB 2112 and GeoB 2109 (Figure 6.23) show similar average 

"Nd values of ~-6.5‰ at ~25 ka, suggesting that the same southern water mass 

(AABW) was filling the Atlantic from depths of 4000 m to at least 2500 m at this 

time. There is a strong increase of "Nd at 4000 m beginning at ~20 ka, continuing 

through the deglacial and into the early Holocene, culminating in peak radiogenic "Nd 

values of -3.8 ‰ at ~9 ka. This "Nd value suggests that at this time AABW was 

comprised entirely of the Pacific end member, with a value close to "Nd = -4 ‰ 

(Abouchami et al., 1997). The subsequent decrease in "Nd to -6 ‰ in GeoB 2112 at 

~5 ka suggests increasing influence of northern source waters during the early 

Holocene. This is consistent with modern day salinity profiles which show GeoB 
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2112 to be located close to the boundary between AABW and overlying NADW 

(Figure 3.3) in addition to the !Nd and "13C data from GeoB 2109 (2500 m) which 

indicate increasing NADW in deep waters during the Holocene.  

 

There is some evidence of a shift to more radiogenic values in both GeoB 2109 and 

the Cape Basin core of Piotrowski et al. (2005) at the onset of the Younger Dryas 

around 12 ka. This is consistent with a decrease in NADW input into the Southern 

Ocean at this time, in both the southwest Atlantic at GeoB 2109 and in the southeast 

Atlantic in the Cape Basin. 

 

Following the Younger Dryas, an increase in northern component waters at 2500 m is 

indicated by a decrease in !Nd to -7.9 ‰ at 11.3 ka, concurrent with a steep increase 

in "13C observed in GeoB 2109 (Figure 6.19). !Nd values decrease slightly to -8.3 ‰ 

near core top, when "13C are observed to reach maximum values of 1.3 ‰, indicating 

the completed transition to a dominant flow of northern source waters at 2500 m in 

the Argentine Basin by the late Holocene.    

 

A summary of the main differences in water mass geometry in the Argentine Basin 

between the LGM and the Holocene is given in Figure 6.23. Changes in depth of 

water mass boundaries are based mainly on interpretations of the "13C compilation 

data from Brazilian margin cores (Curry and Oppo, 2005, Figure 6.20) combined with 

!Nd and "13C data from the four study cores.  
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Figure 6.23: A cartoon to show water mass circulation in the southwest Atlantic 
for A) the Holocene and B) during the LGM. Average !Nd and "13C values during 
these intervals are indicated by each core. Horizontal dashed lines indicate the 
approximate depths of water mass boundaries based on the compilation "13C data 
from Brazilian margin cores (Curry and Oppo 2005, Figure 6.20). The boundary 
between modern NADW and AABW is based on modern hydrolgraphic transects 
(Figure 3.3). A filled grey circle is used to represent eastward flow of AAIW and a 
blue X to represent westward flow of AAIW towards the continental margin before 
bifurcating into north and south flowing branches (as shown in Figure 3.2).  
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6.4 Conclusions 

 

Lithogenic fluxes in Brazilian margin cores GeoB 2107 (1048 m), GeoB 2104 (1504 

m) and GeoB 2109 (2504 m) appear to be significantly controlled by sea level. 

Maximum lithogenic fluxes are observed in the early deglacial when sea level was 

lowest and are observed to decrease in response to rising sea level across the deglacial 

up until flooding of the continental shelf at ~13 ka when lithogenic fluxes stabilize in 

all cores. A strong correlation between preserved vertical particle fluxes and 

lithogenic fluxes is observed across all cores, suggesting that particle flux is 

dominantly controlled by lithogenic inputs in this region, in turn reflecting the close 

proximity of these cores to the Brazilian continental shelf. 

 

Biological productivity proxies opal and Ba/Ca suggest productivity was greater at the 

LGM than during the Holocene. This is consistent with observed increases in 

productivity north of the Antarctic polar front at the LGM (Kumar et al. 1993). A 

third proxy for past productivity, authigenic U, shows significant differences between 

cores and does not correlate well the Ba/Ca and opal data which suggests that 

authigenic U is not reflecting local changes in productivity and is more likely 

reflecting oxygen levels specific to the different water masses flowing over each core. 

 

GeoB 2107 is located within modern day AAIW and, according to the !13C depth 

profiles in Figure 6.19, should not be seeing any local mixing with an underlying 

northern water mass at the LGM. At a depth of ~1500 m, GeoB 2104 should see a 

significantly greater component of GNAIW in the glacial, with Nd values in GeoB 

2104 are less radiogenic than GeoB 2107 at all points during the late glacial and 
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deglacial. This is consistent with GeoB 2104 being located very close to the core of 

GNAIW (~1600 m) at the LGM as defined by the Curry and Oppo glacial !13C depth 

plot (Figure 6.19). 

 

At greater depths, water mass distribution at the LGM is very different to today, with 

dominant flow of AABW replacing northern source waters, which shallow to ~1600 

m. Nd and !13C data suggest a switch from dominant southern to northern source 

water mass flow in the southwest Atlantic occurred in the late deglacial at 

approximately 11 ka, with the transition to modern values appearing to have occurred 

relatively late in the Holocene.  
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Ch 7: 231Pa/230Th data 

 

7.1 Introduction 

 

To date, the use of 231Pa/230Th sedimentary records to reconstruct past variation in the 

strength of AMOC have focused primarily on the North Atlantic, investigating the 

link between past NADW flow strength and climate variability (e.g. McManus et al. 

2004, Gherardi et al. 2005). However, the use of water mass tracers such as !13C (e.g. 

e.g. Duplessy 1998; Curry and Oppo 2005) and "Nd (e.g. Piotrowski et al., 2004) to 

reconstruct past water mass distribution in the Atlantic suggests 231Pa/230Th records 

from the North Atlantic may be strongly influenced by circulation of southern waters 

during cold climate intervals.  

 

In this study, four sediment cores from the Argentine Basin spanning depths ranging 

from 1 to 4 km were selected for 231Pa/230Th analyses (as described in chapter 3) to 

assess past flow rates of southern source AAIW and AABW in addition to NADW far 

from it source, as identified using existing !13C and Nd data. 231Pa/230Th data records 

for each core were produced for the last ~25 kyrs, a time period encompassing the last 

deglaciation and the major abrupt climate changes associated with it. 

 

Whilst this work will primarily investigate differences in the circulation state of these 

water masses between the Holocene and LGM, this research will also assess the 

possibility of a seesaw like response in southern water masses to changes in northern 

water mass flow on millennial time scales, where quality of age models and resolution 

of data allow for direct comparison between core records. 
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7.2 Data corrections 

 

Analytical methods, described fully in chapter 4, were used to assess total 231Pa and 

230Th concentrations on a total of 108 samples from the four Argentine Basin cores 

detailed in chapter 3. 

 

Such Pa and Th concentrations in marine sediments consist of three components: 

isotopes scavenged from seawater, those supported by decay of isotope parents in 

detrital material, and those supported by the decay of authigenic U (Henderson and 

Anderson 2003). The use of Pa and Th as a proxy for past circulation is based on the 

scavenged component (i.e. the excess, or unsupported, fraction). Therefore, the 

influence of the other two components must be removed before interpretation: 

 

! 

(231Pa)xs =(231Pa)meas "(
231Pa)det "(

231Pa)auth     (7.1) 

 

! 

(230Th)xs =(230Th)meas "(
230Th)det "(

230Th)auth    (7.2) 

 

Where (…) denotes activity and the subscripts 

 xs = excess (scavenged component) 

 meas  = measured (total) 

 det = detrital (continental component) 

 auth = authigenic (insitu ingrowth from U) 

 

The detrital component is derived from continental erosion and is transported to the 

ocean by aeolian and riverine inputs. This detrital material is old enough for the 
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detrital Th and Pa to be in secular equilibrium with their radiodecay parent isotopes, 

238U and 235U. 

 

! 

(230Th)det =(238U)det       (7.3) 

 

! 

(231Pa)det =(235U)det       (7.4) 

 

Measured U concentrations can not be used directly to assess this component because 

of the presence of authigenic U. Instead, detrital (238U) (and subsequently (230Th)) is 

estimated from the (232Th), which is assumed to be entirely of detrital origin. The 

detrital 238U/232Th ratio for the Argentine Basin was determined to be 0.5 (see Figure 

6.7).  

! 

(230Th)det =(232Th)meas
(238U)
(232Th)
" 

# 
$ 

% 

& 
' 
det    (7.5)

 

 

The activity of detrital 235U (and subsequently 231Pa) is estimated from the average 

natural 235U/238U activity ratio of 0.046. 

! 

(231Pa)det = 0.046 "(232Th)meas
(238U)
(232Th)
# 

$ 
% 

& 

' 
( 
det   (7.6)

 

 

Authigenic 231Pa and 230Th are derived from decay of 235U and 234U which have been 

incorporated into the sediment directly from seawater at or shortly after sedimentation 

(Anderson, 1982). This authigenic uranium is not old enough for Pa and Th to be in 

secular equilibrium meaning Pa and Th produced from authigenic U have to be 

calculated applying the law of radioactive decay: 
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! 

(230Th)auth =(234U)auth 1" e
"#230Tht( )

   (7.7)
 

 

! 

(231Pa)auth =(235U)auth 1" e
"#231Pa t( )

    (7.8)
 

 

Where ! is the decay constant specific to each isotope and t is the time elapsed since 

the emplacement of authigenic U, which is typically taken to be the time of sediment 

deposition. 

 

The activities of 235U and 234U are calculated from 238U which is more abundant and 

therefore more accurately quantified. 

 

! 

(238U)auth =(238U)meas " (
238U)det( )    (7.9) 

 

Because authigenic U is derived from seawater, it has an initial (234U/238U) = 1.146, 

equivalent to that dissolved in seawater (Robinson et al., 2004). Combining equations 

7.7 and 7.9: 

 

! 

(230Th)auth =1.146 (238U)meas "(
238U)det( ) 1" e"#230Tht( )

 (7.10)
 

 

The authigenic component of 231Pa can be calculated using the natural 235U/238U ratio 

of 0.046. Combining equations 7.8 and 7.9: 

! 

(231Pa)auth = 0.046 (238U)meas "(
238U)det( ) 1" e"#231Pa t( )

 (7.11)
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Substituting  238Udet by 7.5 (into 7.10) and 7.6 (into 7.11) gives the final equations for 

the authigenic components of Th (7.12) and Pa (7.13): 

 

! 

(230Th)auth =1.146 (238U)meas "(
232Th)meas

(238U)
(232Th)
# 

$ 
% 

& 

' 
( 
det

) 

* 
+ 

, 

- 
. 1" e"

/230Tht( )
 (7.12)

 

 

! 

(231Pa)auth = 0.046 (238U)meas "(
232Th)meas

(238U)
(232Th)
# 

$ 
% 

& 

' 
( 
det

) 

* 
+ 

, 

- 
. 1" e"

/231Pa t( )
 (7.13)

 

 

Finally, the effect of radioactive decay since time of deposition must be corrected for 

to give the initial 230Th and 231Pa concentrations. This correction is given by: 

 

! 

(230Th)xs,0 =(230Th)xs " e
#230Tht

    (7.14) 

 

! 

(231Pa)xs,0 =(231Pa)xs " e
#231Pa t

    (7.15) 

 

 

7.3. Results: Downcore 231Pa/230Th profiles  

 

Downcore records of (231Pa), (230Th)  and (231Pa/230Th)xs,0  are presented separately by 

core together with opal flux and particle flux profiles. Also shown are scatter plots 

between opal flux, particle flux and 231Pa/230Th for each core. These data are 

discussed both individually by core and collectively in the next section For simplicity, 

(231Pa/230Th)xs,0, (231Pa) and (230Th) will be referred to as 231Pa/230Th, 231Pa and 230Th 

respectively in the text of the remainder of this chapter. 
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Figure 7.1: (a) Paxs0, (b) Thxs0, (c) 231Pa/230Thxs0, (d) vertical particle flux and (e) opal 
flux profiles for GeoB 2107 (1048m). Errors are within symbol size where not shown. 
The horizontal dashed black line in (c) represents the natural 231Pa/230Th production 
ratio (0.093). 
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Figure 7.2: (a) Paxs0, (b) Thxs0, (c) 231Pa/230Thxs0, (d) vertical particle flux and (e) opal 
flux profiles for GeoB 2104 (1503 m). Errors are within symbol size where not shown. 
The horizontal dashed black line in (c) represents the natural 231Pa/230Th production 
ratio (0.093). The vertical grey shaded bar marks the approximate timing of possible 
turbidite activity in this core. 
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Figure 7.3: (a) Paxs0, (b) Thxs0, (c) 231Pa/230Thxs0, (d) vertical particle flux and (e) opal 
flux profiles for GeoB 2109 (2504 m). Errors are within symbol size where not 
shown. The horizontal dashed black line in (c) represents the natural 231Pa/230Th 
production ratio (0.093). 
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 Figure 7.4: (a) Paxs0, (b) Thxs0, (c) 231Pa/230Thxs0, (d) vertical particle flux and (e) opal 
flux profiles for GeoB 2112 (4010 m). Errors are within symbol size where not 
shown. The horizontal dashed black line in (c) represents the natural 231Pa/230Th 
production ratio (0.093). The grey dashed error bars in (c) show the estimated 
uncertaintiy on the GeoB 2112 age model as discussed in section 5.5 
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231Pa/230Th ratios in core GeoB 2107 (1048 m) are significantly lower at the LGM 

(averaging 0.059 ± 0.005, n =4 between 19-23 ka, Figure 7.1) than during the 

Holocene (averaging 0.078 ± 0.004, n= 8 between 0-10 ka). 231Pa/230Th ratios in this 

core remain low through most of the deglacial, showing little variation from an 

average of 0.064 between 17.9 ka and 12.9 ka. A large increase is observed in 

231Pa/230Th from 0.063 to 0.082 between 12.9 ka and 10.8 ka. 231Pa/230Th ratios then 

remain above 0.07 during the Holocene with the exception of an isolated minimum of 

0.064 at 8 ka.  

 

In core GeoB 2104 (1503 m) 231Pa/230Th ratios are distinctly higher than in GeoB 

2107 at the LGM, with average values of 0.078 ± 0.004, n = 4 in GeoB 2104 

compared to 0.059 in GeoB 2107 ± 0.005, n =4 between 19 ka and 23 ka (Figures 7.2, 

Figure 7.5: Combined 231Pa/230Th downcore records from GeoB 2107 (1048m), GeoB 
2104 (1503m), GeoB 2109 (2504m) and GeoB 2112 (4010m). A horizontal dashed black 
line is used to indicate the natural 231Pa/230Th production ratio (0.093). 
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7.1). Large fluctuations in 231Pa/230Th are observed in GeoB 2104 at approximately 

16.2-16.0 ka when 231Pa/230Th values fluctuate between 0.085 and 0.040. Similar 

fluctuations are also observed at this time in the particle flux and opal records of 

GeoB 2104 and may be the result of turbidite activity specific to core GeoB 2104. For 

this reason, these values are omitted from the 231Pa/230Th curve of GeoB 2104 in 

subsequent Figures. During the Holocene, 231Pa/230Th values in GeoB 2104 range 

between 0.07 and 0.09, a similar range of values seen in GeoB 2107 at this time. 

 

!13C and "Nd data (discussed in chapter 6) indicate a transition from southern to 

northern sourced waters flowing over the core site of GeoB 2109 (2504 m) beginning 

around 13 ka (section 6.3.3). Prior to this change, 231Pa/230Th values are higher, with 

the exception of a prominent peaks at ~23 ka (231Pa/230Th = 0.04) and 16.5 ka 

(231Pa/230Th = 0.052). 231Pa/230Th levels in GeoB 2109 (2504 m) remain stable 

throughout the Holocene, ranging between 0.055 and 0.048.  

 
231Pa/230Th ratios in core GeoB 2112 (4010 m) are similar to those observed in GeoB 

2109 throughout the ~25 kyr record, most notably at 23.5 ka where a clear minimum 

in 231Pa/230Th is observed in both cores (Figure 7.5). 231Pa/230Th ratios in core GeoB 

2112 decrease from ~0.07 at the LGM to ~0.06 at 10 ka.  A further decrease in 

231Pa/230Th is observed between 9.4 and 7.4 ka (from 0.061 to 0.051). 

 

231Pa/230Th values in GeoB 2107 show no significant correlation with either opal flux 

(r2 = 0.16, Figure 7.6) or mass flux (r2 = 0.10, Figure 7.7) with fluxes higher in the 

LGM when 231Pa/230Th are observed to decrease. A similarly poor correlation is 
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observed in GeoB 2104 between 231Pa/230Th and opal (r2 = 0.032) and particle fluxes 

(r2 = 0.080).  
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Figure 7.6: Plots to show the relationship between opal flux and 231Pa/230Th for cores GeoB 
2107 (1048 m, blue), GeoB 2104 (1503 m, green), GeoB 2109 (2504 m, red) and GeoB 2112 
(4010 m, purple). 

Figure 7.7: Plots to show the relationship between particle flux and 231Pa/230Th for cores GeoB 
2107 (1048 m, blue), GeoB 2104 (1503 m, green), GeoB 2109 (2504 m, red) and GeoB 2112 
(4010 m, purple). 
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There is a greater but still not highly significant correlation observed between 

231Pa/230Th and both opal (r2 = 0.36) and mass flux (r2 = 0.28) in GeoB 2109 with 

231Pa/230Th generally higher in the LGM when opal and particle fluxes reach 

maximum levels. However, individual peaks observed in downcore profiles of opal 

and particle fluxes do not correlate well with 231Pa/230Th records in GeoB 2109, which 

shows low 231Pa/230Th values close to peaks in opal at 22 ka and 17.5 ka. 231Pa/230Th 

values in GeoB 2112 show a poor correlation with both opal (r2 = 0.040) and mass 

flux (r2 = 0.034), although a peak in particle and opal fluxes are also observed to occur 

at a time when 231Pa/230Th values are near maximum levels at ~25 ka. The 

relationship between 231Pa/230Th and both particle (r2 = 0.033, n = 89) and opal flux (r2 

= 0.00014, n = 67) for all combined samples is shown in Figure 7.8. 

!

 

 

 

 

 

 

 

Figure 7.8: Plots to show the relationship between (a) particle flux and 231Pa/230Th and (b) opal 
flux and 231Pa/230Th  for all combined samples from cores GeoB 2107, GeoB 2104, GeoB 2109 and 
GeoB 2112 in the Argentine Basin. 
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7.4 Discussion 

 

7.4.1 Effect of opal and particle fluxes on 231Pa/230Th  

!

Protactinium is more readily scavenged by opal and in areas of high particle flux (see 

chapter 2). It is therefore expected that increases in particle flux or opal flux will 

correlate with increases in 231Pa/230Th if productivity, or the composition of 

scavenging particles, is responsible for the observed changes in 231Pa/230Th. 

 

Opal fluxes range from an average of ~60 mg cm-2 ka-1 in GeoB 2107 (1048 m) to an 

average of ~10 mg cm-2 ka-1 in GeoB 2112 (4010 m).  These values are significantly 

lower than in regions where opal has been shown to have a strong correlation with 

231Pa/230Th such as the Atlantic sector of the Southern Ocean where opal fluxes range 

between ~500 mg cm-2 ka-1 and 6000 mg cm-2 ka-1 over the last ~20 kyrs (Anderson et 

al. 2009, Figure 7.9).  

!

!

!

!

Figure 7.9: A strong correlation between opal flux and 231Pa/230Th in the Atlantic sector of 
the Southern Ocean (core TN057-13-4PC, 53.2o S, 5.1oE). Adapted from Anderson et al. 
(2009). Note Opal flux units are in g cm-2 kyr-1 as opposed to mg cm-2 kyr-1 for all Argentine 
Basin cores (Figures 7.1-7.4).  



! "#%!

No significant correlation is observed between 231Pa/230Th and opal flux (r2  = 0.0001, 

Figure 7.8) or between 231Pa/230Th and particle flux (r2 = 0.033, Figure 7.8) in all 

combined samples from the four study cores, indicating that particle composition and 

flux have little effect on 231Pa/230Th in this location. This agrees with Niemann (2003) 

who measured the spatial distribution of 231Pa/230Th in surface sediments across the 

Argentine Basin and found that particle flux and opal flux have little correlation with 

231Pa/230Th in sediments bathed by intermediate and deep water masses in this region. 

However, particle flux may have more influence on 231Pa/230Th further south where 

higher particle flux levels are observed in the Brazil Malvinas Confluence Zone 

(Niemann, 2003). This would result in greater scavenging of Pa from AAIW en route 

to the Argentine Basin, which may explain the lower concentrations of Pa observed in 

GeoB 2107 relative to all other cores from this study (Figures 7.1-7.4). Furthermore, 

enhanced scavenging of Pa in the BMCZ would most likely lead to reduced 

231Pa/230Th ratios in each of the Argentine Basin study cores bathed by southern 

component water masses. 

 

In the location of the cores studied here, the lack of apparent influence of local 

particle flux and opal flux suggests that changes due to ocean circulation are likely to 

explain much of the variability in 231Pa/230Th. 

 

7.4.2 Further discussion of authigenic U and sediment focusing factor 
 
 
As discussed in section 6.3.2, downcore authigenic U records in GeoB cores show 

some similarities with opal flux, supporting a possible productivity control on 

authigenic U levels in the Argentine Basin. The 231Pa/230Th data presented in this 
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chapter can be used to assess the possible relationship between authigenic U and 

circulation. Depleted oxygen levels associated with reduced ventilation of different 

water masses at the depths specific to each core would give rise to peaks in authigenic 

U and can be assessed by comparison with 231Pa/230Th records (Figure 7.10).  

 

!
!
!

!
!
!

!
!

!
!
!

!
!
!
!
!
!

!
 

 

Figure 7.10 shows there is no significant relationship between authigenic U and 

231Pa/230Th in any of the individual GeoB core records, or collectively across all 

samples (r2 = 0.031, n = 89). Furthermore, where downcore authigenic U profiles 

(Figure 6.8) show distinct differences between two cores bathed by the same water 

mass 231Pa/230Th values (Figure 7.5) are observed to be very similar, which would not 

be expected if ventilation was controlling authigenic U levels in this region. For 

example, cores GeoB 2107 and GeoB 2104, bathed by AAIW during the deglacial 

Figure 7.10: Correlation plots between authigenic U and 231Pa/230Th for cores GeoB 2107, 
GeoB 2104, GeoB 2109 and GeoB 2112, with r2 values given to two significant figures for 
each core. 
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show similar 231Pa/230Th values between 14-9 ka when authigenic U are observed to 

be significantly higher in GeoB 2104.  

 

The absence of any evidence for a significant relationship between 231Pa/230Th and 

authigenic U suggests that changes in authigenic U are most likely due to productivity 

changes in the Argentine Basin, with some evidence for increased authigenic U levels 

corresponding to increases in opal flux as discussed in section 6.3.2. 

 

Focusing factors are observed to be greater than 1 in all study cores for the last ~25 ka 

(Figures 6.3, 6.4) indicating a net flux of sediment into the locality of the GeoB core 

sites located on the continental slope of Brazilian margin. 

 

Cores GeoB 2107 (1048 m) and GeoB 2104 (1503 m) show most variability in 

focusing factor downcore, possibly due to gravitational settling of fine material 

further up slope. This is consistent with the fact that turbidites are known to occur 

commonly along the upper South Brazilian continental slope (Kowsmann and de 

Ataide Costa, 1979). 

 

There appears to be no clear or consistent co-variation between focusing factor and 

231Pa/230Th (Figure 7.5) across all of the GeoB cores. Significant changes in 

231Pa/230Th, such as in GeoB 2109 (from ~ 27 to 22 ka and from ~19 to 14 ka) occur 

when focusing factors are relatively stable. Additionally, significant changes in 

focusing factor in GeoB 2107 between 17-13 ka are observed to occur when 

231Pa/230Th is stable. However, some similarities between 231Pa/230Th and focusing 

factor are observed, most notably in GeoB 2104 from ~24-19.5 ka, when relatively 
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high 231Pa/230Th values are observed at the same time as a peak in focusing factor, 

suggesting that enhanced focusing factor may be due to reduced flow speed over 

GeoB 2104 at this time. 

 

Average focusing factors in GeoB 2112 of ~10 during the Holocene and ~6 during the 

LGM, are relatively high in comparison to the shallower GeoB cores. This core is 

located within the margins of the Argentine Basin, where mudwaves are well 

documented (e.g. Jones, 1994), likely contributing greater sediment drift, and 

subsequently high and temporally variable focusing factors at this particular core site. 

 

7.4.3 Effect of water mass on 231Pa/230Th records 

 

A key question when interpreting sedimentary 231Pa/230Th ratios is whether they 

represent average flow conditions through the entire water column or just the bottom 

most water mass. 

 

231Pa/230Th downcore profiles from the four Argentine Basin cores in this study  

(Figure 7.5) show distinct differences with depth, indicating that 231Pa/230Th ratios are 

set by the water mass immediately above the sediment, rather than averaging through 

the entire water column. Results from a model study by Thomas et al. (2006) suggest 

that sedimentary 231Pa/230Th values are set by waters within 1000 m from the 

sediment water interface. Comparison of 231Pa/230Th records from intermediate depth 

cores GeoB 2107 (1048 m) and GeoB 2104 (1504 m, Figure 7.11), located along the 

Brazilian continental slope at depths just 500 m apart, can help to improve on this 

estimate.  
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Modern day hydrographic transects combined with Nd data indicate that, during the 

Holocene, core GeoB 2107 remained within AAIW and core GeoB 2104 was bathed 

by NADW but located close to (within ~300 m) the boundary with AAIW (see 

chapter 6). Mean 231Pa/230Th values are identical between cores GeoB 2107 and GeoB 

2104 during the Holocene (0-10 ka) when 231Pa/230Th in GeoB 2107 = 0.077 ± 0.004, 

n = 8 and in GeoB 2104 = 0.077 ± 0.003, n = 12, which suggests that both cores are 

reflecting the flow conditions of AAIW during this time.  

!

!

!

!

!

!

!

!

!

!

!

!

At the LGM, !13C data from the Brazilian margin (Curry and Oppo 2005, Figure 

6.20) indicate that the core of northern source waters (GNAIW) had shoaled to 1500 

m and that AAIW at the LGM was present at depths down to only ~1000 m, some 

500 m above core GeoB 2104. Average 231Pa/230Th values in cores GeoB 2107 and 

Figure 7.11: Downcore 231Pa/230Th ratios in cores GeoB 2107 (1048m) and GeoB 2104 
(1503m). )!*+,-.+/012!314*53!62178! 2-/5! -4!9453!0+! -/3-7105!0*5!/109,12!(:";1<(:'=*!
>,+3970-+/!,10-+!?'@'&:A@ 
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GeoB 2104 are noticeably different at the LGM (19-23 ka) when mean 231Pa/230Th in 

GeoB 2107 = 0.058 ± 0.005, n = 4 and in GeoB 2104 = 0.077 ± 0.004, n = 4. A 

plausible explanation for these differences is that, during the LGM, 231Pa/230Th values 

in GeoB 2107 continue to reflect circulation of AAIW at 1000 m but 231Pa/230Th 

values in GeoB 2104 mainly reflect flow of GNAIW at this time, with AAIW further 

above core GeoB 2104 at the LGM relative to the Holocene. Given that GeoB 2107 

and GeoB 2104 are located at depths only 500 m apart but show distinct 231Pa/230Th 

values at the LGM, this finding suggests that sedimentary 231Pa/230Th ratios are set by 

waters within approximately 500 m of the sediment surface. 

 

7.4.4 Glacial-interglacial circulation changes at intermediate depths: faster 

AAIW at the LGM?  

 

Modern day salinity profiles (WOCE) and glacial !13C data from the Brazilian margin 

(Curry and Oppo, 2005) indicate that core GeoB 2107 (1048 m) was located within 

AAIW both today and at the last glacial maximum (section 6.3.3).  

!

231Pa/230Th values in core GeoB 2107 (Figure 7.12) are significantly lower at the 

LGM (average 231Pa/230Th = 0.058 ± 0.005, n = 4) than during the Holocene (average 

231Pa/230Th = 0.077 ± 0.004, n = 8). As discussed in section 7.4.1, should variations in 

opal flux or particle flux in the Argentine Basin be driving the observed changes in 

231Pa/230Th we would expect these fluxes to be lower at the LGM relative to the 

Holocene. However, both opal and particle flux in GeoB 2107 show a slight increase 

from Holocene to LGM values (Figure 7.1).  

!
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An alternative explanation for lower 231Pa/230Th values in GeoB 2107 during the 

LGM is that opal and/or particle flux levels increase upstream of the GeoB 2107 core 

site at this time. Kumar et al. (1995) present evidence for a northward shift of the 

southern ocean opal belt at the LGM based on higher opal fluxes observed in 

sediments north of the Antarctic Polar Front during the LGM relative to the Holocene 

(Figure 7.13).  

Figure 7.12: 231Pa/230Th and "Nd records for intermediate depth core GeoB 
2107 (1048 m). Nd data provided by Paul Carter at Bristol University. 
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As discussed in section 2.5, ;1! 1/3!=*!D105,! 7+29E/!>,+F-254! F+,! 0*5! 4+90*D540!

G/3-1/! H751/I! >,+39753! 6J! =*+E14! 50! 12@! ?(''#AI! -/3-7105! 0*10!D105,4! F2+D-/K!

F,+E!0*5!L+90*5,/!H751/!?))MNA!*13!5O>5,-5/753!;1!2+44@!=*-4!D14!100,-69053!

6J!=*+E14!50!12@!?(''#A!0+!471P5/K-/K!+F!;1!14!D105,4!F2+D!/+,0*D1,34!0*,+9K*!

0*5!+>12!6520!10!QC'+L@!!=*-4!F-/3-/K!49KK5404!0*10!scavenging of Pa from southern 

source waters passing through the opal belt would result in relatively low sedimentary 

231Pa/230Th values immediately north of the opal belt at ~45oS during the LGM and at 

first sight offers a possible explanation for the lower 231Pa/230Th values in GeoB 2107 

at the LGM even though GeoB 2107 is located significantly further north at 27oS.!

!

However, the 231Pa/230Th record from GeoB 2112, a core bathed by AABW 

throughout the last 25 kyrs, shows higher 231Pa/230Th values at the LGM relative to 

Figure 7.13:  Average 
Holocene and LGM 
231Pa/230Th ratios (a) and 
230Th normalized opal 
fluxes (b) from six 
sediment cores in the 
Atlantic sector of the 
Southern Ocean.  Black 
filled triangle indicates 
the approximate latitude 
of the modern day 
Antarctic Polar Front. 
Adapted from Kumar et 
al. (1995). 
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the Holocene (i.e. the opposite change to GeoB 2107, Figure 7.5) and higher average 

LGM values relative to GeoB 2107. Given that both AABW and AAIW pass through 

the opal belt en route to the Argentine Basin from the south and should therefore be 

influenced by changes in upstream productivity in a similar manner, the 

inconsistencies between downcore 231Pa/230Th records of GeoB 2107 and GeoB 2112 

suggest that upstream scavenging is not controlling 231Pa/230Th ratios in these 

sediments.  

 

Lower 231Pa/230Th  in GeoB 2107 at the LGM could also result from greater lateral 

advection of Pa associated with faster flow of AAIW. Greater production of AAIW at 

the LGM, as indicated by lower Pa/230Th values, may be due to stronger westerly 

winds over the Southern Ocean inducing unusually deep upwelling (Toggweiler and 

Samuels, 1995) and increased northward Ekman drift such that sub Antarctic surface 

waters, freshened by net precipitation, feed the formation of Antarctic Intermediate 

Water (Rickaby and Elderfield, 2005). 

 

Other studies have provided evidence for higher production and northward expansion 

of AAIW at the LGM relative to today. Based on measurements of redox sensitive 

metals Re and Mn in sediments, Muratli et al. (2010) observed an increase in the 

depth range of well oxygenated waters off Chile at the LGM, interpreted as reflecting 

a glacial increase in production of oxygen rich AAIW. 

 

Lynch-Stieglitz et al. (1994) examined glacial sediment !18O and !13C data from the 

southern continental margin of Australia in conjunction with !18O and !13C data from 

sediments in the North Indian and Southern Ocean to infer a reduced contribution to 
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glacial AAIW of North Indian Ocean Intermediate Water relative to Antarctic Surface 

Waters, indicating that AAIW in the glacial was cooler, less saline and better 

ventilated than AAIW today. This paleoceanographic evidence is in agreement with 

several modeling studies which predict greater formation of AAIW during the glacial 

(e.g. Ganopolski et al., 1998; Liu et al., 2002; Meissner et al., 2005). 

 

An increase in production of AAIW during abrupt cooling events in the north Atlantic 

during the deglacial (HS1, YD) is suggested by Rickaby and Elderfield (2005) who 

observed the characteristic chemical signature of AAIW (based coupled benthic 

Cd/Ca and !13C data) in sediments from the high latitudes of the North Atlantic, and 

also by Pahnke et al. (2008) who observed an increase in Nd isotope values in 

intermediate depth cores from the tropical and South Atlantic during HS1 and the YD. 

In addition, Pahnke and Zahn (2005) suggest AAIW in the Pacific was enhanced 

during northern hemisphere stadials based on comparisons between benthic !13C data 

in sediments from the southwest Pacific and the North Atlantic. However, evidence 

for increase in circulation rate of AAIW during HS1 and the YD is not seen in the 

231Pa/230Th record of GeoB 2107. A model study investigating the sensitivity of 

231Pa/230Th to changes in circulation state by Rae (2007) found that 231Pa/230Th values 

are less sensitive to change at high circulation states due to increased lateral advection 

of 230Th with 231Pa. The absence of any significant change to 231Pa/230Th in GeoB 

2107 during HS1 and the YD (Figure 7.11) may therefore be due to low sensitivity of 

231Pa/230Th to increases in circulation when the circulation rate of AAIW is already 

high during the deglacial, as indicated by mean deglacial 231Pa/230Th values of 0.063 ± 

0.005, n = 7. 
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Given the lack of evidence for either a local or upstream scavenging control on 

231Pa/230Th in core GeoB 2107, the 231Pa/230Th data from this core can best be 

explained by faster flow of AAIW during the LGM and deglacial relative to the 

Holocene, consistent with evidence from various peleoceanographic studies discussed 

above. 

!

7.4.5. LGM to Holocene changes in deep water mass geometry and circulation in 

the Argentine Basin. 

!

At the LGM both GeoB 2109 (2504 m) and GeoB 2112 (4010 m) were bathed by 

southern source waters (i.e. AABW) as indicated by Nd isotope data (section 6.3.3). 

231Pa/230Th values in GeoB 2109 average 0.062 ± 0.04, n = 2 at the LGM compared to 

0.052 ± 0.002, n = 4 during the Holocene (Figure 7.14). 

 

A similar LGM to Holocene change in 231Pa/230Th is observed in GeoB 2112 (4010 

m) where average 231Pa/230Th values decrease from 0.069 ± 0.001, n = 3 at the LGM 

to 0.053 ± 0.001, n = 5 for the Holocene. Given the weak correlation between both 

opal and particle fluxes with 231Pa/230Th for these cores as discussed above (Figure 

7.8), these higher 231Pa/230Th values are inferred to reflect weaker circulation of 

southern sourced waters at depths greater than 2500 m at the LGM relative to flow of 

NADW during the Holocene (average Holocene 231Pa/230Th in core GGC5 from the 

North Atlantic = 0.055 ± 0.02, n = 10).  
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Figure 7.14: Changes in deep water mass geometry and circulation in the Argentine Basin 
since the LGM inferred from 231Pa/230Th and Nd records. (a) Ice core !18O data from 
Greenland (GISP, blue line) and Antarctica (Byrd, orange line). (b) 231Pa/230Th data from core 
GGC5 from the Bermuda Rise in the North Atlantic (4550m, light green, McManus et al. 
2004). (c) Nd records from cores GeoB 2109 (2504 m, red) and GeoB 2112 (4010 m, purple) 
in the Argentine Basin and from core RC11-83 in the Cape Basin (4718m, pink line, 
Piotrowski et al. 2005). (d) 231Pa/230Th data from GeoB 2109 (2504 m, red) and GeoB 2112 
(4010 m, purple). Grey shaded vertical bars represent periods of cooling over Greenland (HS1, 
YD). The horizontal error bars in (c) and (d) are the estimated age uncertainty associated with 
GeoB 2112 samples prior to ~16 ka, as discussed in section 5.5. 
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Although 231Pa/230Th values in GeoB 2109 and GeoB 2112 are higher at the LGM 

relative to the Holocene, they are still significantly below the production ratio (0.093) 

indicating that whilst deep ocean circulation in the Atlantic was reduced at the LGM, 

northward flow of AABW was far from completely sluggish.  

 

During HS1, a time of significant cooling over Greenland, constant or lower Nd 

values in GeoB 2109 and GeoB 2112 indicate the continued presence of AABW at 

depths greater than 2500 m in the Argentine Basin. At this time 231Pa/230Th values are 

observed to decrease in GeoB 2109, indicating enhanced lateral export of Pa 

associated with as an increase in production of AABW. Changes in 231Pa/230Th in 

cores bathed by AABW in relation to abrupt cooling episodes in the north are 

discussed in section 7.4.7. 

 

As discussed in chapter 6 (section 6.3.3), Nd values in core RC11-83 (4718 m) from 

the Cape Basin are observed to decrease following HS1, indicating a stronger 

influence of northern source waters (i.e. NADW) in the South Atlantic during the 

ACR (at ~14 ka). This is supported by a recent study of Barker et al. (2010) who 

observed significantly younger than modern 14C ventilation ages in core TNO57-21 

from the deep South Atlantic Ocean (TNO57-21; 41.1oS, 7.8oE, 4981 m) during the 

ACR, consistent with an increased presence of well ventilated northern source waters. 

231Pa/230Th values in GeoB 2109 and GeoB 2112 are observed to reach ~0.065 at this 

time (Figure 7.14), values almost identical to those observed in core GGC5 (4550 m) 

from the Bermuda Rise at this time (= ~0.064 at 14 ka). Similar 231Pa/230Th values are 

also observed between core GGC5 and cores GeoB 2109 and GeoB 2112 in the 

Holocene, when NADW was present at depths greater than 2500 m in the south 
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Atlantic, supporting the possibility that northern source waters were present at great 

depths in Argentine Basin during the ACR. Nd values in GeoB 2109 during the 

Younger Dryas are the same as prior to 15 ka, indicating the return to a dominant flow 

of AABW at mid depths in the Argentine Basin. This is in agreement with Nd data 

from GeoB 2107, which shows a sharp increase from 5.5 ‰ during the ACR to 

maximum values of -3.8‰ at the start of the YD (Figure 7.12) reflecting a reduced 

contribution of northern source waters to the south during the Younger Dryas.  

!

A decrease in "Nd from -6.6 ‰ at 12.6 ka to -7.9 ‰ at 11.4 ka together with 

increasing !13C values in GeoB 2109 following the Younger Dryas indicate a greater 

contribution of southward flowing NADW at 2500 m during the late deglacial (Figure 

7.14). This is consistent with the core of northern source waters in this region 

deepening from ~1600 m at the LGM to 2500 m in the Holocene as discussed in 

chapter 6 (Figure 6.20, section 6.3.3).  

 

231Pa/230Th and Nd values in GeoB 2109 (2500 m) remain relatively uniform 

(231Pa/230Th = 0.048-0.055, "Nd = -7.6 ‰ to -8.4 ‰) throughout the Holocene 

indicating the continued presence of vigorous and well ventilated NADW. Average 

Holocene 231Pa/230Th values in GeoB 2109 (0.052 ± 0.002, n = 4) are surprisingly low 

given the expected export of Pa with NADW from the North Atlantic, where average 

Holocene 231Pa/230Th values of 0.055 ± 0.02, n = 10 are observed in core GGC5 from 

the Bermuda Rise (McManus et al. 2004).  The lower than expected Holocene 

231Pa/230Th values in GeoB 2109 may be due to removal of Pa from NADW by 

boundary scavenging as this water mass flows south as a deep western boundary 
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current along the continental margin of north America en route to the Argentine 

Basin. 

 

231Pa/230Th values in GeoB 2112, a core that has remained within AABW throughout 

the last ~25 kyr, are similar to those at 2500 m in the mid Holocene (~0.050 between 

~7.5 and 5.5 ka). Given that GeoB 2109 is bathed by NADW throughout the 

Holocene, the similarity in 231Pa/230Th values between these two cores suggest that 

231Pa/230Th values in GeoB 2112 may be reflecting flow of NADW above AABW in 

the water column. This is consistent with the modern day location of GeoB 2112 

being close to the boundary between AABW and NADW in the water column (Figure 

3.3, chapter 3). The decrease in GeoB 2112 231Pa/230Th between 9.4 and 7.4 ka (from 

0.061 to 0.051) is observed to coincide with a decrease in "Nd (-6.6 ‰ to -7.9 ‰). 

This suggests that the presence of NADW in the Argentine Basin at 4000 m may not 

have been established until ~7.5 ka at 4000 m, some 3-4 kyr after NADW is observed 

at 2500 m in GeoB 2109. However, the low data resolution in the early Holocene of 

GeoB 2112 m means it is not possible to accurately assess the timing of a transition 

from northward flow of AABW to southward flow of NADW at 4000 m in the 

Argentine Basin.  

!

!

!

!

!

!
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7.4.6 Glacial-interglacial circulation changes inferred from 231Pa/230Th time slice 

profiles: Comparison with North Atlantic 231Pa/230Th records 

 

Gherardi et al., (2009) compared 231Pa/230Th records from multiple cores between 

~1700 m and 4500 m in the North Atlantic in order in order to investigate the 

evolution of the geometry and rate of formation of deep waters in the North Atlantic 

for the last 20,000 years. Analysis of 231Pa/230Th records from the four Argentine 

Basin cores between ~1000 m and 4000 m in this work allows for a similar study to 

be made for the South Atlantic and directly assess the relationship between shallow 

and deep water circulation on glacial-interglacial timescales between hemispheres. 

 

 

 

 

 

During the Holocene, intermediate depth cores GeoB 2107 (1048 m) and GeoB 2104 

(1503 m) in the South Atlantic (Figure 7.15, A) record high average 231Pa/230Th 

values (GeoB 2107 = 0.077 ± 0.004, n = 8, GeoB 2104 = 0.077 ± 0.003, n = 12). 

231Pa/230Th values are significantly lower at greater depths, averaging 0.052 ± 0.004, n 

Figure 7.15: Sedimentary 231Pa/230Th time slices versus water depth from (A) Argentine Basin 
sediments and (B) North Atlantic sediments (Gherardi et al., 2009). A vertical orange dashed line is 
used to show the 231Pa/230Th production ratio (0.093). Approximate depths of water mass boundaries 
for the Holocene (red) and LGM (blue) in the southwest Atlantic are based on !13C data from 
Brazilian margin cores as described in chapter 6, (section 6.2.3, figure 6.21). The 231Pa/230Th scale is 
inverted in order to show strong MOC on the right-hand side and a reduced MOC on the left-hand 
side of each figure. 
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= 4 in GeoB 2109 (2504 m) and 0.053 ± 0.001, n = 5 in GeoB 2112 (4010 m). A 

similar 231Pa/230Th depth profile is observed in North Atlantic sediments during the 

Holocene (Figure 7.15, B) where high 231Pa/230Th values at or in excess of the 

production ratio are observed at intermediate depths down to ~2200 m and decrease to 

progressively lower values are at greater depths (~0.065 at ~3000 m, ~0.055, 4500 

m). Should variations in 231Pa/230Th values mainly reflect changes in circulation in the 

location of these cores, these results indicate that both the north and South Atlantic 

were dominated by vigorous flow of NADW at great depths during the Holocene, 

with relatively weak overturning of intermediate waters above.  

!

The Holocene pattern of Atlantic circulation described above appears to have been 

very different during the glacial. At the LGM, low 231Pa/230Th values (0.058 ± 0.005, 

n = 5) are observed at 1000 m depth in the south Atlantic whilst even lower values are 

observed at ~1500 m and at 2200 m in the North Atlantic (~0.053, 0.045) indicating 

vigorous flow of AAIW and GNAIW respectively. 231Pa/230Th values of 0.076 ± 

0.004, n = 5 observed in GeoB 2104 (1504 m), located within the core of GNAIW in 

the South Atlantic at the LGM, are not consistent with lower 231Pa/230Th values of 

~0.053 (core DAPC2, 1709 m) observed at similar depths in the North Atlantic. This 

may be due to the scavenging of excess Pa exported with rapid flow of GNAIW far 

from its source. In contrast to the low 231Pa/230Th values at intermediate depths, 

relatively high 231Pa/230Th values are observed in both the south and north Atlantic at 

depths greater than 4 km during the LGM, with GeoB 2112 averaging 231Pa/230Th 

values of 0.069 ± 0.001, n = 3 and North Atlantic records at 4.3 km (core SU90) and 

4.5 km (core GGC5) depth averaging LGM 231Pa/230Th values of 0.079 and 0.067 
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respectively. These higher 231Pa/230Th values at depth are consistent with the 

increased presence of a relatively sluggish and poorly ventilated AABW throughout 

the Atlantic basin at this time (e.g. Marchitto et al., 2002; Curry and Oppo, 2005).  

 

The observation of rapid circulation at intermediate depths during the LGM relative to 

weaker overturning of deep waters is consistent with the requirement that at least one 

water mass is rapidly renewed in order to maintain the distinct vertical structure of 

water masses seen in nutrient proxies at the LGM (Curry and Oppo 2005), that would 

otherwise be erased by wind and tidal mixing (Wunsch, 2003). 

 

North and south Atlantic records differ at mid depths during the LGM where in the 

north low 231Pa/230Th values (0.049) similar to those observed at intermediate depths 

are seen at 3000 m (core SU81), where as in the South Atlantic GeoB 2109 (2500 m) 

shows average LGM 231Pa/230Th values of 0.064, closer to deep water 231Pa/230Th 

values. A possible explanation for these differences is that rapid overturning may 

have extended down to mid depths in the North Atlantic at the LGM but only reached 

intermediate depths in the South Atlantic, consistent with the core of northern source 

waters in the Argentine Basin deepening from ~1600 m at the LGM to ~2500 m in the 

Holocene (Curry and Oppo, 2005, Figure 6.20).  

 

The lack of any significant north-south gradient in deep water (AABW or NADW) 

231Pa/230Th values during either the LGM or the Holocene is surprising. During the 

LGM the difference in 231Pa/230Th values between core GGC5 (0.067) from the deep 

northwest Atlantic and core GeoB 2112 (0.069), both bathed by AABW, is 0.002. In 

the Holocene, the difference in 231Pa/230Th values between core GGC5 (0.055) and  
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core GeoB 2109 (0.052), both bathed by NADW is 0.003. A significant gradient in 
231Pa/230Th between hemispheres might have been expected given the export of Pa 

with southward flowing NADW to the Southern Ocean during the Holocene and 

export of Pa with northward flowing AABW to the North Atlantic during the LGM. 

As discussed in section 7.4.5, the lower than expected north-south 231Pa/230Th 

gradient may be due to removal of Pa from NADW and AABW by boundary 

scavenging as these water masses flow along the continental margin of North 

America as a deep western boundary current. 

 

 

7.4.7. Rapid flow of SCW during abrupt circulation changes in the North 

Atlantic: evidence for a bipolar seesaw?  

!

Distinctly low 231Pa/230Th values are observed in GeoB 2109 and GeoB 2112 at ~23.5 

ka and also at 16.5 ka in GeoB 2109 (Figure 7.16).  Unfortunately, no samples were 

measured around 16.5 ka in GeoB 2112 due to the lower sedimentation rate of this 

core.  These lower 231Pa/230Th values suggest increased flow of southern source 

AABW during these intervals, given the lack of local opal and particle flux control on 

231Pa/230Th in the Argentine Basin as discussed above. 

 

Opposite signals of high 231Pa/230Th values are observed in North Atlantic sediment 

records during HS2 (core ODP1063, Lippold et al., 2009) and HS1 (core GGC5, 

McManus et al., 2004), suggesting a possible bipolar seesaw relationship between 

deepwater circulation changes in the north and the South Atlantic on abrupt 

timescales. 

 

A comparison of these abrupt changes in 231Pa/230Th values in the north and south, 

together with oxygen isotope data from Greenland and Antarctica, allows for some 
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assessment of the relative timing of circulation changes between northern and 

southern water masses (Figure 7.16). However, it is acknowledged that higher data 

resolution of cores GeoB 2109 and GeoB 2112 would be required to make an accurate 

assessment of the relative timing of changes in 231Pa/230Th values between 

hemispheres on millennial timescales.  

 

Figure 7.16 shows that during HS2 and HS1, increasing 231Pa/230Th values in North 

Atlantic sediment cores coincided with colder temperatures as indicated by a decrease 

in !18O in Greenland ice cores. 

 

There is some evidence for a similar relationship but of opposite signal between 

231Pa/230Th in Argentine Basin sediments and !18O data from Antarctica ice cores. 

During HS1 and toward the end of HS2, peaks of low 231Pa/230Th values are observed 

to occur during or soon after periods of increasing oxygen isotope values, suggesting 

a possible link between warming in the south and increased circulation of AABW.  

 

231Pa/230Th values in GeoB 2109 and GeoB 2112 are noticeably lower toward the end 

of HS2 than during the LGM, with minimum values of 0.038 observed in GeoB 2109 

at ~23.5 ka and a minimum of 0.052 at ~23 ka in GeoB 2112. There is a disagreement 

in 231Pa/230Th values between the two cores at ~25 ka when 231Pa/230Th values are 

observed to reach 0.075 in GeoB 2112. This maximum 231Pa/230Th value is observed 

to coincide with a maximum in particle flux and opal flux (Figure 7.4). However, 

similarly high particle and opal fluxes are also observed at 23 ka in GeoB 2112 when 

231Pa/230Th values are at minimum levels, inconsistent with a productivity or opal flux 

control on 231Pa/230Th values. Given the large estimated age uncertainty of the GeoB 
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2112 age model (± 1500 years) it is possible that the sample at ~25 ka in GeoB 2112 

(Figure 7.16) may have a true age closer to 26.5 ka, a time when similarly high 

231Pa/230Th values are observed in GeoB 2109.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.16: A direct comparison between 231Pa/230Th records from the North and South Atlantic, 
together with a) Greenland (GISP, blue) and c) Antarctica (Byrd, orange) !18O records. North 
Atlantic 231Pa/230Th records (b) are from cores GGC5 (light green, 33o42’ N, 57o33 W’, depth 4584 
m, McManus et al., 2004) and ODP1063 (dark green, 33o41 N, 57o37 W’ 4550 m, Lippold et al., 
2009). South Atlantic 231Pa/230Th records (d) are from cores GeoB 2109 (red, 2504 m) and GeoB 
2112 (purple, 4010 m). A vertical dashed black line is used to indicate the transition from southern 
to northern source waters flowing over the core site of GeoB 2109 in southwest Atlantic.  



                                                                                         Chapter 7: 231Pa/230Th data 

! "#$!

The low 231Pa/230Th data resolution of GeoB 2109 and GeoB 2112 around the time of 

H2 make it difficult to accurately assess the relative timing of changes in 231Pa/230Th 

and temperature in the Southern Hemisphere. Although further data in required to 

improve assessment of millennial scale changes in 231Pa/230Th at this time, the 

minimum peaks in 231Pa/230Th seen in GeoB 2109 and GeoB 2112 around 23.5 ka 

(Figure 7.16) are observed to lag a peak in oxygen at ~25 ka seen in the Byrd ice core 

record from Antarctica. This apparent time lag is in contrast to the near synchronous 

relationship between 231Pa/230Th and oxygen observed in the north (core ODP1083, 

Lippold et al. 2009) at the beginning of HS2. 

 

A possible mechanism consistent with these observations is one in which deep water 

formation of NADW/GNAIW is first inhibited due to freshwater inputs from the 

North American ice sheet. Heat previously transported northward to the high latitudes 

of the North Atlantic via surface currents is then redistributed from the tropics to the 

south, leading to cooling over Greenland and warming over Antarctica. Evidence of 

warming in the South Atlantic during abrupt intervals of northern hemisphere cooling 

is presented by Barker et al. (2009) who observed a sharp decline in the percentage of 

polar species of planktonic foraminifera in core TNO57-21 (4981 m) from the 

southeast Atlantic (41.1 S, 7.8 E) during HS1 and HS2. Subsequent reduction of sea 

ice cover around Antarctica (Gersonde et al., 2005) together with a poleward shift in 

the westerlies (Toggweiler et al., 2006) would in turn lead to greater wind induced 

upwelling and a progressive increase in deep overturning of the Southern Ocean. This 

is consistent with the physical requirement that global rates of deep water formation 

must balance global deep upwelling (Munk and Wunsch, 1998). Enhanced deep 

overturning in the Southern Ocean and increased production of AABW would 



! "#$!

consequently lead to greater lateral export of Pa with AABW to the North Atlantic, 

resulting in lower 231Pa/230Th in the sediments of GeoB 2109 and GeoB 2112. 

Changes in 231Pa/230Th appear more synchronous between hemispheres during HS1 in 

comparison to HS2, with minimum 231Pa/230Th values in GeoB 2109 at 16.5 ka 

occurring at the same time as maximum 231Pa/230Th values in the north (core GGC5), 

offering further support for a strong link between northern and southern hemisphere 

deep water formation on abrupt timescales. 

!

!

!

!

!

!

!

!
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!

!

!

!

!
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The interpretation of enhanced formation of AABW during periods of northern 

hemisphere cooling in the deglacial are supported by recent findings by Barker et al. 

Figure 7.17: Deglacial 
radiocarbon and carbonate 
preservation in core TN057-21 
(4981 m, 41.1oS, 7.1oE) from 
the deep southeastern Atlantic 
(Barker et al., 2010). 14C 
ventilation ages are plotted as 
benthic-planktic age differences 
(red) and using a projection age 
method (blue). Increased 
carbonate dissolution is 
observed to occur within HS1 
(blue rectangle), consistent with 
a greater contribution of 
relatively corrosive AABW; 
enhanced preservation occurs 
during the B-A (pink rectangle). 
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(2010) who observed a significant increase in the 14C ventilation age in core TNO57-

21 (4981 m) from the deep South Atlantic during HS1 (Figure 7.17), reflecting an 

increased penetration of southern source deep waters into the Atlantic Ocean, rich in 

aged carbon from deep waters of the Southern Ocean. This is consistent with 

observations of depletions in 14C in intermediate waters in the eastern North Pacific 

during HS1 and YD by Marchitto et al. (2007). The redistribution of carbon from the 

abyss to the upper ocean and atmosphere in connection with enhanced deep 

overturning in the Southern Ocean is also reflected by atmospheric CO2 

concentrations which are observed to increase rapidly during the YD and HS1 

(Marchitto et al. 2007).  

 

Conclusions  

 

In the Argentine Basin, opal fluxes are significantly lower than in other ocean regions, 

such as the Southern Ocean, where opal has been shown to have a strong correlation 

with sedimentary 231Pa/230Th. Neither opal nor particle fluxes were found to have a 

significant correlation with 231Pa/230Th in the study cores from the Argentine Basin, 

suggesting that changes in ocean circulation in this region are likely to explain much 

of the variability in 231Pa/230Th. 

 

The four study cores, located over a depth range of 1-4 km in the Argentine Basin, 

show distinct downcore 231Pa/230Th records for the last ~25 kyrs, indicating that 

231Pa/230Th in sediment is set by flow of the bottom most water mass in the water 

column. More specifically, 231Pa/230Th ratios are likely to be set by waters within 

approximately 500 m of the sediment surface, given the disparity in records between 
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cores GeoB 2107 and GeoB 2104 at the LGM, located within different water masses 

just 500 m apart in the water column. 

 

GeoB 2107 (1048 m), a core bathed in AAIW throughout out the last 25 kyrs, shows 

significantly lower 231Pa/230Th values in the LGM relative to the Holocene. This 

observation is best explained by faster flow of AAIW at the LGM consistent with 

both paleoceanographic and modeling observations of indicating increased production 

and extent of AAIW in the glacial.  

 

At greater depths, 231Pa/230Th values in GeoB 2109 and GeoB 2112 (4010 m) at the 

LGM are relatively high in comparison to the Holocene, yet remain significantly 

below the production ratio, suggesting that AABW production was far from 

completely sluggish at this time. A transformation from southern to northern source 

waters flowing over GeoB 2109 (2504m) in the late deglacial, as indicated by !Nd 

and "13C data, is observed to coincide with a decrease in 231Pa/230Th values indicating 

the replacement of AABW with more vigorous NADW at 2500 m in the South 

Atlantic.  

 

A comparison of average Holocene and LGM 231Pa/230Th values in the four GeoB 

study cores with existing North Atlantic 231Pa/230Th records points to the operation of 

two contrasting modes of ocean circulation in the Atlantic during the LGM and the 

Holocene. At the LGM, lower 231Pa/230Th values in intermediate depth cores, 

observed in both the South and North Atlantic, suggest rapid renewal of intermediate 

depth water masses AAIW and GNAIW whilst less vigorous flow of AABW, 

indicated by higher 231Pa/230Th values, floods the entire Atlantic basin at greater 
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depths. In contrast, during the Holocene relatively high 231Pa/230Th values at 

intermediate depths indicate weaker production of intermediate waters in comparison 

to a more vigorous flow of NADW below.  

 

On millennial timescales, there is evidence for increasing formation of AABW in the 

Argentine Basin during Heinrich Stadials 1 and 2 and the Younger Dryas, when 

231Pa/230Th values are observed to increase in Argentine Basin deep core records. 

Minimum 231Pa/230Th values in the south occur whilst maximum 231Pa/230Th are 

observed in deep North Atlantic, suggesting a possible inverse coupling of deep water 

production between hemispheres. During HS2, a significant delay between warming 

in Antarctica and minimum 231Pa/230Th values in deep cores from the Argentine Basin 

suggest that perturbations in deep water production of NADW/GNAIW, possibly 

related to meltwater discharges from the North American ice sheet, are responsible for 

driving reorganizations in deep water mass circulation in both hemispheres of the 

Atlantic Ocean. 
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Chapter 8: Summary and Conclusions!! !

!

Southern source water masses are a major component of the global ocean conveyor 

and are responsible for the storage and distribution of huge quantities of heat and 

carbon. Understanding variations in the past rate of circulation of these water masses 

is therefore of critical importance for assessing the influence of ocean circulation on 

Earth’s climate. To investigate the circulation rates and distribution histories of 

southern source waters in the southwest Atlantic for the past ~25 kyrs, four sediment 

cores from the Argentine Basin were analysed for 231Pa/230Th, !13C and "Nd data. 

Located over a depth range of 1-4 km, these cores were selected to sample modern 

day AAIW and AABW in addition to NADW far from its source, allowing for direct 

comparison of past circulation rates of northern and southern source waters on 

millennial as well as glacial-interglacial timescales. 

 

The potential influence of composition and flux of scavenging particles on 231Pa/230Th 

of were assessed by measuring biogenic silica and evaluating past changes in particle 

flux by 230Th normalization.  Total particulate fluxes are found to correlate well with 

lithogenic inputs (average r2 =0.729), which in turn are observed to be strongly 

controlled by sea level, with reduced sea levels at the LGM shifting sediment 

deposition to the shelf break and increasing sediment fluxes at intermediate depths. 

However, particle fluxes show a weak correlation with 231Pa/230Th across all four 

study cores (average r2 =0.035).  

 

Opal fluxes in the Argentine Basin were found to be low in comparison to other ocean 

regions where biological productivity has been observed to show a strong control on 
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sediment 231Pa/230Th (e.g. Anderson et al., 2009). 230Th normalized opal fluxes are 

observed to show a weak correlation with 231Pa/230Th across all core samples in the 

Argentine Basin (average r2 =0.068). Given the lack of a local control of both opal 

and particle fluxes on 231Pa/230Th, changes in 231Pa/230Th in the study area are inferred 

to mainly reflect lateral advection of Pa related to changes in circulation. 

  

Opal fluxes and additional productivity proxies authigenic U and Cd/Ca, although 

inconsistent, suggest that productivity in the Argentine Basin was greatest at the 

LGM. Local changes in productivity can not explain the disparity in authigenic U 

records between cores given their close proximity to one another. Instead, authigenic 

U profiles are more likely to reflect the distinct oxygen concentrations of the different 

water masses bathing each core site. 

 

Downcore 231Pa/230Th records from the four study cores show distinct differences 

with depth, indicating that 231Pa/230Th in sediments are reflective of flow conditions in 

the bottom most water mass rather than representing average flow conditions over the 

entire water column. This is most clear from the distinctly different downcore 

231Pa/230Th profiles of GeoB 2107 (1048 m) and GeoB 2112 (4010 m), located within 

AAIW and AABW respectively, which can not easily be explained by changes in 

particle flux or composition.   

 

On glacial to interglacial timescales, significantly lower 231Pa/230Th values are 

observed in the shallowest core, GeoB 2107 (1048 m), bathed by AAIW throughout 

the last 25 kyrs. Given the lack of evidence for a local or far field control on 
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231Pa/230Th ratios, these data are best be explained by an increase in AAIW circulation 

at the LGM, consistent with paleoceanographic and modeling evidence of a more 

prominent mass of AAIW during glacial times. Evidence for faster AAIW during the 

abrupt northern hemisphere cooling events of the deglacial (HS1, YD), as suggested 

by recent studies (e.g. Pahnke et al. 2008), is not seen here, although this may be due 

to 231Pa/230Th values being less sensitive to change when flow rates are already high, 

as indicated by continuously low 231Pa/230Th values in GeoB 2107 across the 

deglacial.  

 

Comparison of average Holocene and LGM 231Pa/230Th values from Argentine Basin 

cores with average time slice 231Pa/230Th records from North Atlantic sediments 

compiled by Gherardi et al. (2009) indicate that vigorous circulation occurred at 

intermediate depths in both the north and South Atlantic during the LGM, with less 

rapid circulation taking place at greater depths.  This glacial pattern of circulation is 

observed to have reversed in the Holocene, when lower 231Pa/230Th values are 

observed at greater depths in both hemispheres suggesting the operation of two 

distinctly different modes of circulation in the Atlantic on glacial-interglacial 

timescales. A transformation between these two modes of circulation is observed in 

the South Atlantic from 231Pa/230Th, !13C and "Nd data in core GeoB 2109 (2504 m), 

with moderate flow of AABW during the LGM replaced by a more vigorous flow of 

NADW at great depths during the Holocene.  

 

On millennial timescales, significant changes in 231Pa/230Th are observed in deep 

cores GeoB 2109 and GeoB 2112 between the late glacial and Holocene, providing 

some evidence for enhanced AABW formation during northern hemisphere stadials. 
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The low 231Pa/230Th values observed in the deep southwest Atlantic during HS2, HS1 

and the YD are observed to contrast with maximum 231Pa/230Th values in North 

Atlantic sediments, suggesting a close inverse coupling of deep water formation 

between hemispheres. The shifts to lower 231Pa/230Th in GeoB 2109 and GeoB 2112 

can not be easily explained by opal or particle flux data and are therefore interpreted 

to reflect greater lateral advection of Pa away from these core sites due to enhanced 

AABW formation. This is consistent with several studies which show evidence for a 

strong presence of southern sourced waters in the North Atlantic during northern 

hemisphere stadials (e.g. Skinner and Shackleton, 2005, Robinson et al., 2004, 

Roberts et al., 2009).  

 

The observation of high 231Pa/230Th values in North Atlantic sediments during abrupt 

cooling over Greenland has previously been interpreted as reflecting a decrease in Pa 

export to the south due to reduced NADW formation (McManus et al., 2004). 

However, given that 231Pa/230Th data from Argentine Basin cores in this study indicate 

that 231Pa/230Th is set by the bottom most water mass, combined with evidence for 

enhanced flow of AABW into the North Atlantic during northern hemisphere stadials, 

a logical explanation for the high 231Pa/230Th values in deep North Atlantic sediments 

is that they reflect export of Pa with AABW from the south to the north as opposed to 

reduced export of Pa to the south with northern source waters. This is supported by 

recent work on North Atlantic sediments by Roberts et al. (2009) who observed 

increases in  231Pa/230Th to maximum values during the YD and HS1 to be 

synchronous with increases in Nd in core GGC5 from the Bermuda Rise, indicating 
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that changes in 231Pa/230Th values in the north are directly related to an increase in 

contribution of southern sourced waters.  

 

The replacement of northern sourced waters with AABW during northern hemisphere 

stadials may also explain the strong correlation observed between diatom abundance 

and 231Pa/230Th values in North Atlantic records during HS2 and HS1 (Lippold et al. 

2009). The increase in diatom abundance may reflect a change in the silica 

concentration of ocean water (Keigwin and Boyle, 2008) and is consistent with a 

northward penetration of silica rich southern source waters during these intervals, 

fuelling the production of diatoms which scavenge excess Pa exported to the north 

with AABW, possibly accounting for the high 231Pa/230Th ratios during these 

intervals. 

 

Comparison of 231Pa/230Th and ice core !18O records in both hemispheres indicate 

that, whilst 231Pa/230Th and !18O changes in the north were of a synchronous nature 

during HS2 and HS1, 231Pa/230Th changes in the south lagged behind Antarctic 

temperature during HS2. This suggests that perturbations to deep ocean circulation in 

the Southern Ocean may have originated in the North Atlantic, possibly due to 

meltwater inputs triggering a reduction in deep water formation and subsequent 

redistribution of heat to the south. This in turn could lead to progressive renewal of 

deep water formation in the south through increased wind strengths and associated 

wind induced upwelling in the Southern Ocean. This proposed mechanism is 

consistent with climate records being out of phase between hemispheres throughout 

the last glacial in which warming in Antarctica was observed to occur on average 

~1500 years after abrupt cooling in Greenland (Blunier and Brook, 2001). 
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Results from this study indicate a dynamic link between deep water production in the 

south and the north, on both glacial-interglacial and abrupt timescales. This has strong 

implications for Earth’s climate given the capability of deep waters in the southern 

hemisphere to redistribute vast quantities of heat and carbon around the oceans and 

into the Earth’s atmosphere.  

 

Additional paleocirculation records from the South Atlantic are needed to build on 

these results, particularly with regard to assessing changes in deep water circulation 

rates between hemispheres on abrupt timescales. Future studies should ideally focus 

on high sedimentation rate cores located at mid depths (~2000-3000 m), so as to 

contain enough carbonate needed to produce a suitable age model for assessment of 

changes on abrupt timescales, but deep enough to record changes in the circulation 

and distribution of northern and southern sourced deep water masses. From the cores 

used in this study, further work to improve the resolution of 231Pa/230Th and Nd data 

in core GeoB 2109 around the abrupt climate events of the late glacial and deglacial 

will help to constrain the timing and magnitude of changes in the circulation of 

northern and southern water masses and cement the evidence presented here for a 

bipolar seesaw relationship in deep water production between hemispheres. 
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