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- Summary - 
 
 
 

Eastern North Atlantic Central Water formation and circulation are linked to the strength of 

the Atlantic Meridional Overturning Circulation (AMOC) and therefore an important component of 

our climate system. Today, the North Atlantic Oscillation is one of the controlling modes in climate 

variability of atmosphere-ocean linkages over the subpolar and subtropical basins and influences 

central water formation and circulation. However, the impact of longer-term forcings such as total 

solar irradiance, sudden or gradual changes in the freshwater budget of the North Atlantic, and the 

nature of climate signal propagation from high to low latitudes within central water circulation 

remains poorly understood. This thesis presents a newly developed Mg/Ca – temperature calibration 

of the calcitic benthic foraminifera Hyalinea balthica, which allows the reconstruction of decadal to 

centennial scale climate variability in Eastern North Atlantic Central Water during the Holocene.  

 

Core-top samples from the western Pacific and the northeast Atlantic were used to calibrate 

the response of Mg/Ca and δ18O in H. balthica tests to changes in bottom water temperature (BWT) 

and salinity (Chapter 2). Based on the calibration equation of Mg/Ca [mmol mol-1] = (0.488 ± 0.03) 

BWT [°C], H. Balthica tests appear to record a temperature sensitivity, which is four times higher 

than previously observed in deep sea benthic foraminifera. Secondary effects including salinity and 

carbonate ion saturation on Mg/Ca appear to be negligible. The comparison between measured 

benthic foraminiferal δ18O and predicted equilibrium values reveals that H. balthica records δ18O 

values at an offset of 0.64 ± 0.13‰ compared to the predicted equilibrium composition. To test the 

reliability and application of using paired H. balthica Mg/Ca and δ18O measurements for 

paleoreconstructions of seawater δ18Osw and salinity, this calibration was tested on another depth 

transect from Cape Ghir off NW Africa, which was not included in the original calibration set. Based 

on error analysis of the calibration data and this validation test, the uncertainty in reconstructing 

bottom water temperature and salinity from paired Mg/Ca and δ18O measurements of H. balthica is 

better than ± 0.7 °C and ± 0.69 units (2σ), respectively. These small uncertainties allow for the 

reconstruction of seawater density to better than 0.3 σθ units, which is precise enough to allow the 

reconstruction of changes in identity and properties of different water masses at Cape Ghir.  

 

The first paleo-application of the H. balthica calibration focuses on Eastern North Atlantic 

Central Water formation and circulation during the early Holocene (Chapter 3). Sediment core 

GeoB6007-2 retrieved off the Northwest African continental margin at 900 m depth provides the 

basis for this study. Paired Mg/Ca - δ18O measurements showed that during times of enhanced 

background melting from the Laurentide Ice Sheet between 9.0-8.5 ka (thousand years before 

present), the production of central waters weakened resulting in a cooling over the northern 

Hemisphere. Additionally, two ~150-year cooling events centered at 8.54 ± 0.2 ka and 8.24 ± 0.1 ka 

provide evidence for a central water response to the drainage of Lake Agassiz/Ojibway into the 

northwestern subpolar gyre (SPG). In comparison with the deep overturning response of the AMOC, 

the two-step climate signal indicates early slow-down of central water circulation in response to the 

initial drainage of Lake Agassiz/Ojibway at 8.47 ± 03 ka, followed by a more severe weakening of 

both the central water and deep overturning branches of the AMOC at 8.2 ka. These results highlight 

the sensitivity of central-water circulation to gradual as well as abrupt freshwater fluxes into the 

subpolar North Atlantic.  
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The Late Holocene record from GeoB6007-2 further shows that atmosphere–ocean 

interactions in the eastern subpolar gyre are transferred at central water depth into the eastern 

boundary of the subtropical gyre on multidecadal to centennial timescales over the past 1200 years 

(Chapter 4). The variability of the NAO (over the past 165 years) and solar irradiance (Late Holocene) 

and their control on central water formation appear to be the dominant forcing mechanisms linked 

to the multidecadal climate signal observed at mid-depth in the eastern subtropical gyre. During 

both positive NAO phase shifts and pronounced solar activity minima, central water temperatures 

and densities cooled by up to 0.8 ± 0.7 °C and decreased by  = 0.3 ± 0.2, respectively. Whereas 

cooling during positive NAO phases is associated with enhanced sea surface heat loss modulated by 

the predominant westerlies in the northeastern subpolar gyre, cooling during solar activity minima 

appears to be connected to enhanced freshwater imports from the Arctic by the East Greenland 

current into the Irminger and Iceland Basin. The presented records thus demonstrate the sensitivity 

of central water formation to enhanced atmospheric forcing and ice/freshwater fluxes into the 

eastern subpolar gyre and the importance of central water circulation for cross-gyre climate signal 

propagation during the Late Holocene. 
 
 



 

- Zusammenfassung - 
 
 

 

Die nordöstliche Zentralwasserbildung und -zirkulation hängt eng mit der Stärke der 

Nordatlantischen Meridionalzirkulation (AMOC) zusammen und ist daher ein wichtiger Bestandteil 

unseres Klimasystems. Es ist bekannt, dass insbesondere die Nordatlantische Oszillation (NAO) die 

heutige Klimavariabilität und die atmosphärisch-ozeanischen Verbindungen über dem subpolaren 

und subtropischen Becken beeinflusst und somit eine Schlüsselrolle in der Zentralwasserbildung und 

–zirkulation einnimmt. Bisher ist unklar, welchen Einfluss längere natürliche Klimaschwankungen auf 

die Zentralwasserbildung und den Transfer von Zentralwassern von subpolaren in subtropische 

Breitengrade haben. Diese Klimaschwankungen könnten beispielsweise durch Variabilität in der 

Sonnenaktivität oder durch abrupte oder nachhaltige Süßwasserzufuhr in den Nordatlantik bedingt 

sein.  

Ziel der vorliegenden Dissertation ist die Beschreibung und Validierung einer neuen Mg/Ca –

Temperaturkalibrierung der kalzitischen benthischen Foraminifere Hyalinea balthica, welche die 

Rekonstruktion des nordöstlichen Zentralwassers auf Zeitskalen von Dekaden bis zu Jahrhunderten 

während des Holozäns ermöglicht. 

Oberflächenproben aus dem Westpazifik und Nordostatlantik wurden verwendet, um das 

Verhalten von Mg/Ca und δ18O in H. balthica in Abhängigkeit von Tiefwassertemperaturen und 

Salzgehalten zu kalibrieren (Chapter 2). Basierend auf der erhaltenen Kalibrierungsgleichung Mg/Ca 

[mmol mol-1] = (0.488 ± 0.03) BWT [°C] erscheint die Tiefsee-Temperatursensitivität von H. balthica 

vier Mal höher zu sein als bei anderen tieflebenden benthischen Foraminiferen.  Die durchgeführten 

Analysen zeigen, dass Nebeneffekte, wie der Einfluss von Salzgehalten und Karbonationensättigung, 

auf die Aufnahme von Mg in das Kalziumkarbonat der Foraminifere zu vernachlässigen sind. Der 

Vergleich zwischen gemessenem δ18O und theoretischen Werten von δ18O zeigt, dass die H. balthica 

basierten Werte für δ18O einen mittleren Messfehler von 0.64 ± 0.13‰ aufweisen. Um die 

Zuverlässigkeit und Anwendung von gepaarten Mg/Ca - δ18O Messungen an H. balthica für die 

Rekonstruktion von Paläotemperaturen zu untersuchen, wurde die ermittelte Kalibrierungsgleichung 

bei einem bekannten tiefreichenden Temperaturprofil bei Cape Ghir vor der Nordwestküste Afrikas 

verwendet. Basierend auf diesem Anwendungstest und den Fehlerfortpflanzungsrechnungen der 

Kalibrierungsergebnisse betragen die Messunsicherheiten bei der Rekonstruktion von Temperatur 

und Salzgehalten von gepaarten Mg/Ca - δ18O Messungen an H. balthica weniger als ± 0.7 °C und ± 

0.69 Einheiten (2σ). Diese geringen Messunsicherheiten bei Temperatur und Salzgehalten erlauben 

die Rekonstruktion der Meerwasserdichte mit einer Gewissheit von ±0.3 σθ, welche ausreicht um die 

verschiedenen Wassermassen vor Cape Ghir zu differenzieren.  

 

Die erste Anwendungsuntersuchung der neuen Kalibrierung von H. balthica beinhaltet die 

Dynamik und Variabilität der nordöstlichen Zentralwasserbildung und -zirkulation während des 

frühen Holozäns (Chapter 3). Sedimentkern GeoB6007-2, gehoben aus 900 m Tiefe vor der 

Nordostküste Afrikas, bietet die Grundlage für diese Studie. Die Ergebnisse der Studie zeigen, dass 

die Produktion des nordöstlichen Zentralwassers zwischen 9.0 und 8.5 ka (tausend Jahre vor heute) 

deutlich durch das Schmelzen des schwindenden Laurentidischen Eisschildes reduziert war und zu 

einer Abkühlung der nördlichen Hemisphäre führte. Zusätzlich konnten zwei ~150-jährige 

Abkühlungsereignisse 8.54 ± 0.2 ka und 8.24 ± 0.1 ka aus den Analysen identifiziert werden. Diese 

zwei Ereignisse belegen die Abschwächung der Nordatlantischen Zentralwasserzirkulation in 
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Reaktion auf den Süßwasserzufluss der kollabierten Gletscherseen Agassiz und Ojibway in den 

Nordatlantik 8.47 ± 03 ka. Im Vergleich zur Tiefenzirkulation der AMOC zeigt die herausgearbeitete 

Zwei-Stufen-Reaktion der Zentralwasserzirkulation, dass der Süßwasserzufluss der kollabierten Seen 

Agassiz/Ojibway zuerst ausschließlich die Zentralwasserzirkulation einschränkte, welches das erste 

Abkühlungsereigniss hervorrief. Anschließend verursachte die kombinierte Abschwächung der 

Tiefen- und Zentralwasserzirkulationen vor 8.24 ± 0.1 ka das stärkere zweite Abkühlungsereignis. 

Diese Ergebnisse verdeutlichen die Empfindlichkeit der Zentralwasserzirkulation sowohl auf 

nachhaltige als auch auf plötzliche Süßwasserzuflüsse in den subpolaren Nordatlantik.  

 

Weiterhin zeigen die Ergebnisse aus dem Sedimentkern GeoB6007-2, dass atmosphärisch-

ozeanisch bedingte Klimaprozesse die Zentralwasserbildung und -zirkulation auf Zeitskalen von 

mehreren Dekaden bis Jahrhunderten während der letzten 1200 Jahre beeinflussen(Chapter 4). Die 

Temperaturvariabilität in der NAO (der vergangenden 165 Jahren) und in der Sonnenaktivität (des 

späten Holozäns) scheinen nicht nur die Zentralwasserzirkulation mitzubestimmen, sondern auch für 

die dominante Frequenz der gemessenen Klimavariabilität in zentraler Tiefe des Subtropenwirbels zu 

bedingen. Während positiver Phasen der NAO sowie Phasen geringer Sonnenaktivität zeigen die 

Ergebnisse eine Abkühlung der Zentralwassertemperatur von bis zu ~0.8 ± 0.7 °C und eine Abnahme 

der Zentralwasserdichte von bis zu  = 0.3 ± 0.2. Dabei erfolgt die Zentralwasserabkühlung während 

positiver NAO-Phasen durch stärkere Oberflächenabkühlung bei stärkeren westlichen Winden über 

dem nordöstlichen Subpolarwirbel. Dagegen ist die Zentralwasserabkühlung während Episoden 

geringer Sonnenaktivität auf verstärkten Süßwasserzufluss aus der Arktis in das Irminger und 

Isländische Becken zurückzuführen.  

 

Die mittels H. balthica erarbeiteten Ergebnisse zeigen die Sensibilität der 

Zentralwasserbildung gegenüber einem verstärkten atmosphärischen Forcing und der Variabilität 

durch Süßwasser- und Meereiszufluss. Weiterhin verdeutlichen die Resultate der Studie den 

bedeutenden Einfluss der Zentralwasserzirkulation auf den Transfer von Klimasignalen vom 

Subpolar- in den Subtropenwirbel während des späten Holozäns. 
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Chapter 1 
 
 
 
 

1. Introduction 
 

 

1.1. North Atlantic circulation and its va-

riability 
 

Feedback mechanisms between the at-

mosphere and the ocean form an important 

part of the Earth climate system and are crucial 

to understand the complexity of climate varia-

bility of the past 11 ka (11 thousand years be-

fore present). The presented research of this 

thesis focuses on mid- to high latitude ocean 

circulation of the North Atlantic and ocean-

atmosphere processes central to North Atlantic 

climate variability. 

1.1.1. North Atlantic surface circulation 
Two prominent ocean gyres occupy the 

North Atlantic basin:  The subtropical gyre 

(STG), which is located at low to mid-latitudes 

and the subpolar gyre (SPG) occupying mid-to 

high latitudes of the North Atlantic Basin (Figure 

1). The combination of the Coriolis force, which 

is the result of Earth’s rotation, and the pressure 

gradient force (surface winds), determines sur-

face water flow within the ocean gyres. The Co-

riolis force is proportional to the flow speed of 

the surface current and is directed perpendicu-

lar to the direction of flow, which is to the right 

in the northern hemisphere. The balance be-

tween the pressure gradient force and the Cori-

olis force is called the geostrophic balance and 

the corresponding flow in ocean gyres (geos-

trophic flow) occurs in the Ekman Layer at 

depths of 0-100 m (Tomczak and Godfrey, 

1994). The tropical easterly winds drive the STG 

at low latitudes from east to west (the trade 

winds) and the mid-latitude westerlies force the 

northern boundary current of the STG from 

west to east. The geostrophic flow of the STG is 

therefore convergent in the mid-latitudes and 

rotates clockwise. At high latitudes the counter-

clockwise surface winds in the Aleutian and Ice-

landic sub-polar lows drive the SPG with mid-

latitude westerlies to the south and polar eas-

terlies to the north. As a result the geostrophic 

flow in the SPG is divergent, outward from the 

center, and counterclockwise.  

The Gulf Stream (GS) forms the western 

boundary current of the STG. It flows north 

along continental North America and then def-

lects eastward into the North Atlantic Current 

(NAC) towards Europe separating the STG from 

the SPG (Figure 1). From there the NAC splits 

into three main branches flowing northeast into 

the Norwegian Sea as the Norwegian Current 

(NC), northwest as the Irminger Current (IC) into 

the Iceland and Irminger Basins, and east into 

the Azores Current (AC). The Azores Current 

forms the northern boundary of the STG and 

connects the NAC with the Canary Current (CC) 

that flows southward along the Northwest Afri-

can coastline. Between 25 and 20° N the Canary 

Current detaches from the continental margin 

and gradually turns into the North Equatorial 

Current at lower latitudes. 
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The Irminger Current turns into the 

northern boundary current of the SPG where it 

merges with the East Greenland Current. To-

gether they flow west and north into the Labra-

dor Sea where they merge with the Labrador 

Current. The Labrador Current exits the Labra-

dor Sea to the south along the Labrador Coast 

around Newfoundland along the east Coast of 

Nova Scotia and finally meets with the Gulf 

Stream at the Grand Banks southeast of New-

foundland to close to loop of the SPG. 

1.1.2. Deep overturning Circulation 

Closely coupled with both SPG and STG 

surface circulation is the Atlantic Meridional 

Overturning Circulation (AMOC). The AMOC 

consists of four branches: (1) wind-driven sur-

face currents of the STG and SPG that transport 

warm and salty surface waters from low to high 

latitudes (Figure 1), (2) deepwater formation 

regions where water cools, and then becomes 

dense and sinks, (3) deep boundary currents 

that transport the newly formed deep waters 

from high to low latitudes (e.g. Deep western 

boundary current (DWBC) in the North Atlantic 

basin) and (4) upwelling processes that trans-

port water from the interior of the ocean to the 

surface (e.g. Kuhlbrodt et al., 2007).  

Two main areas of North Atlantic Deep 

Water (NADW) formation exist in the North At-

lantic basin today. The first is located in the La-

brador Sea where deepwater formation (Labra-

dor Sea Water: LSW) occurs due to extreme sea 

surface heat loss during the winter that drives 

deep convection. After recirculation in the La-

brador Sea basin, LSW enters the DWBC. The 

second site of NADW formation is located in the 

Greenland Sea. Here deepwater formation is 

largely dependent on the warm and saline At-

lantic Water carried north by the Norwegian 

Current into the Greenland Sea and freshwater 

Figure 1 Subpolar (SPG) and subtropical gyre (STG) surface currents in the North Atlantic Ocean. The color coding reflects 
the relative amount of heat transported by each current. The abbreviations are as follows: NAC = North Atlantic Current, 
AC = Azores Current, CC = Canary Current, NEC = North Equatorial Current, GS = Golf Stream, NC = Norwegian Current, IC 
= Irminger Current, EGC = East Greenland Current, LC = Labrador Current 
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fluxes from the Arctic. Only the inflow of salty 

Atlantic water permits surface waters to be-

come dense enough to sink into deep waters 

after they cooled sufficiently via sea surface 

heat loss. Without the salt carried by the Nor-

wegian current, surface waters would be too 

fresh and freeze before they have a chance to 

sink. Salt lowers the freezing temperature of the 

Greenland Sea and therefore permits deepwa-

ter formation (Aagaard et al., 1985). NADW 

formation (branch 2) is thus controlled by densi-

ty gradients created by sea surface heat loss and 

freshwater fluxes into the formation regions. 

The surface inflow of the NAC is therefore cru-

cial for NADW formation in the Greenland Sea 

(Häkkinen and Rhines, 2004; Hatun et al., 2005).  

Deepwater formed in the Greenland Sea 

enters the DWBC (branch 3) between ~ 2500 

and 3500 m depth between Iceland and Scot-

land and at ~3500 m depth across the Denmark 

Strait. Once LSW meets up with NADW from the 

Greenland Sea, both exit the North and South 

Atlantic with the DWBC. Beyond the Atlantic 

Basin a portion of NADW flows into the Indian 

Ocean and the remaining into the Pacific to-

gether with Lower Circumpolar Deep Water. In 

both the Indian and Pacific Oceans, deepwater 

wells up to the surface  layer closing the loop of 

the AMOC (branch 4) (Talley, 2008). 

1.1.3. Shallow Overturning Circulation 

An integral part of the meridional heat 

transfer in the North Atlantic is the formation of 

North Atlantic Central Water in the SPG (Figure 

2). North Atlantic Central Water (NACW) is 

formed via Subpolar Mode Water (SPMW), 

which is a convectively formed water mass that 

forms during the winter at temperatures be-

tween 10-15 °C in the eastern North Atlantic 

STG (McCartney and Talley, 1982), between 8-

10 °C within the NAC and at temperatures as 

cold as 3.5 °C in the Labrador Sea. SPMW 

formed at these low temperatures in the Labra-

dor Sea eventually become LSW. After forma-

tion, SPMW makes up a large fraction of NACW 

(Pollard et al., 1996; Pollard et al., 2004). 

 

Figure 2 Schematic representation of the shallow overturning circulation in the North East Atlantic. The Eastern North 
Atlantic Water (ENACW) formation region is marked in light grey hatching and represents the area where surface wa-
ter densities range between  27.3 and 27.7 σӨ (adapted from McCartney and Talley 1982). The influence and circulation 
of ENACW (blue) represents potential density surfaces between 27.3 and 27.7 σӨ at mid-depth (adapted from Keffer 
1985). 
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North Atlantic Central Water is further sepa-

rated into Eastern and Western North Atlantic 

Central Waters (ENACW and WNACW). WNACW 

generally occupies the western side of the NAC 

and is colder, fresher, and denser due to the 

influence of Subarctic Intermediate Water 

(SAIW) originating from the western boundary 

of the SPG (Johnson and Gruber, 2007; Pollard 

et al., 2004). Comparatively, ENACW is saltier, 

warmer, and less stratified because it incorpo-

rates SPMW formed during wintertime cooling 

that result in deep mixed layers in the eastern 

North Atlantic. The formation of SPMW in the 

Northeastern SPG between 6 - 9 °C corresponds 

to an area east of 20 °W and between ~ 50 °N 

and Iceland (Figure 2) (Johnson and Gruber, 

2007). 

After formation of SPMW and incorpo-

ration into ENACW, Iselin (1936) proposed 

southward flow and the ventilation of the east-

ern STG by ENACW. In the early 1980’s McCart-

ney and Talley (1982) drew the original mid-

depth potential vorticity maps, providing physi-

cal evidence for southward flow from the SPG 

into the STG. Moreover, McDowell et al. (1982), 

Keffer (1985) and Levitus (1989) later con-

firmed, based on additional observations, that 

the potential vorticity distribution at central wa-

ter depth allows water parcels including water 

from the Iceland and Irminger Seas to move 

freely southward underneath the NAC from 60 

to 25 °N before turning southwestward into the 

southern STG (Figure 2) (Levitus, 1989; 

McDowell et al., 1982). The formation and 

southward circulation of ENACW is thus an 

integral component of the meridional heat ex-

change between high to low latitudes that flows 

parallel to the deep western boundary current 

on the eastern side of the Atlantic at central 

water depth, albeit at a smaller scale.  

1.1.4. Variability of the shallow overturning in 

the instrumental period 

Variability of SPMW and ENACW forma-

tion strongly depends on atmosphere-ocean 

processes in the northeastern SPG. The predo-

minant mechanisms controlling SPMW forma-

tion include: (1) Surface winds of the predomi-

nant mid-latitude westerlies that modulate sea 

surface heat loss south of Iceland, (2) SPG dy-

namics that direct Atlantic water inflow into the 

Irminger Current and therefore waters with in-

creased salinity into the formation region and 

(3) freshwater import by the East Greenland 

Current into the Irminger and Iceland Seas. By 

affecting either temperature and/or salinity all 

three mechanisms control density and vigor of 

SPMW formation. 

Today the predominant control on the 

path and strength of the mid-latitude westerlies 

over the Northeastern SPG is maintained by the 

North Atlantic Oscillation (NAO) (Hurrell, 

1995b). Defined as an anomaly in sea level pres-

sure (SLP), the NAO index describes an atmos-

pheric dipole behavior with a high pressure cen-

ter in the subtropics located over the Azores 

(Azores high) and a low pressure center located 

southwest of Iceland (Icelandic low) (Hurrell, 

1995b; Hurrell et al., 2003; Marshall et al., 

2001). Surface westerly winds between the two 

systems are strong during positive phase shifts 

NAO (+) and heavy storms travel from the US 

east coast towards the British Isles and Scandi-

navia. Conversely, during a negative phase NAO 

(-) both the Icelandic low and Azores high are 

weak and result in weak mid-latitude westerlies. 

Fewer storms develop during NAO (-) and their 

path shifts toward southern Europe and the 

Mediterranean (Wanner et al., 2001). The NAO 

thus affects the position, path, and strength of 

the mid-latitude westerlies, as well as storm 

frequency and intensity (Visbeck et al., 2003).  

Over the ENACW formation region, a 

positive phase shift of the NAO causes an in-

crease in sea surface wind speeds of ~ 8 m s-1 
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(Hurrell, 1995b). As a result of this increased 

wind stress, sea surface temperatures become 

several tenth of degrees colder during positive 

NAO years (Furevik and Nilsen, 2005; Johnson 

and Gruber, 2007). 

Variability within the atmospheric NAO 

pattern occurs at both short (weeks) and long 

(multidecadal) timescales. The oceanic NAO sig-

nal on the other hand manifests itself mostly on 

decadal to multidecadal timescales. The oceanic 

response to NAO forcing may be delayed due to 

secondary processes including the dynamic gyre 

response of the SPG to NAO forcing and/or solar 

variability on centennial to millennial timescales 

(Häkkinen and Rhines, 2004).  

By controlling the path and strength of 

the mid-latitude westerlies, the NAO also de-

termines the orientation and path of the NAC 

into the Nordic Seas and into the Northeastern 

SPG. During positive NAO phase shifts, the more 

northeasterly oriented westerly wind flow rein-

forces the inflow of warm and salty Atlantic wa-

ter into the Irminger and Norwegian Currents. 

As a result, deep convection in the Nordic and 

Labrador Seas is strong and a strong cold con-

vective core develops in the SPG. As the core 

expands the SPG expands eastwards and en-

trains lighter and cool subpolar waters at its 

boundaries (Häkkinen and Rhines, 2004; Hatun 

et al., 2005).  

Consequently the inflow of warm and 

saline Atlantic waters into the Nordic Seas and 

Irminger and Iceland basins is reduced and the 

Norwegian and Irminger Current become fresh-

er and less salty. The loss in sea surface density 

initiates the decay of the strong convective core 

in the western SPG and instigates the retreat of 

the subpolar front to the north and west (NAO -

). The retreat allows the reintroduction of saline 

waters into the SPG, which strengthens convec-

tion and reestablishes a cold core and a strong 

gyre circulation (Häkkinen and Rhines, 2004; 

Hatun et al., 2005; Johnson and Gruber, 2007). 

By manipulating Atlantic Water inflow into the 

Greenland Sea and the Irminger and Iceland Ba-

sins, the NAO and SPG dynamics directly control 

deepwater convection in the Greenland Sea 

(Boessenkool et al., 2007; Eden and Jung, 2001) 

as well as SPMW properties and thus ENACW 

formation in the northeastern SPG (Johnson and 

Gruber, 2007; Pérez et al., 2000). Similar to the 

deep overturning branch of the AMOC, the for-

mation and circulation of ENACW is therefore 

closely linked with North Atlantic climate varia-

bility on decadal and multidecadal timescales. 

  

1.1.5 Paleoceanographic evidence for changes 

in central water formation 

Beyond the instrumental period 

(~1850 AD - present) little is known about mul-

tidecadal to millennial scale variability in 

ENACW formation and circulation and its im-

portance for North Atlantic climate variability 

before the industrial period.  

Based on the sensitivity of ENACW 

formation to sea surface properties during the 

instrumental period, paleoceanographic 

records from northeastern SPG surface 

records may offer an indirect approach to as-

sess whether ENACW formation and circula-

tion may also have varied in strength on long-

er timescales. During the Late Holocene, pe-

riods of colder and fresher sea-surface condi-

tions in the northeastern SPG and increased 

fresh water export from the East Greenland 

current correlate with solar minima of the Lit-

tle Ice Age (Jiang et al., 2005; Knudsen et al., 

2004; Lamb, 1979; Massé et al., 2008; Moros 

et al., 2006; Sicre et al., 2008). Similarly, mil-

lennial scale variability in solar activity (~1500 

years) are linked to ice-rafting events in the 

subpolar North Atlantic (Bond, 2001) and al-

pine glacier advances (Denton and Karlen, 

1973), suggesting generally colder and fresher 

SPG sea surface conditions during solar activity 

minima. 
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Similarly a rapidly growing number of 

paleoclimate records link solar irradiance with 

past climate variability (Bond, 2001; Knudsen 

et al., 2009; Mayewski et al., 2004; Weber et 

al., 2004). However, the mechanisms involved 

in solar-climate relationships are not well un-

derstood (Beer et al., 2006). The most pressing 

question remains how relatively small changes 

in total solar irradiance (ΔTSI) of ~0.1 % or 

0.2W m-2  of global average (Lean et al., 2005) 

produce the observed climate variability at all 

timescales. 

Several numerical investigations sug-

gest that solar minima during the late Holo-

cene resemble NAO (-)phase shifts with weak-

er and southeasterly westerly winds and high 

latitude cooling over Northern Europe (Mann 

et al., 2009; Shindell et al., 2001). It remains to 

be established whether the modern NAO can 

be compared to solar induced atmosphere-

ocean mechanisms on longer timescales for  

examples on timescales of ~80 (Gleissberg 

Cycle) and 210 (Suess/deFriess Cycle) or even 

1500 years.  A key question that remains is 

whether and how ENACW formation and circu-

lation was affected by solar variability or ex-

tensive freshwater fluxes during the last 11 ka.  

 

1.2. Objectives 

 

1.2.1. Response of Central Water formation to 

AMOC slowdown 

In the Early Holocene, marine and ice 

core records from high northern latitudes pro-

vide evidence for an abrupt cooling event at 8.2 

ka embedded in a widespread climate cooling 

between 9.0 to 8.0 ka (Rohling and Pälike, 

2005). There is consensus that a direct link ex-

ists between the abrupt drainage of pro-glacial 

Lakes Agassiz/Ojibway 8.47 ± 0.3 ka, the abrupt 

cold event, and an AMOC slowdown of the deep 

overturning branch (Alley and Ágústsdóttir, 

2005; Ellison et al., 2006).  

Prior to the lake drainage, orbitally in-

duced insolation, summer melt rates in the Ca-

nadian high Arctic, and freshwater export from 

the remnant Northern Hemisphere ice sheets 

were enhanced between 9.0 and 8.5 ka and 

contributed to surface ocean cooling and fre-

shening (Carlson et al., 2008; Cronin et al., 2007; 

Koerner and Fisher, 1990). Several climate 

records from the North Atlantic region (both sea 

surface marine and terrestrial) record a distinct 

background cooling/climate deterioration dur-

ing this interval (Rohling and Pälike, 2005). 

However, early Holocene records for the deep 

AMOC do not record a response to enhanced 

background melting during this time (Ellison et 

al., 2006). These records suggest that climate 

cooling in the North Atlantic region between 9.0 

and 8.5 ka may not have involved the deep 

overturning branch of the AMOC.  

The structure of the sea surface and 

atmospheric response to Lake Agassiz drainage 

recorded in various climate records also differs 

from the deep overturning response of the 

AMOC. Sea surface and ice core records show a 

distinct two-step cooling shortly after the drai-

nage of Lake Agassiz separated by a recovery 

period of 100-200 years (Alley and Ágústsdóttir, 

2005; Ellison et al., 2006), whereas deep water 

flow records of the AMOC record a single 

‘event’ centered at 8.2 ka (Ellison et al., 2006). 

The two different reactions to the lake drainage 

suggest that the deep overturning branch is to 

some degree decoupled from sea surface 

processes. 

My first and second objectives focus on 

investigating the response of ENACW formation 

and circulation to climate variability between 

9.0 and 8.0 ka in comparison to the surface and 

deep overturning components of the AMOC: 

 

(1) To test whether climate cooling in the North 

Atlantic region between 9.0 and 8.5 ka in-

volved ENACW formation and circulation. 
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Modern ENACW formation and circula-

tion are primarily influenced by changes in tem-

perature and salinity in the northeastern SPG. 

Assuming that ENACW processes during the ear-

ly Holocene were similarly sensitive to changes 

in these properties, we would expect a conti-

nuous temperature and salinity decrease in the 

paleoceanographic record between 9.0 and 8.5 

ka in response to Laurentide Ice Sheet back-

ground melting.   

 

(2) To determine the response in ENACW for-

mation and circulation to the drainage of Lake 

Agassiz/Ojibway in comparison to the deep 

overturning slow down of the AMOC. 

If modern ENACW formation processes 

are indeed an analogue for the past then the 

subpolar sea surface two-step response to the 

drainage of Lake Agassiz/Ojibway should be tra-

ceable in the early Holocene paleoceanographic 

record of ENACW.  

 

1.2.2. Effect of solar forcing on Central Water 

formation  

Over the past 1200 years solar variabili-

ty, and more recently the NAO, are dominant 

climate forcings believed to control air-sea inte-

ractions over the northern north Atlantic at 

multidecadal to centennial timescales (Hurrell, 

1995a; Mann et al., 2009; Shindell et al., 2001). 

Both mechanisms influence the location and 

intensity of North Atlantic deep-water circula-

tion in the Nordic Sea and thus significantly im-

pact the variability of the AMOC. However, the 

impact of the NAO and solar irradiance on 

ENACW formation, circulation, and climate sig-

nal propagation from high to low latitudes re-

main uncertain.  

Climate signal propagation of both solar 

and NAO variability may affect Central Water 

circulation via two possible mechanisms. First, 

the depth of the eastern STG thermocline may 

be related to the local trade winds. Today, en-

hanced northeast trade winds off the Northwest 

African coast promote upward Ekman pumping 

during NAO (+) phases that could result in a 

shoaling of the STG thermocline as is observed 

in the western STG where the thermocline 

depth varies in response to NAO forcing (Curry 

and McCartney, 2001). A shoaling at 900 m 

depth in the eastern STG may then allow the 

incursion of relatively cooler and fresher AAIW 

during NAO (+) years. Alternatively, the produc-

tion of cooler and fresher SPMW in the nor-

theastern SPG during NAO (+) years travels 

south as ENACW into the eastern boundary of 

the STG (Keffer, 1985; Levitus, 1989; McCartney 

and Talley, 1982; McDowell et al., 1982). The 

following objective aims to test these two hypo-

thesis.  

 

(3) Determine the pathway involved in atmos-

phere-ocean climate signal transfer at central 

water depth 

The expected climate signal for both 

mechanisms is a cooling and freshening in re-

sponse to positive NAO forcing. Similarly, during 

the Late Holocene the available literature (Jiang 

et al., 2005; Knudsen et al., 2004; Lamb, 1979; 

Massé et al., 2008; Moros et al., 2006; Sicre et 

al., 2008) suggests that we should expect a cool-

ing and freshening signal in the ENACW plaeo-

ceanographic record in response to solar activity 

minima. To determine the origin of the climate 

signal and thereby the transfer mechanism of 

the shallow overturning circulation will enhance 

our understanding of the overall meridional 

heat transfer in the North Atlantic Ocean. 

 

1.2.3. Reconstruction of temperatures at cen-

tral water core depth 

The reconstruction of bottom water 

temperatures based on Mg/Ca ratios on benthic 

foraminifera is constrained by the small Mg/Ca 

response to temperature changes in most cali-

brated deepwater benthic species (Lear et al., 
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2002; Martin et al., 2002; Raitzsch et al., 2008; 

Rathmann et al., 2004). As a result, error esti-

mates on benthic calibrations are generally in 

the range of ± 1.5 – 2.4 °C (Lear et al., 2002; 

Marchitto, 2007). Additionally regional differ-

ences in water chemistry and local productivity 

may influence the incorporation of Mg into the 

calcium lattice and cause local secondary effects 

that manipulate the temperature signal record-

ed by the same benthic species living in differ-

ent oceans/environments.   

Due to the large error estimates asso-

ciated with existing Mg/Ca - temperature cali-

brations a meaningful reconstruction of past 

salinity and density estimates remains difficult 

(Rohling, 2007). However a benthic species that 

has a more sensitive response to temperature 

changes may allow the reconstruction of salinity 

and possibly water mass densities using Mg/Ca 

ratios. The following objectives address these 

issues and aim to: 

 

(4)  Develop a Mg/Ca based temperature cali-

bration for a benthic foraminifera suitable 

for Holocene climate reconstructions.  

In order to reduce error uncertainties 

and reconstruct Holocene bottom water tem-

perature variability a possible approach is to 

calibrate a benthic species with a more sensitive 

temperature response. Preliminary results sug-

gest that Hyalinea balthica shallow infaunal 

benthic foraminifera displays a very sensitive 

response to temperature (Rosenthal pers. 

communication) and may thus be a suitable 

species for this objective.    

 

 

(5)  Test the global applicability of the calibra-

tion  

The incorporation of depth transects 

from diverse environments and different oceans 

in a calibration dataset allows for the detection 

of local influences (if any) on the Mg incorpora-

tion of H. balthica tests.  

 

(6)    Test the suitability of the Mg/Ca calibra-

tion to reconstruct modern water mass cha-

racteristics including temperature, salinity 

and density 

Density estimates based on H. balthica 

Mg/Ca may provide paleoceanographers with a 

potential new tool to infer changes in past wa-

ter mass formation and ocean circulation 

strength.   

1.3. Area of investigation  
 

The research presented in this thesis fo-

cuses on the eastern North Atlantic STG. More 

precisely, the main area of investigation is lo-

cated off the Moroccan Coast at Cape Ghir, 

north of the Canary Islands. At this location the 

predominant water mass underneath the Ca-

nary Current is ENACW occupying density sur-

faces between = 26.6 and 27.3 (Arhan et al., 

1994). Below ENACW, a salinity minimum at 

density ranges between  = 27.3 and 27.6 pro-

vides evidence for strongly mixed ENACW with 

AAIW. The maximum northward extension of 

AAIW along the northwest African continental 

margin reaches ~ 32 °N (Roemmich and 

Wunsch, 1985) confirming the presence of this 

southern watermass in our area of investigation. 

At densities exceeding  = 27.6 a salinity maxi-

mum indicates the presence of Mediterranean 

Outflow Water (MOW) at depth below 1300 m 

(Arhan et al., 1994; Knoll et al., 2002). The 

deepest waters of the eastern North Atlantic 

basin have no direct source and represent a 

mixture of North Atlantic Deep Water and An-

tarctic Bottom Water that fills the Cape Verde – 

Madeira Abyssal Plain (Bryden et al., 1996). 

The combined effect of the Coriolis 

force and the Northeast trade winds drive 

northwest African coastal waters off-shore (i.e. 

westward Ekman drift) allowing colder nutrient 

rich subsurface waters to ascend in compensa-

tion into the surface water layer. These cold and 
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nutrient rich waters transform the Northwest 

African coastline into a major upwelling region 

(Carr, 2002; Hagen, 2001). The seasonal migra-

tion of the trade winds results in more pro-

nounced upwelling intensities during the sum-

mer and early fall north of 25 °N whereas up-

welling persists throughout the year between 20 

and 24 °N (Knoll et al., 2002; Mittelstaedt, 

1991). Generally, upwelling is restricted to a 

narrow (50-70 km) band bound to the coastline 

(Mittelstaedt, 1991; Sarnthein et al., 1982; Van 

Camp et al., 1991) except for a number of fa-

vorable upwelling areas between 25-35 °N, 

where filaments develop near capes of the NW 

African coast as a result of the meandering Ca-

nary Current (e.g., at Cape Ghir or at Cape Yubi). 

The Cape Ghir filament at 30 °N is strongest dur-

ing summer and fall but also persists throughout 

the remainder of the year (Barton, 1998; Hagen, 

2001; Knoll et al., 2002) and can be seen on sa-

tellite images of SST up to 200-300 km off shore 

(Mittelstaedt, 1991; Van Camp et al., 1991). The 

perennial presence of this feature results in 

predominantly eutrophic conditions off Cape 

Ghir, which contrast with the nutrient poor wa-

ters of the open ocean and to either sides of the 

filament (Eberwein and Mackensen, 2006). The 

combination of high local productivity, especial-

ly underneath local filaments with high terri-

genous input produces exceptional sedimenta-

tion rates (Kuhlmann et al., 2004; Meggers et 

al., 2002; Sarnthein et al., 1982). 

 

1.4. Paleoceanographic proxies 
 

The distribution of sea surface and bot-

tom water temperature and salinity are funda-

mental representations of the state of the cli-

mate system. Therefore, the reconstruction of 

past temperatures in the ocean is an important 

tool for understanding past and future climate 

processes. Recent developments of geochemical 

analysis and refinements of analytical tech-

niques applied to calcareous foraminifera great-

ly advanced our ability to reconstruct climate 

and oceanographic parameters such as temper-

ature, salinity, and primary productivity from 

the geologic record (Katz et al., 2010). This sec-

tion focuses on the introduction of both stable 

oxygen and carbon isotopes and the use of 

magnesium to calcium ratios (Mg/Ca) measured 

in benthic foraminifera for paleoceanographic 

reconstructions.  

 

1.4.1. Stable isotopes measurements 

Stable oxygen isotope ratios can be 

used as a potential paleotemperature indicator 

in carbonate minerals based on the tempera-

ture dependent fractionation between 16O and 
18O that occurs during calcite precipitation 

(Epstein et al., 1953a; McCrea, 1950; Urey, 

1947).  

The δ18O composition of marine carbo-

nates depends on the δ18O of the sea water 

(δ18Owater) and the temperature dependant frac-

tionation during the calcification. The oxygen 

isotopic composition of sea water (δ18Owater) in 

turn depends on two major factors; (1) the eva-

poration – precipitation (E – P) balance and 

coastal river run-off and (2) global Ice volume. 

The isotopic composition of seawater is con-

trolled by E – P processes because it takes more 

energy to vaporize the heavier H2
18O than the 

lighter H2
16O. This factor is often described as 

the ‘salinity effect’ because both salinity varia-

tions and δ18O respond to E – P patterns (Craig 

and Gordon, 1965). Additionally the relationship 

between δ18O and salinity significantly varies in 

the ocean because of the latitudinal differences 

in E – P processes and regional differences in 

freshwater runoff. 

Global Ice volume controls the oxygen 

isotopic composition of sea water because ice 

sheets and glaciers store H2
16O enriched precipi-

tation. During the Holocene, most high-latitude 

precipitation returns to the ocean during the 
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summer via snow and ice melt. During glacial 

periods a large amount of 16O enriched snow 

and ice accumulates at high latitudes into conti-

nental ice sheets, leaving the glacial ocean 

enriched in 18O. At their maximum extent during 

the last glacial maximum the accumulation of 

ice at high latitudes caused an increase of 1.2‰ 

in the oxygen isotopic composition of sea water 

(Wefer, 1996).  

Several paleotemperature equations of 

the following format link temperature with the 

oxygen isotopic composition of calcite and sea-

water (e.g. Shackleton, 1974): 

T=a + b(δ18Ocalcite- δ
18Owater) + c(δ18Ocalcite 

– δ18Owater)
2 

Where T is temperature in (°C), a is temperature 

when δ18Ocalcite- δ18Owater is = 0, b is the slope, 

and c is the second order term for curvature. 

δ18Ocalcite is the oxygen isotope value of calcite 

measured from the foraminifera sample and 

δ18Owater is the oxygen isotope value of the wa-

ter in which the calcite precipitated (often as-

sumed for the past) (Epstein et al., 1953b; 

Shackleton, 1974; Urey, 1947). The δ18Ocalcite is 

measured in ‰ relative to Pee Dee Belemnite 

(PDB) and δ18Owater is measured in ‰ relative to 

the Vienna Mean Ocean Standard (VSMOW). In 

combination with an independent proxy for 

temperature (i.e., Mg/Ca) it is further possible 

to determine the past oxygen isotopic composi-

tion of sea water with this equation. 

For benthic foraminifera, values for a, b 

and c in the paleotemperature equations are 

based on either core-top calibrations 

(Shackleton, 1974) or more recently on labora-

tory culturing experiments (Barras et al., 2010; 

Filipsson et al., 2010; McCorkle et al., 2008). The 

application of core-top paleotemperature equa-

tions is complicated by environmental variability 

in the ocean, and the co-variation of many im-

portant environmental, ecological, and physio-

logical factors in the ocean. Laboratory studies 

on the other hand have the advantage that they 

can precisely reveal the influence of a single pa-

rameter such as temperature on the incorpora-

tion of oxygen isotopes during calcification (e.g. 

Katz et al., 2010). 

One important factor to consider in 

benthic foraminifera is that not all benthic spe-

cies precipitate their calcium carbonate shells in 

equilibrium with sea water but at a species-

specific systematic offset (Katz et al., 2003; 

McCorkle et al., 1990; Shackleton et al., 1973; 

Zahn et al., 1986).This offset is mainly attributed 

to a number of variables which include: micro-

habitat differences (in which tests grow in geo-

chemically distinct environments), vital effects 

(McCorkle et al., 1990), the presence of sym-

bionts, ontogeny (growth) (Spero and Lea, 

1996), and the carbonate ion concentration of 

sea water (Spero et al., 1997). Additionally, the 

interpretation of deep sea benthic foraminiferal 

δ18O values may be complicated by partial shell 

dissolution that takes place on the sea floor or 

within the sediment (Dekens et al., 2002). Disso-

lution preferentially removes 16O, skewing oxy-

gen isotopic values towards more positive val-

ues. The influence of dissolution may be 

avoided when analyzing shells in good condition 

(high level of preservation) collected from clay 

rich sediments (Pearson et al., 2001). 

Stable carbon isotopes (δ13C) measured 

on benthic foraminifera are extensively used to 

reconstruct either deep ocean paleocirculation 

(Curry et al., 1988; Oppo and Fairbanks, 1990; 

Sarnthein et al., 1994) or changes in surface 

ocean productivity (McCorkle et al., 1990) de-

pending on the habitat of the analysed species.  

When inorganic carbon is used to make 

organic compounds during photosynthesis, 12C 

is taken up more readily than 13C because of its 

lighter mass. Accordingly organic matter tends 

to become enriched in12C relative to the ocean 

water from which it has been drawn. 

As water masses sink and move away 

from their source, oxidation of 12C-enriched or-

ganic matter releases nutrients and CO2 with 

low δ13C values, reducing the deep water dis-
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solved inorganic content as water mass flows 

farther from its source region. By these 

processes ‘young’ deepwater located close to its 

source region has high δ
13C values (low nu-

trients) compared to ‘old’ deepwater that is re-

moved from its source (low δ13C and high nu-

trients). To reconstruct changes in water mass 

ages and paleocirculation epi-benthic (i.e. living 

on top of the sediment) species are generally 

analyzed. 

After death, deposition, and decomposi-

tion of 12C-enriched organic matter on the sea 

floor, 13C-depleated CO2 is released to intersti-

tial and pore-water spaces, thereby lowering 

the δ
13C composition. Pore-water and sediment 

water interface δ
13C values are therefore strong-

ly influenced by the flux of organic matter to the 

sea floor (e.g. Zeebe and Wolf-Gladrow, 2001). 

Changes in the carbon isotopic signal measured 

on infaunal species such as H. balthica thus 

most likely reflect changes in porewater δ13C 

(McCorkle et al., 1990), controlled by surface 

ocean productivity and export of organic ma-

terial to the sediments.  

 

1.4.2. Mg/Ca in benthic foraminifera 

The need for an independent proxy for 

sea surface and especially bottom water tem-

peratures has been a primary research objective 

because of the dependence of δ18O on both 

temperature and the oxygen isotopic composi-

tion of sea water. The possibility that the mag-

nesium content of marine carbonates is tem-

perature dependent has been explored for dec-

ades (e.g. Lea et al., 2003), but only recent ex-

periments testing foraminiferal Mg/Ca in con-

trolled laboratory and field calibrations have 

demonstrated their potential for reconstructing 

past ocean temperatures (Katz et al., 2010; Lea 

et al., 2003).  

The Mg/Ca ratio in CaCO3 minerals de-

pend on the Mg/Ca activity ratio of ocean wa-

ter, and the distribution coefficients of Mg/Ca 

between calcite and seawater. These two fac-

tors are expressed as: 

DMg=(Mg/Ca)mineral/(Mg/Ca)seawater) 

where DMg is the empirical homogeneous distri-

bution coefficient calculated based on the molar 

concentration ratios of Mg/Ca in calcite and 

seawater. At equilibrium, the partitioning con-

stant between the two pure mineral phases de-

pends on temperature because the substitution 

of Mg into calcite is associated with a change in 

enthalpy (i.e. preferentially takes place at higher 

temperatures). As the substitution of Mg into 

calcite is an endothermic reaction, the Mg/Ca 

ratio of calcite is expected to increase with in-

creasing temperature (Rosenthal et al., 1997; 

Rosenthal et al., 2007). In inorganically precipi-

tated calcite formed in seawater at tempera-

tures between 10 - 50°C the sensitivity of Mg to 

Ca describes an exponential increase of ~3 ± 0.4 

% per °C (Oomori et al., 1987). However, the 

biologic uptake of Mg and Ca in foraminiferal 

tests is rarely at thermodynamic equilibrium. 

There are two fundamental differences between 

foraminifera and inorganic calcite; (1) foramini-

fera contain 5-10 times less magnesium then 

expected from inorganic calcite equations 

(Bender et al., 1975) and (2) the sensitivity to 

temperature changes is about three times larger 

in foraminifera then predicted from thermody-

namics. The higher sensitivity of shell Mg/Ca to 

temperature has important implications for pa-

leoceanographic reconstructions. First it en-

hances the suitability of foraminifera for paleo-

temperature reconstructions, because the mag-

nitude of the temperature response reduces the 

error associated with Mg/Ca reconstructions. 

Alternatively secondary effects may be respon-

sible for the higher sensitivity to temperature of 

shell Mg/Ca.  

The uptake of Mg in different species of 

benthic foraminifera can be determined by  con-

trolled laboratory culture experiments, where 

changes in different parameters (e.g., tempera-

ture salinity, pH and carbonate ion concentra-
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tion) can be investigated independently (Barras 

et al., 2010; Filipsson et al., 2010; McCorkle et 

al., 2008), and by measuring fossil benthic fora-

minifera  from core top sediments (Lear et al., 

2002; Rathmann et al., 2004; Rosenthal et al., 

1997). Most calibrations fit with equations of 

the form: 

Mg/Ca [mmol mol-1] = bemt 

where b and m are constants and T is tempera-

ture.  

1.4.3. Seconday effects 

Recently developed culturing protocols 

for benthic foraminifera, reveal the influence of 

secondary effects such as dissolution, salinity, 

and the carbonate ion concentration of seawa-

ter on the uptake of Mg in benthic foraminifera.  

Dissolution:  Although it is possible that 

Mg/Ca ratios in benthic foraminifera can be al-

tered after death and deposition because of the 

preferential dissolution of the magnesium rich 

contents in the foraminifer shell, it is generally 

thought that Mg/Ca in benthic foraminifera are 

not affected by dissolution because Mg is more 

homogeneously distributed in the calcite of 

benthic foraminifera compared to planktonic 

foraminifera (Elderfield et al., 2009). Additional-

ly, benthic foraminifera that live and calcify in 

undersaturated conditions are also less likely to 

show signs of preferential Mg/Ca dissolution 

after death and should be less susceptible to 

selective loss of Mg-rich portions of the test 

(Elderfield et al., 2009; Marchitto, 2007). In sup-

port of this hypothesis several studies compar-

ing Mg/Ca ratios in living and dead benthic 

shells found no significant offset due to dissolu-

tion (Elderfield et al., 2006; Lear et al., 2002; Yu 

and Elderfield, 2008). Further no correlation 

between the Mg/Ca ratios in Oridorsales Ombu-

natus and [CO3 
2−] seem to exist indicating the 

limited influence of dissolution on this benthic 

species (Rathmann and Kuhnert, 2008). Addi-

tionally, a recent laboratory culturing experi-

ment with the benthic foraminifera Ammonia 

tepida cultured in undersaturated conditions 

not only showed that this species survived but 

also calcified, without showing an effect of dis-

solution on Mg/Ca (Dissard et al., 2010b). Evi-

dence for a dissolution effect is thus small in 

benthic foraminifera but only species specific 

laboratory culturing tests may eliminate dissolu-

tion as a secondary effect on benthic Mg/Ca 

ratios.  

Salinity:  Several studies on planktic fo-

raminifera indicate that a change in seawater 

salinity affects the incorporation of Mg into fo-

raminifera tests (Ferguson et al., 2008; 

Kisakürek et al., 2008; Lea et al., 1999; Nürnberg 

et al., 1996). Lea et al., (1999) observed an in-

crease in the Mg/Ca ratio of 4 ± 3% per psu at a 

salinity range of 27–39 psu for the plankton 

species Orbulina universa. Similarly Kisakürek et 

al., (2008) recorded an increase of Mg/C a ratio 

by 5 ± 3% per psu for a salinity range of 32–41 

psu on Globigerinoides ruber. However, the im-

pact of salinity on benthic foraminiferal calcite 

remains poorly understood (Dissard et al., 

2010a). To date, only one culturing experiment 

on a benthic species (Ammonia tepida) (Dissard 

et al., 2010a) provides evidence that salinity also 

controls the incorporation of Mg/Ca into ben-

thic foramifera by 2 psu/1°C. Enhanced Mg/Ca 

ratios at higher salinity in benthic foraminifera 

may be explained because at higher salinities 

vacuoles are capable to take up higher concen-

tration of Mg, which in turn leads to higher Mg 

concentration arriving at the site of calcification 

and thus higher Mg/Ca ratios (Dissard et al., 

2010a). 

Carbonate ion concentration: Most 

core top calibration studies on Cibicides spp. 

suggest that there is a threshold value of Δ[CO3
2-

] below which the Mg uptake is controlled by a 

carbonate ion effect leading to an apparent 

stronger temperature sensitivity at colder sea 

water temperatures (Elderfield et al., 2006; 

Healey et al., 2008; Martin et al., 2002; Raitzsch 

et al., 2008; Rosenthal et al., 2006; Yu and 
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Elderfield, 2008). These threshold values may 

occur if the pH of the vacuolated seawater is 

modified to the same Δ[CO3
2-] value in the bio-

mineralization space over a range of seawater 

Δ[CO3
2-](Allison et al., 2010).  

In the ocean, threshold values range 

from 30 to 15 µmol/kg (Elderfield et al., 2006; 

Raitzsch et al., 2008; Rosenthal et al., 2006; Yu 

and Elderfield, 2008). At temperatures above 

3°C the gradient between Δ[CO3
2-] and tempera-

ture is ~ 3 µmol/kg/°C whereas below 3°C the 

gradient between Δ[CO3
2-] and temperature is 

more than 30 µmol/kg/°C (Elderfield et al., 

2006). It is also at these lower temperatures >3-

4 °C that core top Mg/Ca data reveal a steeper 

gradient of Mg/Ca versus temperature, support-

ing the existence of a threshold seawater 

Δ[CO3
2-] value for benthic foraminifera 

(Elderfield et al., 2006; Johnstone et al., 

accepted manuscript; Katz et al., 2010; 

Rosenthal et al., 2006; Yu and Elderfield, 2008).  

The discovery of the carbonate ion ef-

fect on benthic foraminifera has reduced the 

confidence in benthic Mg/Ca values for deep 

ocean temperature reconstructions. Neverthe-

less it is important to note that not all benthic 

foraminifera show a correlation between 

Δ[CO3
2-] and test Mg/Ca. For example Mg/Ca 

ratios measured on cultured Elphidium william-

soni for example indicate no Δ[CO3
2-]-test Mg/Ca 

relationship (Allison et al., 2010), and suggests 

that further work is required to determine the 

influence of Δ[CO3
2-] on test Mg/Ca on different 

benthic foraminifera species.  

Infaunal and shallow infaunal benthic 

species calcify with the influence of pore water 

composition which has different constraints on 

the Δ[CO3
2-] temperature relationship to the 

other factors previously discussed. This is be-

cause pore-water chemistry comes to rapid 

equilibrium with calcium carbonate often within 

the top centimeter of the sediments (Martin 

and Sayles, 1996; Martin and Sayles, 2006). As a 

consequence, pore-water Δ[CO3
2-] values de-

crease to zero at supersaturated sites and in-

crease to zero at undersaturated sites. Infaunal 

benthic foraminifera that calcify from pore wa-

ters are thus expected to show little to no  

Δ[CO3
2-] effect (Elderfield et al., 2006; Raitzsch 

et al., 2008).  

 

1.5. Outline of Chapters 
 

The objectives outlined in 1.2 are ad-

dressed in the following manuscripts: 

 

Chapter 2: Temperature calibration of Mg/Ca 

ratios in the intermediate water benthic fora-

minifer Hyalinea balthica 

[Y. Rosenthal, A. Morley, C. Barras, M. Katz, F. 

Jorissen, G.-J. Reichart, D. W. Oppo and B.K. 

Linsley] 

 

(in press at Geochemistry, Geophysics, Geosys-

tems) 

 

Objectives (5), (6) and (7) 

Core-top samples used to calibrate the 

response of Mg/Ca and δ18O in tests of the cal-

citic benthic foraminifer H. balthica to changes 

in bottom water temperature (BWT) and salinity 

come from three regions in the Atlantic and Pa-

cific Oceans: (1) Bali Basin and Makassar Straits 

in Indonesia; (2) various sites along the nor-

theastern Atlantic Ocean margin; and (3) Cape 

Ghir on the northwest African margin. In the 

calibration, we include samples only from the 

first two regions to calculate the dependence of 

Mg/Ca on temperature. We use the same sam-

ple set to estimate the offset between meas-

ured δ18O and the expected equilibrium values. 

The calibrations are then applied to the third 

core top transect from Cape Ghir and cross 

checked with culture experiments in order to 

test the global applicability of the calibration. 

BWTs and salinities estimated from 

paired benthic foraminiferal δ18O and Mg/Ca 
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measurements on samples from this transect 

are further compared with the hydrographic 

data as means of validating our calibrations and 

testing their accuracy. The three locations cover 

similar ranges in BWT, but are characterized by 

significantly different salinities and carbonate 

chemistries. This allows us to assess the satura-

tion effects on the calibration.  

The Indonesian cores and those from 

Cape Ghir represent continuous transects at 

these locations. In contrast, the “Northeastern 

Atlantic” suite is a collection of samples from 

different sites under the influence of different 

water masses. These groups cover very different 

temperature and salinity conditions as well as 

nutrient and carbonate chemistries and thus 

allow us to test not only the temperature effect 

on Mg/Ca, but also other potential secondary 

effects. 

To test the accuracy of reconstructed 

bottom water densities calculated from tem-

perature and salinity using paired δ18O and 

Mg/Ca measurements in H. balthica, we aim to 

compare measured and calculated densities for 

the Cape Ghir transect. 

 
Chapter 3: Reduced North Atlantic Central Wa-

ter formation in response to early Holocene 

ice‐sheet melting 

[A. Bamberg (Morley), Y. Rosenthal, A. Paul, D. 

Heslop, S. Mulitza, C. Rühlemann and M. Schulz] 

 

(Published: Geophysical Research Letters, vol. 

37, issue 17, pages L17705) 

 

Objectives (1) and (2) 

A sediment core from the eastern 

boundary of the North Atlantic subtropical gyre 

retrieved off Cape Ghir (GeoB6007-2: 30.85 °N, 

10.27 °W at 899 m depth) provides the basis for 

this study. High sedimentation rates at the core 

site allow a temporal resolution of 70 cm kyr -1 

(Kuhlmann et al., 2004) and thus the possibility 

to reconstruct multidecadal to centennial varia-

bility between ~ 9.000 and 8.000 years BP in the 

proxy record.  

In order to test the central water re-

sponse in the eastern STG to both the drainage 

of glacial Lakes Agassiz/ Ojibway and possible 

pre-Agassiz cooling we prepared samples for 

paired Mg/Ca – δ18O measurements on H. bal-

thica to reconstruct bottom water temperature 

and the oxygen isotopic composition of sea wa-

ter at 899 m depth at 1 cm sampling intervals. 

Located within the ENACW, GeoB6007-2 is 

ideally located to investigate high resolution, 

linkages between SPMW variability and mid-

depth STG ventilation. Additionally, we use sta-

ble carbon isotopes (δ13C) as a paleoproductivity 

proxy to trace past changes in local upwelling 

intensity (Schmiedl et al., 2004). 

 
Chapter 4: Solar modulation of North Atlantic 

central Water formation at multidecadal time-

scales during the late Holocene  

[A. Morley, M. Schulz, Y. Rosenthal, S. Mulitza, 

A. Paul and C. Rühlemann] 

 

(in review at Earth and Planetary Science Let-

ters) 

 

Objective (4)  

Focusing on the past 1.200 years, we 

prepared samples from GeoB6007-2 and multi 

core GeoB6007-1 for paired Mg/Ca – δ18O and 

stable carbon isotopes (δ13C) measurements on 

H. balthica.   

In a first step we determined the cli-

mate forcing that underlies the climate signal in 

the reconstructed temperature, salinity and 

productivity time series, by comparing our 

record with the instrumental NAO record as well 

as with a recently published record for total so-

lar irradiance (Steinhilber et al., 2009). 

In order to determine the origin of the 

climate signal in the eastern STG we subse-

quently tested the correlation between the ben-

thic δ13C and BWT time series for the past 165 
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years as well as for the past 1200 years. If the 

thermocline shoaling hypothesis is true we 

would expect wind-forced surface productivity 

above the core site (represented by the δ13C 

record) to correlate with central water tempera-

tures. Alternatively, should the Late Holocene 

climate signal originate from the northeastern 

SPG, we would expect to observe a significant 

correlation between subpolar sea surface tem-

peratures and the NAO index over the past 165 

years as well as reconstructed solar irradiance 

over the past 1200 years. 
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2.1. Abstract 

 
Core-top samples from Indonesian and northeast Atlantic depth transects were used to calibrate the 
response of Mg/Ca and δ18O in tests of the calcitic benthic foraminifer Hyalinea balthica to changes 
in bottom water temperature (BWT) and salinity. This shallow infaunal species is primarily abundant 
in neritic to upper bathyal sediments (< 600m). The calibration suggests a temperature sensitivity of 
Mg/Ca [mmol mol-1 = (0.488 ± 0.03) BWT [°C], which is about four times higher than observed in 
deep sea benthic foraminifera. Culture experiments support the core-top calibration. We find no 
discernible effect of salinity and saturation on Mg/Ca. Comparison between the measured benthic 
foraminiferal δ18O and predicted equilibrium values suggests that on average H. balthica δ18O is 0.64 
± 0.13 ‰ lower than predicted from the equilibrium composition. To test reliability of using paired 
H. balthica Mg/Ca and δ18O measurements for reconstructing seawater δ18Osw and salinity, we 
apply this calibration to another depth transect from Cape Ghir off NW Africa, which was not 
included in the calibration. Based on error analysis of the calibration data and this validation test, we 
show that the uncertainty on reconstructing bottom water temperature and salinity from paired 
Mg/Ca and δ18O measurements of H. balthica is better than ± 0.7 °C and ± 0.69 units, respectively. 
The small uncertainties allow for the reconstruction of seawater density to better than better than 
0.3σθ units, which is precise enough to allow the reconstruction of changes in identity and properties 
and different water masses. We propose that the relatively high Mg content and temperature 
sensitivity of H. balthica might be due to minor, biologically-mediated contribution of high-Mg 
calcite to the primarily low-Mg calcite test, which is influenced by the ambient temperature. This 
hypothesis, if correct, suggests that benthic species with relatively high Mg/Ca may be better suited 
for deepwater temperature reconstructions than the commonly used species at present. 
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2.2. Introduction 

 
Much of our understanding of the 

distribution of deepwater masses in the modern 

ocean comes from temperature and salinity 

measurements. This is because these two 

parameters uniquely define a water mass, which 

allow the identification of the contribution of 

end-member water masses to a water parcel 

and inferring circulation patterns. Therefore, it 

is no surprise that large efforts have been 

dedicated to developing geochemical proxies for 

temperature and salinity, which could provide 

similar capabilities for paleoceanographic 

studies. The magnesium to calcium ratio 

(Mg/Ca) in benthic foraminifera is currently the 

only proxy that allows for reconstruction of 

bottom water temperatures (BWT) (Rosenthal 

et al., 1997b). When used with paired 

measurements of foraminiferal δ18O, it enables 

quantitative reconstructions of seawater δ18O, 

and with judicious assumptions, global ice 

volume and past ocean circulation. Indeed this 

method has provided new insights into the 

evolution of Earth’s climate through the 

Cenozoic (e.g., Billups and Schrag, 2002; Billups, 

2003; Lear et al., 2000; Lear et al., 2004; Martin 

et al., 2002).  

Initial calibrations of Cibicidoides spp. 

suggested a strong exponential dependence of 

Mg/Ca in these benthic foraminifera on 

temperature, with similar sensitivity to that 

observed in planktonic foraminifera (Lear et al., 

2002; Rosenthal et al., 1997b). While 

subsequent calibrations supported a 

temperature effect on Mg/Ca, they also raised 

concerns about the precise relationship 

between BWT and Mg/Ca and the possibility 

that at the colder end of the calibration there is 

a significant carbonate saturation (ΔCO3 ion) 

effect on benthic Mg/Ca (Martin et al., 2002). 

Specifically, a calibration of C. pachyderma from 

the Florida Straits suggests a dominant 

temperature control on Mg/Ca in the 

temperature range of ~6 to 19 °C with a 

sensitivity of ~0.12 mmol mol-1 per °C 

(Marchitto et al., 2007). The high temperature 

sensitivity suggested by the earlier studies (Lear 

et al., 2002; Rosenthal et al., 1997b) is arguably 

an artifact caused by a contamination of the 

foraminiferal tests by secondary high-Mg 

overgrowths, which are common in Bahama 

Banks sediments (Curry and Marchitto 2008). At 

low carbonate saturation levels (typically ΔCO3 

below 20 μmol kg-1) (Elderfield et al., 2006), the 

decrease in saturation has an increasingly larger 

effect on the Mg content of Cibicidoides tests, 

thus complicating BWT reconstructions. 

Although above this threshold the carbonate 

saturation effect is minimal, the low 

temperature sensitivity implies a relatively large 

error in estimating BWT from Mg/Ca 

measurements in this genus. For example, 

Marchitto et al. (2007) report a standard error 

of estimate (SEE) of 2.4 °C for their C. 

pachyderma calibration. For Uvigerina spp., the 

sensitivity is lower (Elderfield et al., 2009; Lear 

et al., 2002), implying even larger SEEs. These 

large errors are a major hindrance for 

reconstructing seawater salinity from paired 

Mg/Ca and δ18O measurements in benthic 

foraminifera.  

Here we report a new Mg/Ca calibration 

in the foraminifer Hyalinea balthica, a shallow 

infaunal benthic species typically found in the 

temperature range of ~5-12 °C, and thus 

suitable for reconstructing the temperature of 

intermediate water masses. Furthermore, we 

show that the temperature sensitivity of this 

species is ~4 times higher than found in 

Cibicidoides species. The low SEE of this 

calibration and lack of discernible saturation 

effects not only allow for precise determination 

of past BWT, but also for reconstructing salinity 

with sufficient precision for estimating paleo-

density, much in the way it is done in the 

modern ocean. 
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2.3. Ecology and biogeography 

 

Hyalinea balthica (Schroeter) was first 

identified in 1783 in recent sediments recovered 

from the Baltic Sea (Schroeter, 1783). Its 

compressed, planispiral test typically has 9-12 

chambers in the final whorl, with curved limbate 

sutures and a peripheral imperforate keel 

(Figure 1). It has an interiomarginal primary 

aperture with a thickened lip, and secondary 

apertures beneath umbilical flaps on both sides 

of the test (Murray, 1971). Hyalinea balthica 

evolved in the late Pliocene, and has been 

recorded in the Atlantic, Pacific, and Indian 

Oceans, Gulf of Mexico, and Caribbean, Barents, 

North, and Mediterranean Seas. In the modern 

ocean, H. balthica is most abundant in cooler 

waters of the North Atlantic (van Morkhoven et 

al., 1986). It is primarily a neritic to upper 

bathyal species (< 600 m), but occasionally 

ranges as deep as ~1250 m (Murray, 1971; van 

Morkhoven et al., 1986).  

 

 

 

 

 

 

 
Figure 1 A picture of Hyalinea balthica (source from: 
http://palaeoelectronica.org/2002_2/guide/rota.htm). 

Hyalinea balthica has a preference for 

the shallow infaunal microhabitats in the 

topmost sediment levels, where maximum 

densities are found (e.g., Fontanier et al., 2002; 

Fontanier et al., 2008; Hess and Jorissen, 2009). 

However, often some specimens are also 

present in deeper sediment layers, down to the 

zero oxygen level. Hess & Jorissen (2009) 

described uncommonly high densities of H. 

balthica, of about 1400 live specimens in a 71 

cm2 core, at a 380 m deep site in Cape Breton 

canyon, on the French Atlantic coast. At this 

station, Bolivina subaenariensis (68 %) and H. 

balthica (16 %) strongly dominated the 

extremely rich benthic foraminiferal faunas. 

According to Hess & Jorissen (2009), this low 

diversity fauna, with a very low evenness, 

represented an early stage of ecosystem 

colonization, following turbidite deposition. 

Consequently, they considered H. balthica as an 

opportunistic taxon, profiting from increased 

food availability by reproduction and increased 

growth rates. This interpretation is corroborated 

by the dominance of H. balthica in the faunas 

following the low oxygen event S1 in the Aegean 

Sea, observed in cores from 260 m and 430 m 

depth (Abu-Zieda et al., 2008). In a core from 

the Ionian Sea, sampled at 2345 m depth, H. 

balthica was the first colonizing taxon after the 

period of anoxic bottom water leading to the 

deposition of sapropel S5, which was totally 

devoid of benthic foraminifera (F Jorrisen, 

unpublished data). All Hyalinea specimens 

found in the first sample containing benthic 

foraminifera above S5 showed important test 

anomalies, probably due to the hostile 

environmental conditions encountered by these 

early colonizers. Finally, H. balthica is one of the 

few deep-sea benthic foraminifera which show 

shell growth in controlled laboratory conditions 

(C. Barras, unpublished data). In summary, H. 

balthica appears to be a highly opportunistic 

species, which combines a certain tolerance for 

stressed conditions with elevated reproductive 

rates and probably very high growth rates. 

 

2.4. Methods 

2.4.1. Study sites 

Core-top samples included in this study 

come from three regions in the Atlantic and 

Pacific Oceans (Figure 2): (1) Bali Basin and 

Makassar Straits in Indonesia (IND); (2) various 

sites along the northeastern Atlantic Ocean
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Figure 2 Location map of core top sites used in this study. Solid circles and open diamonds mark sites used for the 
calibration in Indonesia and northeastern Atlantic, respectively. Solid triangles mark the Cape Ghir sites used for 
validation. 

 

margin (ATL); and (3) Cape Ghir on the 

northwest African margin (CG). In the 

calibration, we include samples only from the 

first two regions to calculate the dependence of 

Mg/Ca on temperature (Table 1). We use the 

same sample set to estimate the offset between 

measured δ18O on these samples and the 

expected equilibrium values. The calibrations 

are then applied to the third coretop transect 

from Cape Ghir. BWTs and salinities estimated 

from paired benthic foraminiferal δ18O and 

Mg/Ca measurements on samples from this 

transect are compared with the hydrographic 

data as means of validating our calibrations and 

testing their accuracy. The three transects cover 

similar ranges in BWT, but are characterized by 

significantly different salinities and carbonate 

chemistries. This allows us to take advantage of 

the different bottom water carbonate 

chemistries of these sites to assess the 

saturation effects on the calibration. Details of 

the study sites and sample collection are given 

below. The hydrographic data are based on in-

situ CTD casts. As can be seen in Figure 3, the 

Indonesian cores and the ones from Cape Ghir 

represent continuous transects at these 

locations. In contrast, the “Northeastern 

Atlantic” suite is a collection of samples from 

different sites under the influence of different 

water masses. These groups cover very different 

temperature and salinity conditions as well as 

nutrient and carbonate chemistries, thus 

allowing us to test not only the temperature 

effect on Mg/Ca, but also other potential 

secondary effects.  

Sulawesi margins (Indonesia): The 

Indonesian samples come from a transect on 

the southwestern Sulawesi margin in the 

Makassar Strait. All the samples were collected 

using a multi-corer during the BJ8-03 cruise in 

2003 (Rosenthal et al., 2006). Water in the main 

thermocline of the Makassar Strait derives 
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Table 1 Core location, hydrographic data and Mg/Ca ratios in H. balthica. 
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primarily from North Pacific Subtropical Water 

(NPSW) recognized as a salinity maximum at 

~150 m (Gordon, 2005). At the bottom of the 

thermocline and down to ~600 m, nearly all of 

the ITF water originates from North Pacific 

Intermediate Water (NPIW), recognized as a 

salinity minimum. Below, the increase in salinity 

signifies the presence of modified Antarctic 

Intermediate Water (AAIW). Our Indonesian 

transect spans a range of ~330 - 900 m 

associated with BWT, salinity, and a Δ*CO3] 

change of ~16 - 4 °C, 34.7 - 34.4 and ~140 - 70 

μmol kg-1, respectively (Rosenthal et al., 2006). 

Sedimentation rates are high in this region (10 - 

100 cm kyr-1), due to the large input of 

terrigenous sediment delivered by rivers. All 

core tops contain bomb radiocarbon suggesting 

a relatively modern age. Samples from the 

Indonesian cruise were Rose Bengal stained to 

identify protoplasm in the tests and hence to 

separate “recently living” (stained) and “dead” 

(unstained) individuals (Corliss and Emerson, 

1990). The Indonesian samples were kept at ~4 

°C until they were processed in the laboratory 

where they were preserved with a 3.8 % 

formalin solution containing Rose Bengal stain 

and buffered with Borax to pH ≈ 8. The samples 

were then shaken in the staining solution for at 

least one week. The sediments were wet-sieved 

through 63 μm mesh sieves, and the stained 

samples were picked from the wet coarse 

fraction. After the stained specimens were 

picked, the residual sediments were washed in 

de-ionized water and dried in the oven at 60 °C 

before picking the “dead” specimens. Stained 

(“recently living”) and unstained (“dead”) 

samples were picked from the > 150 μm size 

fraction of each sample.  

Cape Ghir: Samples from the Northwest 

African margin were collected with a multicorer 

between 30.845 - 30.957 °N and 10.083 - 10.630 

°W during METEOR LEG M45 and Leg M58 in 

1999 and 2002. Below surface waters, the 

predominant water mass in the eastern 

boundary of the subtropical gyre is eastern 

North Atlantic Central Water (ENACW) 

occupying density surfaces between 26.6 and 

27.3 kg m3. Even deeper, a salinity minimum of 

27.3 - 27.6 kg m3 provides evidence for strongly 

modified AAIW. A salinity maximum exceeding 

27.6 kg m3 on the other hand, indicates the 

presence of Mediterranean outflow water 

(MOW) at Cape Ghir (Knoll and al., 2002). The 

core tops used in this experiment cover 355 - 

1282 m with BWT and salinity changes of 12.86 - 

6.79 °C and 35.79 - 35.22 p.s.u., respectively. 

We estimated the concentrations of total 

dissolved inorganic carbon (TCO2) and total 

alkalinity (TALK) based on the nearest GEOSECS 

(Bainbridge, 1981) and WOCE stations (30255B 

at 30.5 °N and 11.5 °E (Schlitzer, 2000). Using 

CO2sis.xls (Lewis and Wallace, 1998) we 

calculated values including [CO3
2−], pH (seawater 

scale), and the saturation state (Ω) for calcite 

(Lewis and Wallace 1998), and obtained a 

Δ*CO3] range of 101.9 - 60.2 μmol kg-1 for all 

sample sites. Sedimentation rates off Cape Ghir 

are extremely high ranging from 70 - 210 cm ky-1 

(Kuhlmann and et al., 2004a; McGregor and et 

al., 2007). These high rates result from high 

terrigenous input and extensive local oceanic 

productivity as well as the presence of a 

sediment trough in this area (Kuhlmann and et 

al., 2004b; Meggers and et al., 2002; Sarnthein 

and et al., 1982). All core top samples from Cape 

Ghir were sampled and frozen in one cm slices 

during METEOR cruises in 1999 and 2002. For 

this study we sampled the top one cm of all 

multicore tubes, wet sieved them through 63 

μm mesh sieves, washed them with deionized 

water and let them dry in the oven at 60 °C. 

From each sample, we picked up to 25 H. 

balthica tests from the 250 - 350 μm size 

fraction, and where available also from 125 - 

250 μm and 350 - 450 μm size fractions to 

evaluate possible secondary effects due to test  
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size.  

Northeastern Atlantic: Three samples 

come from Atlantic sites along the northwestern 

African margins near Mauritania and Morocco 

at depths of 500 and 760 m. These sites are 

bathed by open North Atlantic Central Water. 

The other six samples come from the Gulf of 

Cadiz, Setubal and Cape Breton canyons, 

spanning a depth range of ~140 - 500 m and 

temperature range of ~11 – 13 °C. These sites 

are influenced by the warm and salty 

Mediterranean Outflow Water as reflected in 

higher temperatures and salinities relative to 

open ocean sites of the same depth.  

Culture samples: The cultured H. 

balthica specimens were sampled in the Bay of 

Biscay (northeast Atlantic), at the 450 m deep 

station G (43°40’ N 1°37’ W) in Cape Breton 

canyon (Hess and Jorissen, 2009), where 

uncommonly rich faunas of this species are 

encountered. At this site, BWT is 11.2 °C and 

salinity is 35.5 p.s.u. Sediments containing living 

specimens of H. balthica were sampled in June 

2006 and stored in polyvinyl chloride 

transparent bottles previously filled with 

siphoned bottom water from the same core. All 

sediment samples were transported back to the 

laboratory at the University of Angers (France) 

in cool boxes and then stored at 10 °C, at a 

salinity of 36 p.s.u., without addition of food in 

the lab. Prior to the start of the culturing, adult 

specimens (> 150 μm) were labeled using a 

calcein-tagging method (Bernhard et al., 2004) 

in order to distinguish new chambers that 

calcified during the controlled temperature 

culturing (unlabeled) from old chambers that 

formed in the field (labeled). Experiments were 

performed in closed systems (CSI as described in 

(Barras et al., 2010)) at 7.9 ± 0.1, 10.1 ± 0.1 and 

12.7 ± 0.1 °C. For each temperature experiment, 

30 specimens of H. balthica were cultured (in an 

assemblage with other species) during 90 days 

and fed with fresh Phaeodactylum tricornutum 

diatoms. The salinity of culture water samples 

(35.8 ± 0.1) was measured weekly to verify that 

significant evaporation did not occur. The 

carbonate chemistry was stable, and similar in 

the different experiments (7.94 ± 0.04 for pH, 

NBS-scale, and 2464 ± 28 μmol l−1 for alkalinity). 

In each experiment, nine - 10 specimens 

Figure 3 A-C) Temperature, salinity and dissolved phosphorous profiles from the three study sites at the Makassar 
Straits, Indonesia, Northeast Atlantic and Cape Ghir. D) H.balthica Mg/Ca ratios obtained from core tops in these sites. 
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calcified from two to eight new chambers 

(unlabeled) under our controlled conditions 

(four chambers on average). These chambers 

were used for the laser ablation ICP-MS analysis. 

 

2.4.2. Analytical Protocols 

Foraminiferal tests were cleaned using a 

protocol to remove clays, organic matter, and 

metal oxides (Boyle and Keigwin, 1985), and 

modified after (Rosenthal et al., 1997a). The 

foraminifera were gradually dissolved in trace 

metal clean 0.065N HNO3 (OPTIMA®) and 100 μl 

of this solution was diluted with 300 μl trace 

metal clean 0.5 N HNO3 to obtain a Ca 

concentration of 3 ± 1 mmol L-1. Samples were 

analyzed by Finnigan MAT ElementXR Sector 

Field Inductively Coupled Plasma Mass 

Spectrometer (ICPMS) operated in low 

resolution (m/Δm = 300) following the method 

outlined in (Rosenthal et al., 1999). Direct 

determination of elemental ratios from intensity 

ratios requires control of the sample Ca 

concentration. In each run we included six 

standard solutions with identical elemental 

ratios but variable Ca concentrations, which 

covered the range of Ca concentrations of the 

samples. These solutions allow us to quantify 

and correct for the effects of variable Ca 

concentrations in a sample solution on the 

accuracy of Mg/Ca measurement (so-called 

matrix effects) based on the ratio of Ca 

concentrations (Rosenthal et al., 1999). Matrix 

corrections are typically < 0.1 mmol mol-1 

Mg/Ca.  

Instrument precision was determined by 

repeated analysis of three consistency 

standards over the course of this study. The long 

term precision of the consistency standard with 

Mg/Ca of 1.10 mmol mol-1 was ± 1.5 % (r.s.d.), 

the precisions of the consistency standards with 

Mg/Ca of 2.40 mmol mol-1 and 6.10 mmol mol-1 

was about ± 1.2 %.  

For the analysis of the specimens grown 

under controlled conditions, foraminiferal tests 

that added new chambers were placed in a 

sodium hypochlorite bath (5 % NaClO) for 20 

min in order to remove any remaining organic 

material. Subsequently, the specimens were 

rinsed three times with deionized water. Mg/Ca 

ratios were measured by laser ablation 

inductively coupled plasma-mass spectrometry 

(LA-ICP-MS, Micromass Platform) at Utrecht 

University. This technique allows us to measure 

trace-element concentrations in individual 

chambers. Individual foraminiferal chambers 

were ablated using a 193 nm laser (GeoLas 

200Q Excimer) in a helium flushed ablation 

chamber, which was coupled to the ICP-MS. A 

deep ultra violet-wavelength laser was used in 

order to guarantee the reproducibility of the 

ablation of the fragile tests. This type of laser 

was employed since carbonates do not absorb 

laser radiation well at higher wavelengths. Pulse 

repetition rate was set at 6 Hz with an energy 

density at the sample surface of 1 J/cm2. 

Ablation craters were 80 μm in diameter and 

the ablated calcite was analyzed with respect to 

time. Calibration was performed against U.S. 

National Institute of Standards and Technology 

(NIST) SRM 610 glass with 44Ca as an internal 

standard. This calcium internal standard is ideal 

as this element is present at a constant 

concentration of 40 %. This also allows direct 

comparison with wet chemical analyses 

(Reichart et al., 2003). A collision and reaction 

cell was used to give improved results by 

reducing spectral interferences on the minor 

isotopes of Ca (42Ca, 43Ca, and 44Ca). The glass 

standard SRM 610 was measured with a higher 

energy density (4 J/cm2) than the calcite 

samples. To check whether using different 

ablation energy biases the analyses, a matrix-

matched standard was included which showed 

that although a different energy density was 

used for the glass and calcite standard, Mg/Ca 

values are statistically identical (Dueñas-
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Bohórquez et al., 2009). Based on repetitive 

analyses of the calcite standard throughout the 

analytical period, relative precision of the LA-

ICP-MS analyses for Mg was better than 2.3 %. 

Monitoring simultaneously 42Ca, 43Ca and 44Ca 

showed isotopic ratios expected on the basis of 

their natural relative abundances. Accuracy for 

each individual analysis was calculated using the 

Glitter software, which was also used to 

calculate elemental concentrations (Glitter, LA-

ICP/MS Data Reduction and Display, GEMOC, 

CSIRO, Maquarie Research Limited, 1999–2000). 

However, we did not cross calibrate the results 

obtained on solution at Rutgers and those 

obtained by LA-ICPMS at Utrecht, which may 

explain the small offset between the two data 

sets (see below).  

Isotope measurements for the 

Indonesian samples were done at Woods Hole 

Oceanographic Institution using a Kiel device 

coupled to a Finnigan MAT 253 mass 

spectrometer with the Kiel III Carbonate Device. 

Samples from Cape Ghir were analyzed in the 

stable isotope laboratory at University of 

Bremen using a Finnigan MAT 251 mass 

spectrometer equipped with an automatic 

carbonate preparation device. Stable isotope 

values are reported versus V-PDB by analyzing 

limestone standard and an internal laboratory 

standard during each run. For all two 

laboratories, the long-term external precision of 

δ18O analysis was better than 0.08‰. 

 

2.5. Results and discussion 

2.5.1. Mg/Ca temperature calibration 

Mg/Ca ratios in H. balthica tests from all 

three locations decrease with increasing water 

depth in a pattern consistent with the in-situ 

thermocline structure at each site. Remarkably, 

the agreement between the Mg/Ca data and in-

situ temperatures is seen not only in the two 

continuous transects from Indonesia and Cape 

Ghir, but also for the individual sites from the 

northeast Atlantic group (Figure 3D). For 

example, the Mg/Ca data from the Gulf of Cadiz 

at 966 m show much warmer and saline 

conditions at this site, relative to open ocean 

sites at the same depth, thus reflecting the  

 

 

 

 

 

 

 

 

 

 

 

 

 

Northeast Atlantic group (Figure 3D). For 

example, the Mg/Ca data from the Gulf of Cadiz 

at 966 m show much warmer and saline 

conditions at this site, relative to open ocean 

sites at the same depth, thus reflecting the 

influence of the warm, salty Mediterranean 

Outflow Water. Likewise, Mg/Ca from the 

shallow sample (above 200 m in Figure 3) at 

Cape Breton reflects the influence of the 

relatively cool North Atlantic Central Water in 

this site. This tight match, which is not seen for 

salinity and phosphorous, supports the role of 

temperature as an important control on Mg 

uptake into the foraminiferal tests. We find no 

significant difference in Mg/Ca data obtained on 

stained and unstained tests, suggesting that the 

“dead’ samples represent the modern 

conditions with no diagenetic modification. 

Likewise, we find no significant differences 

among specimens of different sizes from the 

same sample. In fact, calibrations based on 

specific size fractions are not statistically 

different from the calibration derived from all 

sizes. A calibration of Mg/Ca data from the 

Indonesian and North Atlantic transects 

Figure 4 A) Calibration of H. balthica Mg/Ca ratios from 
Indonesia and northeast Atlantic core tops vs. in situ 
temperatures. The regression line and 95% confidence 
interval are calculated for zero intercept (eqn. 3). 
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Δ is the difference between the hydrographic and reconstructed temperatures using the three calibrations. 

 

(excluding samples from Cape Ghir) shows a 

very strong correlation with bottom water 

temperatures (Figure 4A). Applying both linear 

and exponential fits to this data set, we obtain 

the following calibrations:  

1) Mg/Ca = (0.520 ± 0.036) BWT (0.307 ± 0.323)  

(r2 = 0.917) 

2) Mg/Ca = (1.327 ± 1.08) exp [(0.123 ± 0.009) 

BWT]  

(r2 = 0.903) 

The statistical analysis (ANOVA) of these 

regressions suggests that the intercept is within 

error of zero. Consequently, we calculate a third 

equation where we force the intercept through 

zero: 

3) Mg/Ca = (0.488 ± 0.03) BWT  

(r2 = 0.913) 

All three equations give similar 

estimates of bottom water temperatures 

(BWTs) and are associated with the same error 

of estimates. For simplicity we only show the 

third equation in Figure 4A but provide the 

statistical evaluation of all three equations in 

Table 2. Notably, these equations suggest that 

the temperature sensitivity for Mg 

incorporation into H. balthica tests is ~ four 

times higher than observed in other calcitic 

benthic foraminifera. For example, Marchitto et 

al., (2007) report a temperature sensitivity of 

0.12 mmol mol-1 per °C for C. pachyderma and 

Elderfield et al., (2009) report a temperature 

sensitivity of ~0.07 mmol mol-1 per °C for 

Uvigerina spp. The difference in absolute values 

and sensitivity is illustrated in Figure 4B, where 

our H. balthica data are compared with C. 

pachyderma data from the Great Bahama Banks 

(GBB) (Marchitto et al., 2007). Our own C. 

pachyderma data from the same Indonesian 

transect used for this study are consistent with 

the GBB calibration, suggesting that the 

difference between the two species is unlikely 

to be related to sample cleaning or diagenetic 

issues. The consistency between the Atlantic 

and Pacific sites further supports this argument, 

as each data set represents very different 

hydrographic and depositional conditions. It is 

interesting to note that below ~7 °C the C. 

pachyderma data suggest a steeper slope than  

Table 2 Reconstruction of BWT in Cape Ghir using the three calibration equations. 
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Figure 4B) Comparison of H. balthica Mg/Ca ratios from 
Indonesia with Mg/Ca data in C. pachyderma from Great 
Bahama Banks (Marchitto et al. 2007) and from our 
Indonesian core tops. 

above it. This apparently higher sensitivity is 

likely related to the additional saturation effect 

discussed elsewhere (e.g., Elderfield et al., 

2006). In contrast, the higher Mg/Ca ratios and 

greater temperature sensitivity of H. balthica 

relative to C. pachyderma are not likely related 

to the saturation effect (see discussion below). 

The SEE of the calibration is 0.38 mmol mol-1 for 

the linear equations. This translates to 

temperature uncertainties of about 0.7 and 0.8 

°C using equations 1 and 3, respectively. For the 

exponential equation we calculate SSE of 0.8 °C. 

These estimates are significantly lower than the 

SEE of 2.4 °C reported for the C. pachyderma 

calibration (Marchitto et al., 2007).  

To test the validity and accuracy of our 

calibration, we apply the three equations to the 

core-top data from Cape Ghir, which were not 

included in the calibration (Table 2). The 

comparison between the hydrographic and 

Mg/Ca-derived BWTs shows offsets (i.e., Δ = 

{measured-T} – {estimated-T}) of 0.7, 0.8 and 

0.6 °C for equations 1, 2 and 3, respectively. The 

largest offset is seen for the deepest sample and 

might suggest reworking of benthic foraminfera 

from shallower sediments. Without this sample, 

we calculate average offsets of 0.5, 0.6, and 0.5 

°C, for equations 1, 2 and 3, respectively. This 

data set demonstrates the reliability of our 

calibration for reconstructing BWTs and the 

accuracy of these predictions. Based on this 

test, all three equations do equally well. Indeed, 

a linear regression between measured 

temperatures and BWTs derived using the three 

calibration equations for the Cape Ghir samples 

yields a slope of (1.015 ± 0.005), suggesting a <2 

% uncertainty in our estimates (Figure 5). This 

comparison not only validates our calibration, 

but also the estimated uncertainties associated 

with these equations.  

Additional validation for the high 

temperature sensitivity of H. balthica comes 

from the analysis of specimens grown under 

controlled conditions. Because of the limited 

number of specimens available for these 

analyses, we analyzed Mg/Ca ratios using LAICP- 

MS, allowing accurate analyses of single 

specimens. Although considerable scatter is 

present both within a single specimen and 

among individuals grown under identical 

conditions, the response of Mg/Ca values to 

temperature is very similar to the core-top 

calibration (Figure 6): 

4) Mg/Ca = (0.413 ± 0.097) BWT- (0.645 ± 1.0)  

(r2 = 0.466) 

comparable to that previously observed for 

both benthic (Dissard et al., 2010; Reichart et 

al., 2003) and planktonic foraminifera (Dueñas-

Bohórquez et al., 2009; Sadekov et al., 2008). 

These results are consistent with a recent 

analysis of Mg/Ca and Sr/Ca by secondary ion 

mass spectrometry (SIMS), showing high 

variability among and within single chambers of 

H. balthica, which cannot simply be ascribed to 

environmental conditions (Allison and Austin, 

2008).  

The Mg/Ca data from the LA-ICP-MS 

analysis are overall somewhat higher compared 

to the bulk analyses. This might be due to the 

fact that the bulk foraminiferal test analyses 



Chapter 2 

Paleothermometry 

 

 

34 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

The within and between specimen variability is  

requires more rigorous cleaning techniques 

which preferentially removes the more soluble 

high Mg parts of the test carbonate. 

Alternatively, it might reflect offset among 

solution and solid standards. Nonetheless, the 

results from the culture experiments support 

the core-top calibrations in suggesting a strong 

sensitivity of H. balthica Mg/Ca to temperature. 

 

2.5.2. Oxygen isotope calibration 

We assess the consistency between the 

measured oxygen isotopic composition of H. 

balthica and those expected at equilibrium 

using the core top samples from Indonesia 

(Table 3). First we estimate the oxygen isotopic 

composition of the bottom water at each site 

(δ18Osw) using the regional relationship of:  

 

5) δ18Osw (‰ SMOW) = 0.411S - 14.17  

where S is salinity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Bottom water temperatures estimated from 
core-top Mg/Ca ratios in H. balthica from Cape Ghir vs. in 
situ temperatures. BWTs estimated the three calibration 
equations deviate from the 1:1 line by < 2 %. The dashed   
line mark ± 0.7 (1 SSE). 

Table 3 A comparison between water and foraminiferal d18O data in the Indonesian cores. 
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This relationship is based on the modeled 

δ18Osw data from (LeGrande and Schmidt, 2006) 

covering the area between 8.5 °N and 10.5 °S 

and 106.5 °E and 119.5 °E and a water depth of 

300 - 3000 m; unfortunately only few direct 

observations are available from a remote 

GEOSECS station (#438 at 19.49 °S and 

101.29°E) and they do not define any trend. We 

choose to use the modeled data as the number 

of observations in this region is very limited and 

the scatter in data is relatively large (Figure 7). 

Next, we use the estimated δ18Osw values and 

in-situ temperatures (BWT in °C) to calculate the 

predicted benthic foraminiferal δ18Oeq 

composition at each site based on the linear ( 6) 

and non-linear (7) isotopic equations from 

(Shackleton, 1974): 

 

6) δ18Oeq (‰ PDB) = ((4δ18Osw(‰ SMOW) – BWT 

+ 16.9)/4)) - 0.27 

 

7) δ18Oeq (‰ PDB) = δ18Osw(‰ SMOW) – 0.27 + 

(4.38 - (4.382 – 0.4(16.9 – BWT))1/2) / 0.2 

 

The comparison between the measured benthic 

foraminiferal and the predicted equilibrium 

values using the linear equation (6) suggests 

that on average H. balthica δ18O composition is 

0.69 ± 0.13‰ lower than predicted from the 

equilibrium composition. For the non-linear 

equation (7), we calculate an offset of 0.60 ± 

0.14‰, which is not statistically different from 

the former. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Mg/Ca ratios vs. temperature in cultured H. 
balthica tests obtained by LA ICPMS of individual 
chambers of individual specimens. Black lines signify the 
95 % confidence intervals. 

Figure 7 The relationship between δ
18

Osw and salinity in water samples from the Indonesian region, covering the area 
between 8.5 °N and 10.5 °S and 106.5 °E and 119.5 °E (marked by the square) (Legrande and Schmidt 2006). The 
regression is based on samples from a water depth of 300 – 3000 m.  



Chapter 2 

Paleothermometry 

 

 

36 
 

Given the lack of direct δ18Osw measurements 

at the core sites, we cannot determine whether 

the variability in the foraminiferal data is due to 

the uncertainty in the bottom water δ18Osw 

values or is a reflection of the fact that H. 

balthica is an infaunal species.  

To test reliability of using paired H. 

balthica Mg/Ca and δ18O measurements for 

reconstructing seawater δ18Osw and salinity, we 

now apply the offsets calculated above to the 

Cape Ghir data (Table 4). The δ18Osw 

composition is calculated using the linear (6) 

and non-linear (7) equations of (Shackleton, 

1974), where BWTs are calculated from Mg/Ca 

using equation (3) rather than using 

hydrographic data. As shown above, using the 

other two equations doesn’t significantly 

change the estimates. For intermediate water 

masses in the Cape Ghir region, we use the 

relationship of δ18Osw (‰ SMOW) = 0.555S – 

18.98, which we derive from the model data of 

(LeGrande and Schmidt, 2006). We use this 

relationship to calculate seawater salinities from 

 

 

Figure 8 Bottom water salinities estimated from paired 
18O and Mg/Ca measurements from core-top H. balthica 
in Cape Ghir vs. in-situ salinities. The 1:1 line is marked 
by the red solid line, whereas the lower (-0.2 p.s.u.) and 
upper (+0.2 p.s.u.) intervals are marked with orange 
lines. 

Table 4 Temperature and salinity reconstruction in Cape Ghir 

the estimated standard δ18Osw values. The 

estimated standard deviation for absolute 

salinity reconstructions is ± 0.69 p.s.u. (Schmidt,  
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1999). However, almost all our estimated 

salinities depart from the hydrographic data by 

less than 0.2 p.s.u. (Figure 7). The accuracy in 

reconstructing bottom water temperature and 

salinity using paired δ18O and Mg/Ca 

measurements in H. balthica is largely a result of 

the high sensitivity to temperature. In fact, the 

small errors associated with these estimates 

allow using these measurements to differentiate 

among different water masses based on their 

densities. Propagating the errors associated 

with our temperature (± 0.7 °C) and salinity (± 

0.69 p.s.u.) estimates for the Cape Ghir samples 

suggests that the SEE for estimating water 

density is better than 0.3 σθ units. This is visually 

demonstrated in Figure 9, where we compare 

these measurements to differentiate among 

different water masses based on their densities. 

Propagating the errors associated with our 

temperature (± 0.7°C) and salinity (± 0.69 p.s.u) 

estimates for the Cape Ghir samples suggests 

that the SEE for estimating water density is 

better than 0.3σθ units. This is visually 

demonstrated in Figure 8, where we compare 

the instrumental and foraminiferal-based 

measurements on a T-S plot. Consistent with 

the SEE calculated above, using this method we 

calculate the Cape Ghir water mass densities to 

within ~ 0.2 σθ, consistent with the calculated 

SEE. This relatively small error allows the 

identification of the different water masses in 

this region. Figure 9 clearly demonstrates the 

applicability of this method with the calibration 

dataset from Cape Ghir. On the T-S plot, we 

show that samples collected from ENACW, 

AAIW and MOW density surfaces are all 

correctly associated to their water masses. 

Indeed, this method has already been used to 

study the interaction between climate change in 

the northern North Atlantic and changes in 

meridional ocean circulation (Bamberg et al., 

2010). It is noteworthy that in down-core 

reconstruction, the errors can be further 

reduced by using either smoothed or binned 

data, which is often done in high-resolution 

records. 

 

2.6. Geochemical and Paleoceanographic 
implications 
 

The high temperature sensitivity of H. balthica 

raises the question of whether other non-

temperature effects might have an additional 

effect on the Mg uptake into its test. Recent 

studies have suggested that the degree of 

carbonate saturation has a significant influence 

on Mg/Ca in certain species of benthic 

foraminifera (Elderfield et al., 2006; Martin et 

al., 2002; Rosenthal et al., 2006). In particular, at 

low CaCO3 saturation levels, these studies show 

a significant correlation between benthic 

foraminiferal Mg/Ca and the degree of 

saturation, which leads to apparent stronger 

temperature response. For example, Elderfield 

et al., (2006) show apparent temperature 

sensitivities of Cibicidoides species on the order 

of 0.44-0.77 mmol mol-1 per °C, significantly 

higher than the 0.12 mmol mol-1 per °C 

estimated for C. pachyderma at temperature 

Figure 9 Temperature and salinity estimates based on 
paired δ

18
O and Mg/Ca measurements from core-top H. 

balthica in Cape Ghir (reversed black triangles) are 
compared with a dashed line to the actual measurement 
for each core top (marked with green diamonds). Note 
that the mismatch among reconstructed and measured 
results remains within ± 0.2 σӨ. 
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above 5 °C (Marchitto et al., 2007). Consistent 

results have been found for C. wuellerstorfi and 

other benthic species for temperatures below 3  

°C (Healey et al., 2008). Both studies attribute 

the apparent high sensitivity to temperature at 

the cold end of the calibration to an additional 

carbonate ion effect on the order of 0.0086 ± 

0.0006 mmol mol-1 Mg/Ca per μmol kg-1 Δ*CO3] 

that becomes significant below 3 °C. It is 

difficult, however, to compare our data with 

those from Cibicidoides spp. As discussed above, 

H. balthica is a shallow infaunal species and 

therefore is affected more by the pore-water 

than overlying bottom-water chemistry. The 

very negative δ13C values (Table 3, 4, and 5) are 

consistent with a subsurface habitat, where the 

degradation of organic matter leads to very light 

carbon isotopic composition of total CO2 (TCO2) 

in the pore-water (McCorkle et al., 1990; 

Tachikawa and Elderfield, 2002). The generation 

of organic acids during organic matter 

remineralization could lower the pH and [CO3] 

ion activity of the pore-water, possibly leading 

to unsaturated conditions (Archer et al., 1989; 

Emerson and Bender, 1981; Zeebe, 2007). 

However, dissolution of carbonate in sediments 

and diffusion from the overlying bottom water 

may buffer the pH, thereby maintaining 

saturated conditions. In either scenario, the 

saturation state of the pore waters is likely to be 

very different than the overlying bottom water. 

In principle, it is possible that porewaters in 

sediments from our Indonesian sites are 

characterized by lower [CO3] due to the 

relatively high organic-C to CaCO3 ratio and 

lower bottom water [CO3] relative to the 

Atlantic sites and this is the cause of the 

apparent high temperature sensitivity. While we 

cannot rule out this possibility, there are three 

lines of evidence to argue otherwise. First, we 

note that calibrations of Mg/Ca vs. temperature 

at individual sites (i.e., Indonesia and Atlantic) 

yield very similar equations, which are 

statistically the same as the one discussed 

above (Figure 4). Second, the tight correlation 

and the constant scatter along the calibration 

suggest that temperature rather than saturation 

state is the main control on Mg/Ca. Third, we 

note the lack of any correlation at the α = 0.05 

significance level between the foraminiferal 

Mg/Ca and δ13C, which presumably relates to 

the pore-water chemistry (r = 0.11, n = 27, p = 

0.95). At this point, we conclude that there is no 

strong evidence to support a saturation bias.  

The initial calibration of C. pachyderma 

Mg/Ca, which is based on samples from the 

Little Bahama Banks, suggested relatively high 

temperature sensitivity of about 10 % per °C 

(Rosenthal et al., 1997). Similar sensitivity was 

obtained for other benthic species, including 

Oridorsalis umbonatus and Melonis barleeanum. 

However, subsequent calibration of C. 

pachyderma from core tops in the Florida Straits 

suggested a significantly lower sensitivity of 

Mg/Ca to BWT of ~0.12 mmol mol-1 per °C at 

temperatures above 5.8 °C. Using a 

microanalysis technique (SIMS) to avoid 

diagenetic overgrowths, Curry and Marchitto 

(2008) found a similar low sensitivity for C. 

pachyderma samples from Bahama Banks core 

tops and therefore suggested that the apparent 

high sensitivity reported in the earlier studies 

(Lear et al., 2002; Rosenthal et al., 1997) was 

due to “contamination” of the tests by high-Mg 

overgrowths in the shallow, carbonate-rich 

sediments of Little Bahama Banks. These 

conditions are unique, however, to Little 

Bahama Banks and are not likely to occur in our 

sites. Hence, it is unlikely that diagenetic 

alteration of the tests is responsible for the high 

sensitivity found in this study for H. balthica. 

This conjecture is supported by the fact that 

whenever available, we find no significant 

difference in Mg/Ca further between “recently-

living” (i.e., stained) and dead specimens within 

the same sample, and by the calibration of the 

culture specimens.  
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Given these circumstantial lines of 

evidence, we suggest that the accuracy of our 

reconstruction of T and S from Cape Ghir 

sediments, and the small errors associated with 

these estimates, strongly supports the 

argument that temperature is the dominant 

control on Mg/Ca in H. balthica tests. According 

to that hypothesis, the biologically-mediated 

change in the ratio between these minerals is 

the primary cause for both the large range in 

Mg/Ca ratios among benthic foraminifera and 

for the large variability within range in Mg/Ca 

ratios among benthic foraminifera and for the 

large variability within individual tests. If so, the 

higher Mg/Ca of H. balthica relative to C. 

pachyderma is apparently indicative of a greater 

proportion of high-Mg calcite in this species. 

Furthermore, Bentov and Erez (2006) also 

propose that the relative abundance of high and 

low-Mg calcites in individual tests of the same 

species might be controlled by environmental 

conditions, mainly temperature (Figure 3 in 

Bentov and Erez, (2006). This model could 

explain the high temperature sensitivity of H. 

balthica relative to Cibicidoides spp. In Figure 

10, we present a modified version of the Bentov 

and Erez model and assume the following: 1) 

The high- Mg phase has Mg/Ca ratio of about 

100 mmol mol-1, similar to observations of high-

Mg calcitic benthic foraminifera (Toyofuku et al., 

2000); and 2) the temperature sensitivities of 

the low- and high-Mg phases are about 0.12 and 

2.2 mmol mol-1 per °C, respectively (Marchitto 

et al., 2007; Toyofuku et al., 2000). Under these 

assumptions, an increase in the high-Mg 

content of the test from 1 % at 4 °C to 4 % at 12 

°C is consistent with the observed Mg/Ca 

changes in our calibration. This model is not 

meant to determine the actual proportion 

between the two phases, but rather to 

demonstrate the possibility that such a 

mechanism could explain the higher 

temperature sensitivity of H. balthica. If the 

model is correct, it predicts that foraminiferal 

species with generally higher Mg/Ca content 

may also show higher temperature sensitivities. 

For example, the preliminary calibration of 

another infaunal species, Globobuliminia affinis, 

which has similar Mg/Ca as H. balthica, suggests 

similarly high temperature sensitivity (Skinner 

and Elderfield, 2007). While this hypothesis 

needs further testing, it may direct us toward 

benthic species that may better be suited for 

deepwater temperature reconstructions than 

the commonly used species at present. 
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3.1. Abstract 
 

Central waters of the North Atlantic are fundamental for ventilation of the upper ocean and are also 

linked to the strength of the Atlantic Meridional Overturning Circulation (AMOC). Here, we show 

based on benthic foraminiferal Mg/Ca ratios, that during times of enhanced melting from the 

Laurentide Ice Sheet (LIS) between 9.0 - 8.5 thousand years before present (ka) the production of 

central waters weakened the upper AMOC resulting in a cooling over the northern Hemisphere. 

Centered at 8.54 ± 0.2 ka and 8.24 ± 0.1 ka our dataset records two ~150-year cooling events in 

response to the drainage of Lake Agassiz/Ojibway, indicating early slow-down of the upper AMOC in 

response to the initial freshwater flux into the subpolar gyre (SPG) followed by a more severe 

weakening of both the upper and lower branches of the AMOC at 8.2 ka. These results highlight the 

sensitivity of regional North Atlantic climate change to the strength of central-water overturning and 

exemplify the impact of both gradual and abrupt freshwater fluxes on eastern SPG surface water 

convection. In light of the possible future increase in Greenland Ice Sheet melting due to global 

warming these findings may help us to better constrain and possibly predict future North Atlantic 

climate change.  

 

3.2. Introduction 
 

Recent oceanographic observations 

indicate that the AMOC in the North Atlantic 

(Figure 1) is linked to internal dynamics of the 

North Atlantic Subpolar Gyre (SPG) on 

multidecadal timescales (Hatun et al., 2005): 

The strong variability of the SPG appears to 

influence the pathway and northern access of 

warm and saline surface waters to AMOC 

convection sites in the Nordic seas and thus 

directly affects deepwater production. Similarly 

SPG dynamics control the relative amount of 

polar and subtropical surface waters available 

for the formation of Subpolar Mode Waters 

(SPMW), south of Iceland and east of 25°W 

(Figure 1). Surface densities of SPMW range 

between σӨ = 27.3 to 27.6 (Levitus, 1989; 

McCartney and Talley, 1982) and their 

subduction and subsequent southward flow
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along these density surfaces as Eastern North 

Atlantic Central Waters (ENACW) along the 

Northwest African coastline is well established 

(Keffer, 1985; Levitus, 1989; McCartney and 

Talley, 1982; McDowell et al., 1982). After 

~30°N ENACW turn south-westward into the 

southern STG.  ENACW thus establishes a direct 

link between both gyres in the North Atlantic 

and provides the opportunity to infer past and 

present changes in North Atlantic variability. 

However, our understanding of this 

intermediate-depth or upper overturning 

branch of the AMOC and its role in Northern 

Hemisphere climate variability is limited since it 

has so far been underrepresented in numerical 

and paleoclimate investigations. Notable 

exceptions are Slowey and Curry (1995), who 

focus on glacial/interglacial changes of 

thermocline ventilation in the western 

boundary of the STG and Talley (2003) who 

presented a global summary of modern, shallow 

intermediate and deep overturning regimes. 

The importance and role of central water 

overturning and southward export of these 

water masses into the STG during the Holocene 

were however not discussed in detail in these 

studies.  

There is increasing consensus that a 

direct link exists between an increased 

freshwater flux to the North Atlantic and the 

weakening of the AMOC (LeGrande et al., 2006; 

Renssen et al., 2001). However, most paleo- and 

numerical reconstructions focus on the deep 

branch of the AMOC, its response to a 

freshwater forcing and its influence on glacial 

and future climate change. Therefore it remains 

unclear, by what mechanism increased melting 

and atmospheric forcing affect the upper limb 

of the AMOC, how such a signal is transferred 

from surface to central waters, and how these 

changes affect North Atlantic climate change. 

Here we investigate the response of the upper 

limb of the AMOC (central/intermediate water) 

to increased melting of the LIS during the early 

Figure 1 Study area: The location of core GeoB6007-2 (30.85 °N, 10.27 °W at 899 m depth) marked by a black circle. 
Simplified SPG and STG positions and circulation patterns are indicated by grey loops. The formation region of SPMW is 
marked by a circle between ~50-63 °N east of 25°W (Levitus, 1989; McCartney and Talley, 1982). The total area of Lake 
Agassiz/Ojibway is shaded in gray and the general pathway of the lake drainage into the polar North Atlantic is marked 
by a dark arrow (modified after Teller et al. (2002)). 
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Holocene. Enhanced freshwater discharges 

between 9.0 and 8.0 ka resulted from the 

demise of continental ice sheets (Koerner and 

Fisher, 1990; Teller et al., 2002) and collapses of 

proglacial lakes. The final drainage of Lake 

Agassiz/Ojibway at 8.47 ± 0.3 ka was the largest 

(~ 1.63 x 1014 m3 of freshwater (Teller et al., 

2002), equivalent to a 0.4 – 1.2 m sea level 

rise(Cronin et al., 2007) and has thus often 

served as an example to investigate the abrupt 

response of the AMOC to future meltwater 

inputs even though the volume and lake 

discharge rates were much greater than high-

end estimates for future global sea level rise of 

0.55 to 1.25 cm yr-1 (Rahmstorf, 2007). Indeed, 

recent high resolution studies focusing on the 

abrupt cooling episode of the 8.2 ka event, 

successfully demonstrated the sensitivity of 

lower North Atlantic Deep Water (LNADW) 

formation to the lake drainage (Ellison et al., 

2006; Kleiven et al., 2008) and thereby support 

climate models that predict a decrease in the 

lower limb of the  AMOC associated with a 

climate cooling (LeGrande et al., 2006; Renssen 

et al., 2001) in response to the lake drainage. 

However, numerous climate archives across the 

Northern Hemisphere also record a broad 

interval of climate deterioration starting at ~9.0 

ka, well before the drainage of Lake 

Agassiz/Ojibway (Alley and Ágústsdóttir, 2005; 

Rohling and Pälike, 2005). By analysing the 

response of the upper limb of the AMOC to both 

the background melting and lake drainage, we 

examine whether the increased background 

melting predating the proglacial lakes’ burst is 

associated with a reduction of the upper AMOC, 

and if so, whether the broad cooling interval 

from 9.0 to 8.5 ka is a useful analogue to 

understanding future mechanisms associated 

with the possible increase in GIS melting. 

 

3.3. Oceanographic setting 
 

Sediment core GeoB6007-2 (30.85 °N, 

10.27 °W at 899 m depth) retrieved off Cape 

Ghir (Figure 1) provides the basis for our 

analysis. High average sedimentation rates of 70 

cm kyr-1 (see Appendix 1, Figure A1 & Table A1 

for GeoB6007-2 age model) resulting from high 

terrigenous input and extensive local 

productivity ensure high resolution paleoclimate 

reconstructions. The Cape Ghir upwelling 

filament leads to high organic-matter fluxes 

over the core site that create strong and stable 

local eutrophic conditions (Eberwein and 

Mackensen, 2006). Thus under constant oxygen 

content, down-core δ13C values from infaunal 

benthic foraminifer should correlate 

systematically with past organic carbon fluxes 

(Schmiedl et al., 2004). At 900 m depth 8.3 °C 

and 35.2 p.s.u. (Levitus, 2001), the dominant 

bottom water mass at the core site originates 

from northern ENACW (Knoll et al., 2002).  

We reconstructed temperature and the 

oxygen-isotopic composition of seawater 

(δ18Osw), which is a proxy for paleosalinity using 

paired Mg/Ca – δ18O on the shallow infaunal 

benthic foraminifera Hyalinea balthica (see 

Appendix 1, Figure A2 & Table A2). Additionally, 

δ18Osw values were calculated using a quadratic 

paleotemperature equation (Shackleton, 1974),  

and paleosalinities were estimated using 

modern δ18Osw – salinity relationships (Appendix 

1, Figure A3). Additionally, we used carbon 

isotopes (δ13C; H. balthica) as a 

paleoproductivity proxy to trace past changes in 

local upwelling intensity (Schmiedl et al., 2004).  

 

3.4. Reconstructing hydrography 
 

The isotopic oxygen and carbon 

compositions (δ18O and δ13C) of the 

foraminiferal shells were measured using a 

Finnigan MAT 251 mass spectrometer equipped 

with an automatic carbonate preparation device 

and reported against Vienna PDB (VPDB). 

Internal precision, based on replicates of a 

limestone standard, was better than ± 0.07 ‰. 

Up to 25 H. balthica tests from the 250-350 µm 

size fraction were analyzed for Mg/Ca ratios, 
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using a modified reductive, oxidative cleaning 

(Barker et al., 2003) and analyzed at Rutgers 

Inorganic Analytical Laboratory (RIAL) using a 

Sector Field Inductively Coupled Plasma Mass 

Spectrometer (Thermo Element XR) following 

the methods outlined in Rosenthal et al. (1999). 

The long-term analytical precision of Mg/Ca 

ratios is based on three consistency standards of 

Mg/Ca concentrations of 1.10, 2.40 and 6.10 

mmol mol-1. Over the course of this study the 

precision for the consistency standards was 1.6, 

1.2 and 1.2 % (residual standard deviation) 

respectively. Shell weights showed no 

dissolution effect. For paleotemperature 

reconstructions the equation Mg/Ca = 0.44T (°C) 

+ 0.52 was used (see Appendix 1, Figure A2, A3 

and Table A2). Standard error estimates for 

paleotemperature, δ18Osw and salinity values are 

± 0.70 °C, ± 0.32 ‰, and ± 0.69 p.s.u., 

respectively. To calculate these values we 

followed standard error propagation 

calculations for a quadratic paleotemperature 

equation (Shackleton, 1974) (Appendix 1, 

section A1.2), including measurement and 

calibration errors, uncertainties in the 

freshwater end-member of the modern δ18Osw - 

S relationship, and uncertainties in estimates for 

global ice-volume changes. We assumed a 

constant δ18Osw - S relationship for down-core 

salinity reconstructions. 

 

3.5. Early Holocene cooling 
 

The cooling (~1 °C/500 years) and 

freshening (~0.3 ‰/500 years) trends observed 

in the central/intermediate water temperature 

and δ18Osw records between 9.0 and 8.5 ka 

(Figure 2) indicate that freshening and cooling of 

ENACW occurred well before the collapse of 

Lake Agassiz/Ojibway. The presence of a broad 

multi-century background cooling anomaly over 

the North Atlantic region prior to the drainage 

of Lake Agassiz/Ojibway is also recorded in 

numerous other Northern hemisphere records 

(e.g. Rohling and Pälike, 2005). During this 

interval, orbitally induced insolation, summer 

melt rates in the Canadian high Arctic and 

freshwater export from the remnant Northern 

Hemisphere ice sheets, in particular the LIS, 

were enhanced and resulted in rapid surface 

ocean freshening and a sea level rise of 6.6 ± 0.8 

m at a rate of ~1.3 cm yr-1 (Carlson et al., 2008; 

Cronin et al., 2007; Koerner and Fisher, 1990). 

While an increase in insolation may thus favor 

melting of northern ice sheets by warmer 

summer time temperatures in high latitudes, 

Figure 2 Proxy records from GeoB-6007-2: (a) Mg/Ca-
based intermediate-water temperatures (IMWT) and (b) 
salinity estimates derived from paired Mg/Ca - δ

18
O 

measurements. Also shown is a scale bar for δ
18

Osw 
values corrected for whole-ocean ice-volume changes. (c) 
and (d) show Benthic (H. balthica) foraminiferal stable 
oxygen (δ

18
Oc ‰VSMOW) and carbon isotopes (δ

13
C ‰ 

VPDB). All graphs are plotted versus age (for age model 
see AM) and three-point running means are shown in 
bold. Also shown are the error envelopes (Badger et al.) 
for the temperature reconstructions (for the three-point 
running mean) and calibrated AMS radiocarbon dates 
with a ± 2 σ error. 
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the resulting freshwater input effectively cooled 

and freshened the surface ocean in the North 

Atlantic region. Further, our results imply a 

decrease in surface water density south of 

Iceland due to declining salinity values between 

9.0 and 8.5 ka (Appendix 1, Figure A4). The 

freshening resulted in lighter surface water over 

ENACW formation sites and thus weakening of 

regional winter convection and cooling in 

response to the persistent background melting 

prior to the drainage of Lake Agassiz/Ojibway 

between 9.0 and 8.5 ka.  

The increase in potassium 

concentrations in the GISP2 ice core record 

(Figure 3) between 9.0 and 8.5 ka (Mayewski et 

al., 1997) suggests that the influence of the 

polar atmospheric vortex was also 

strengthening during this period (Rohling and 

Pälike, 2005). Today, an augmented 

stratospheric circulation strengthens the 

positive mode the of Arctic Oscillation (Baldwin 

and Dunkerton, 1999; Shindell et al., 2001), 

augments the vigor and size of the SPG 

(Häkkinen and Rhines, 2004), and thus the 

export of fresher and cooler subpolar waters to 

the SPMW formation region in the eastern SPG. 

Assuming this link can be applied to longer 

timescales, a stronger polar vortex would also 

have led to an intensification of the Trade 

Winds. This is in line with enhanced local 

upwelling off Northwest Africa during the early 

Holocene (deMenocal, 2000). Accordingly, we 

propose that an increase in upwelling and thus 

higher local primary productivity between 9.0 

and 8.0 ka resulted in higher carbon rain rates 

over the core site. The decomposition of organic 

matter causes steeper δ13C  dissolved inorganic 

carbon gradients in surface sediments, and thus 

lighter δ13C values (Schmiedl et al., 2004) are 

recorded by infaunal benthic foraminifera 

communities. The significant co-variation 

between the three intermediate water proxy 

records demonstrates that lighter δ13C values 

correlate with the formation of colder (r = 0.35, 

p < 0.01, n = 53) and fresher (r = 0.57, p < 

0.0001, n = 52) ENACW and thus as discussed 

above, with a reduced upper AMOC limb.  

 

3.6. Oceanic response to Lake 
Agassiz/Ojibway drainage 

 

Centered at 8.54 ± 0.2 and 8.24 ± 0.1 ka 

paired Mg/Ca and δ18O values reveal two abrupt 

~150 year long events, each recording a 

temperature drop of ~ 0.7 °C and a ~0.3 ‰ and 

~0.2 ‰ (VSMOW) δ18Osw decrease, respectively. 

The first cooling event  between 8.46 to 8.61 ka 

correlates well with the drainage of Lake 

Agassiz/Ojibway at 8.47 ± 0.3 ka (Alley and 

Ágústsdóttir, 2005). The abrupt temperature 

and salinity decreases in our record suggest that 

melt-waters from the lake drainage rapidly 

reached ENACW formation sites and thereby 

further weakened the upper limb of the AMOC. 

Separated from the first event by a partial 

recovery of ~200-300 years, the second event at 

Figure 3 Proxy Comparison: The Comparison of (a) the 
three-point running means of the δ18Osw (‰ VSMOW)  
and intermediate-water temperature (IMWT) results from 
GeoB6007-2 with the (b) GISP2 potassium ion record 
(GISP2 K+ (μg/kg)) and the (c) sortable silt record from 
core MD99-2251 at 57°27’ N, 27°54’ W (Ellison et al., 
2006) illustrate the link between atmospheric and oceanic 
response to solar variability and background melting. 
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8.17 to 8.31 ka is concurrent with the maximum 

cooling observed in the δ18O GISP2 ice core 

record as well as with the maximum slowdown 

of LNADW formation associated with the 8.2 ka 

event (Ellison et al., 2006; Kleiven et al., 2008) 

(Figure 3). Further, the combined temperature 

and salinity values suggest that ENACW density 

tended towards lighter density surfaces during 

both 150-year-long events, with lightest values 

centered at 8.24 and 8.52 ka (Appendix 1, Figure 

A4). The presented data thus suggest that the 

second event at 8.2 ka resulted from a 

combined reduction in the upper and lower 

limbs of the AMOC, whereas the background 

melting between 9.0 and 8.5 ka and the 

immediate flood response to the Lake drainage 

mainly weakened the upper AMOC (Figure 3).  

Underlying the entire record, the 

presented temperature, δ18Osw, and δ13C data 

display centennial variability suggesting 

frequent oscillations and thus the presence of 

background instabilities in the upper AMOC 

system. Cross-spectral analysis of the δ13C 

record with the INCAL04 14C dataset (Reimer et 

al., 2004) indicates significant coherency (p = 

0.05) at periods of 200 years (Appendix 1, Figure 

A5) supporting a direct link between solar 

variability and ocean response at 

central/intermediate water depth. The response 

of the upper AMOC to these processes may thus 

explain the presence of the 200-300 year partial 

recovery between the first and second event 

and thus further underscores the importance of 

ocean/atmosphere teleconnections for the 

upper AMOC and relative regional cooling in the 

Northern Hemisphere. 

 

3.7. Summary and Conclusions 
 

The presented central/intermediate 

water records show that surface-water 

freshening and cooling are communicated from 

the SPG into the STG via decreased 

central/intermediate water ventilation of the 

upper AMOC limb. Model simulations suggest 

that increased greenhouse gases will strengthen 

the atmospheric polar vortex and the positive 

phase of the Arctic Oscillation (Shindell et al., 

2001). Similarly to our observations between 9.0 

and 8.5 ka, meltwater input into the North 

Atlantic from the GIS as well as from the 

predicted increase in Arctic freshwater export 

(Dickson et al., 2007) may have the potential to 

weaken the central-water branch of the North 

Atlantic in the future. The recorded upper 

AMOC response to increased background 

melting between 9.0 and 8.5 ka is thus a more 

realistic analogue for future background melting 

of the GIS than the combined upper and lower 

response of the AMOC to the drainage of Lake 

Agassiz/Ojibway. These results, demonstrating a 

direct link between surface density in the 

eastern SPG and central-water circulation, 

provide us with the opportunity to improve the 

representation of the upper AMOC in numerical 

model simulations and allow us to gain new 

insights on the impact of enhanced meltwater 

input into the North Atlantic on future regional 

climate change.  

 

3.8. Acknowledgements: 
 

We thank Jeroen Groeneveld for discussion on 
the Mg/Ca calibration of H. Balthica and for 
valuable editorial suggestions on the 
manuscript. Stable isotope analyses were run at 
the University of Bremen by M. Segl. We would 
also like to thank T. Babila and the trace-metal 
geochemistry lab crew at IMCS, Rutgers 
University. We thank an anonymous reviewer 
for helpful comments on the manuscript. The 
research was funded by the Deutsche 
Forschungsgemeinschaft INTERDYNAMIC DFG-
Schwerpunktprogramm 1266 and NSF 
OCE0902977 to YR.  

 

3.9. References: 
 
Alley, R. B., and Ágústsdóttir, A. M. (2005). The 

8k event: cause and consequences of a 
major Holocene abrupt climate change. 



Chapter 3 
Early Holocene ENACW formation  

  

 

51 
 

Quaternary Science Reviews 24, 1123-
1149. 

Badger, M. R., Andrews, T. J., Whitney, S. M., 
Ludwig, M., Yellowlees, D. C., Leggat, 
W., and Price, G. D. (1998). The diversity 
and coevolution of Rubisco, plastids, 
pyrenoids, and chloroplast-based CO2-
concentrating mechanisms in algae. 
Canadian Journal of Botany 76, 1052-
1071. 

Baldwin, M. P., and Dunkerton, T. J. (1999). 
Propagation of the Arctic Oscillation 
from the stratosphere to the 
troposphere. Journal of Geophysical 
Research 104. 

Barker, S., Greaves, M., and Elderfield, H. 
(2003). A study of cleaning procedures 
used for foraminiferal Mg/Ca 
paleothermometry. Geochemistry 
Geophysics Geosystems 4. 

Carlson, A. E., LeGrande, A. N., Oppo, D. W., 
Came, R. E., Schmidt, G. A., Anslow, F. 
S., Licciardi, J. M., and Obbink, E. A. 
(2008). Rapid early Holocene 
deglaciation of the Laurentide ice sheet. 
Nature Geoscience 1, 620-624. 

Cronin, T. M., Vogt, P. R., Willard, D. A., Thunell, 
R., Halka, J., Berke, M., and Pohlman, J. 
(2007). Rapid sea level rise and ice sheet 
response to 8,200-year climate event. 
Geophysical Research Letters 34. 

deMenocal, P., J. Ortiz, T. Guilderson, and M. 
Sarnthein. (2000). Coherent High- and 
Low-Latitude Climate Variability during 
the Holocene Warm Period. Science 
288, 2198-2202. 

Dickson, R., Rudels, B., Dye, S., Karcher, M., 
Meincke, J., and Yashayaev, I. (2007). 
Current estimates of freshwater flux 
through Arctic and subarctic seas. 
Progress in Oceanography 73, 210-230. 

Eberwein, A., and Mackensen, A. (2006). 
Regional primary productivity 
differences off Morocco (NW-Africa) 
recorded by modern benthic 
foraminifera and their stable carbon 
isotopic composition. Deep Sea 
Research Part I: Oceanographic 
Research Papers 53, 1379-1405. 

Ellison, C. R. W., Chapman, M. R., and Hall, I. R. 
(2006). Surface and Deep Ocean 

Interactions During the Cold Climate 
Event 8200 Years Ago. Science 312, 
1929-1932. 

Häkkinen, S., and Rhines, P. B. (2004). Decline of 
Subpolar North Atlantic Circulation 
During the 1990s. Science 304, 555-559. 

Hatun, H., Sando, A. B., Drange, H., Hansen, B., 
and Valdimarsson, H. (2005). Influence 
of the Atlantic Subpolar Gyre on the 
Thermohaline Circulation. Science 309, 
1841-1844. 

Keffer, T. (1985). The Ventilation of the World's 
Oceans: Maps of the Potential vorticity 
Field. Journal of Physical Oceanography 
15, 509-523. 

Kleiven, H. F., Kissel, C., Laj, C., Ninnemann, U. 
S., Richter, T. O., and Cortijo, E. (2008). 
Reduced North Atlantic Deep Water 
Coeval with the Glacial Lake Agassiz 
Freshwater Outburst. Science 319, 60-
64. 

Knoll, M., Hernández-Guerra, A., Lenz, B., 
Laatzen, F. L., Machín, F., Müller, T. J., 
and Siedler, G. (2002). The Eastern 
Boundary Current system between the 
Canary Islands and the African Coast. 
Deep Sea Research Part II 49, 3427-
3440. 

Koerner, R. M., and Fisher, D. A. (1990). A 
record of Holocene summer climate 
from a Canadian high-Arctic ice core. 
Nature 343, 630-631. 

LeGrande, A. N., Schmidt, G. A., Shindell, D. T., 
Field, C. V., Miller, R. L., Koch, D. M., 
Faluvegi, G., and Hoffmann, G. (2006). 
Consistent simulations of multiple proxy 
responses to an abrupt climate change 
event. Proceedings of the National 
Academy of Sciences of the United 
States of America 103, 837-842. 

Levitus, S. (1989). Interpentadal Variability of 
Temperature and Salinity at 
Intermediate Depths of the North 
Atlantic Ocean, 1970 -1974 Versus 1955 
- 1959. Journal of Geophysical Research 
94, 6091-6131. 

Levitus, S. (2001). World Ocean Database and 
World Ocean Atlas. National 
Oceanographic Data Center (U.S.). 
Ocean Climate Laboratory   



Chapter 3 
Early Holocene ENACW formation  

  

 

52 
 

Mayewski, P. A., Meeker, L. D., Twickler, M. S., 
Whitlow, S., Yang, Q., Lyons, W. B., and 
Prentice, M. (1997). Major features and 
forcing of high-latitude northern 
hemisphere atmospheric circulation 
using a 110,000-year-long 
glaciochemical series. Journal of 
Geophysical Research 102, 26345-
26366. 

McCartney, M. S., and Talley, L. D. (1982). The 
Subpolar Mode Water of the North 
Atlantic Ocean. Journal of Physical 
Oceanography 12, 1169-1188. 

McDowell, S., Rhines, P., and Keffer, T. (1982). 
North Atlantic Potential Vorticity and Its 
Relation to the General Circulation. 
Journal of Physical Oceanography 12, 
1417-1436. 

Rahmstorf, S. (2007). A Semi-Empirical 
Approach to Projecting Future Sea-Level 
Rise. Science 315, 368-370. 

Reimer, P. J., Baillie, M. G. L., Bard, E., Bayliss, A. 
B., J. W., Bertrand, C. J. H., Blackwell, P. 
G., Buck, C. E., Burr, G. S., Cutler, K. B., 
Damon, P. E., Edwards, R. L., Fairbanks, 
R. G., Friedrich, M., Guilderson, T. P., 
Hogg, A. G., Hughen, K. A., Kromer, B., 
McCormac, G., Manning, S., Ramsey, C., 
R.W., B. R., Remmele, S., Southon, J. R., 
Stuiver, M., Talamo, S., Taylor, F. W., 
van der Plicht, J., and Weyhenmeyer, C. 
E. (2004). INTCAL04 Terrestrial 
Radiocarbon Age Calibration, 0–26 cal 
kyr BP. Radiocarbon 46, 1029-1058. 

Renssen, H., Goosse, H., Fichefet, T., and 
Campin, J. M. (2001). The 8.2 kyr BP 
Event Simulated by a Global 
Atmosphere - Sea-Ice - Ocean Model. 
Geophysical Research Letters 28. 

Rohling, E. J., and Pälike, H. (2005). Centennial-
scale climate cooling with a sudden cold 
event around 8,200 years ago. Nature 
434, 975-979. 

Rosenthal, Y., Field, M. P., and Sherrell, R. M. 
(1999). Precise Determination of 
Element/Calcium Ratios in Calcareous 
Samples Using Sector Field Inductively 
Coupled Plasma Mass Spectrometry. 
Analytical Chemistry 71, 3248-3253. 

Schmiedl, G., Pfeilsticker, M., Hemleben, C., and 
Mackensen, A. (2004). Environmental 

and biological effects on the stable 
isotope composition of recent deep-sea 
benthic foraminifera from the western 
Mediterranean Sea. Marine 
Micropaleontology 51, 129-152. 

Shackleton, N. (1974). Attainment of isotopic 
equilibrium between ocean water and 
the benthonic foraminifera genus 
Uvigerina: Isotopic changes in the ocean 
during the last glacial. Colloq. Int. 
C.N.R.S. 219, 203-209. 

Shindell, D. T., Schmidt, G. A., Miller, R. L., and 
Rind, D. (2001). Northern Hemisphere 
winter climate response to greenhous 
gas, ozone, solar and volcanic forcing. 
Journal of Geophysical Research 106, 
7193-7210. 

Slowey, N. C., and Curry, W. B. (1995). Glacial-
interglacial differences in circulation and 
carbon cycling within the upper western 
North Atlantic. Paleoceanography 10, 
715-732. 

Talley, L. D. (2003). Shallow, Intermediate, and 
Deep Overturning Components of the 
Global Heat Budget. Journal of Physical 
Oceanography 33, 530-560. 

Teller, J. T., Leverington, D. W., and Mann, J. D. 
(2002). Freshwater outbursts to the 
oceans from glacial Lake Agassiz and 
their role in climate change during the 
last deglaciation. Quaternary Science 
Reviews 21, 879-887. 

 

 



Chapter 4 

ENACW signal propagation 

 

 

53 
 

Chapter 4 

 
 
 

4. Solar modulation of North Atlantic central Water formation at 

multidecadal timescales during the late Holocene 
By 

 

Audrey Morley, Michael Schulz, Yair Rosenthal, Stefan Mulitza, André Paul, and Carsten 

Rühlemann. 

 
(Manuscript in review at Earth and Planetary Sicence Letters) 

 
 

4.1. Abstract 

 

Understanding natural climate variability in the North Atlantic region is essential not only to assess 

the sensitivity of atmosphere-ocean climate signal exchange and propagation, but also to help 

distinguish between natural and anthropogenic climate change. The North Atlantic Oscillation is one 

of the controlling modes in recent variability of atmosphere-ocean linkages and ice/freshwater 

fluxes between the Polar and North Atlantic Ocean. Through these processes the NAO influences 

water mass formation and the strength of the Atlantic Meridional Overturning circulation and 

thereby variability in ocean heat transport. However, the impact of the NAO as well as other forcing 

mechanisms on multidecadal timescales such as total solar irradiance on Eastern North Atlantic 

Central Water production, central water circulation, and climate signal propagation from high to low 

latitudes in the eastern subpolar and subtropical basins remains uncertain. Here we use a 1200 year 

long benthic foraminiferal Mg/Ca based temperature and oxygen isotope record from a ~900 m 

deep sediment core off northwest Africa to show that atmosphere–ocean interactions in the eastern 

subpolar gyre are transferred at central water depth into the eastern boundary of the subtropical 

gyre. Further we link the variability of the NAO (over the past 165 years) and solar irradiance (Late 

Holocene) and their control on subpolar mode water formation to the multidecadal variability 

observed at mid-depth in the eastern subtropical gyre. Our results show that eastern North Atlantic 

central waters cooled by up to ~0.8 ± 0.7 °C and densities decreased by  = 0.3 ± 0.2 during positive 

NAO years and during minima in solar irradiance during the Late Holocene. The presented records 

demonstrate the sensitivity of central water formation to enhanced atmospheric forcing and 

ice/freshwater fluxes into the eastern subpolar gyre and the importance of central water circulation 

for cross-gyre climate signal propagation during the Late Holocene. 
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4.2. Introduction  

 

The state of the North Atlantic 

Oscillation (NAO) in combination with subpolar 

gyre dynamics (Hatun et al., 2005) determines 

regional sea surface heat loss and winter 

convection by modulating both the variability in 

the westerly wind stress and fresh water 

budgets in the North Atlantic (Curry and 

Mauritzen, 2005; Furevik and Nilsen, 2005; 

Johnson and Gruber, 2007; Marshall et al., 

2001a; Marshall et al., 2001b), and thereby, 

influencing the intensity of the deep overturning 

branch of the Atlantic Meridional Overturning 

Circulation (AMOC) in the Nordic and Labrador 

Seas (Boessenkool et al., 2007; Dickson et al., 

2002; Dickson et al., 2000; Eden and Jung, 2001; 

Hatun et al., 2005; Marshall et al., 2001b). 

However, the region with the strongest 

response to NAO-modulated wind-stress is in 

the subpolar basin south of Iceland, where 

westerlies are up to 8 m s-1 stronger during 

extremely positive NAO (+) years (Hurrell, 1995) 

due to the enhanced pressure gradient between 

the Icelandic Low and Azores High and result, 

via sea surface heat loss, in sea surface 

temperatures (SST) several tenths of degrees 

(~0.7 °C) colder than on average (Furevik and 

Nilsen, 2005; Johnson and Gruber, 2007). 

Subpolar Mode Water (SPMW) forms in this 

region (Figure 1) via subduction (Tomczak and 

Godfrey, 1994) and after formation comprises a 

large fraction of Eastern North Atlantic Central 

Water (ENACW) (Iselin, 1936; Poole and 

Tomczak, 1999). A positive NAO phase shift is 

thus associated with cooler and fresher ENACW 

(Johnson and Gruber, 2007; Pérez et al., 2000). 

The formation of ENACW at densities 

between σӨ = 27.3 and 27.6 (Levitus, 1989; 

McCartney and Talley, 1982), the subduction 

and subsequent southward flow of ENACW 

along these density surfaces into the STG is well 

established (Keffer, 1985; Levitus, 1989; 

McCartney and Talley, 1982; McDowell et al., 

1982). ENACW formation and circulation 

provides therefore a direct link between both 

gyres and offers the opportunity to investigate 

the influence of atmospheric – ocean linkages in 

the subpolar North Atlantic on central water 

formation and cross gyre climate signal 

propagation. In addition to the NAO, recent 

numerical model simulations (Ammann et al., 

2007; Swingedouw et al., 2010) and paleoproxy 

reconstructions (Knudsen et al., 2009) as well as 

the re-analysis of published proxy data 

(Lockwood et al., 2010; Lohmann et al., 2004) 

provide support for the existence of ocean-

atmosphere linkages over the subpolar basin 

that communicate and amplify relatively small 

radiative changes in total solar irradiance (ΔTSI) 

(Lean, 2010; Shindell et al., 2001) into a climate 

signal extending beyond the northeastern 

Atlantic region at multidecadal timescales. The 

NAO and possibly ΔTSI are thus two important 

factors controlling recent and long-term 

variability in atmosphere – ocean linkages over 

the north Atlantic at multidecadal timescales 

However, the impact of multidecadal variations 

in NAO mode and ΔTSI on meridional climate 

Figure 1 Study area: the location of core GeoB6007‐2 
(30.85 °N, 10.27 °W at 899 m depth) marked by a black 
circle. Simplified SPG and STG positions and circulation 
patterns are indicated by grey loops modified after 
Bamberg et al. (2010). The formation region of SPMW is 
marked by a circle between ∼50‐63 °N east of 25°W 
(Levitus, 1989; McCartney and Talley, 1982). 
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signal transfer in the North Atlantic remains 

uncertain for the Late Holocene. The lack of 

evidence for past and present records assessing 

atmospheric and mid-depth ocean linkages is 

due to the scarcity of high resolution, 

undisturbed, and well-dated marine records 

(Sicre et al., 2008), and a focus on SST proxies in 

the recent literature, rather than proxies for 

bottom water temperatures (Katz et al., 2010) 

needed to reconstruct central water properties.  

In the present study we investigate 

oceanic central water connections between 

mid-depth subpolar and subtropical latitudes. 

We present a high resolution 1200-year long 

paleotemperature and stable isotopic record 

based on benthic foraminifera collected at 900 

m depth from the northwest African continental 

shelf in the eastern boundary of the STG thus 

providing new insights into natural mid-depth 

climate signal propagation. In particular, we 

discuss two hypotheses on atmospheric mid-

depth oceanic linkages and their relationship to 

NAO and ΔTSI variability at multidecadal 

timescales. The first hypothesis is that mid-

depth cooling in the eastern boundary of the 

STG is caused by enhanced Ekman pumping 

resulting in a shoaling of the local thermocline in 

conjunction with positive NAO years (Curry and 

McCartney, 2001). A shoaling at 900 m depth 

may then allow the incursion of relatively cooler 

and fresher Antarctic intermediate water 

(AAIW) to result in colder and fresher mid-depth 

temperatures in the eastern STG. The second 

hypothesis proposes that colder mid-depth 

temperatures in the eastern STG originate from 

the subpolar gyre and represent the formation 

of colder SPMW and ENACW during positive 

NAO years that are subducted and transported 

underneath the North Atlantic Current into the 

STG (Keffer, 1985; Levitus, 1989; McCartney and 

Talley, 1982; McDowell et al., 1982) (Figure 2). 

 

Figure 2 Schematic representation of the formation and cross-gyre transfer of Eastern North Atlantic Central Waters 
(ENACW) via Subpolar Mode Water (SPMW) formation in the eastern Subpolar gyre (SPG). Also shown are the North 
Atlantic Current (NAC) and Canary Current as well as Antarctic Intermediate Water (AAIW) and Mediterranean Outflow 
Water (MOW) present below the core site underneath ENACW.   
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4.3. Materials and Methods  

4.3.1. Core location 

During METEOR Leg M45 in 1999, 

gravity core GeoB6007-2 and multicore 

GeoB6007-1 were collected from the eastern 

boundary of the STG at 30.85°N, 10.27°W at 899 

m water depth (Figure 1) (Hebbeln and 

Meggers, 1999). The predominant water mass 

at the core site is ENACW occupying density 

surfaces between = 26.6 and 27.3 kg/m3. At a 

depth between 900 and 1300 m, a salinity 

minimum at density ranges of  = 27.3 to 27.6 

kg/m3 provides evidence for strongly modified 

AAIW (Knoll et al., 2002). A salinity maximum at 

depths below 1300 m and densities exceeding 

 = 27.6 kg/m3 indicates the presence of 

Mediterranean outflow water (MOW) (Arhan et 

al., 1994; Knoll et al., 2002). Modern seasonal 

and inter-annual variability in temperature and 

salinity are very small at 900 m water depth and 

there is no indication for changing water masses 

at the core site on these timescales (Knoll et al., 

2002).  

High sedimentation rates at the core 

location due to high terrigenous input and 

extensive perennial local oceanic productivity 

within the Cape Ghir upwelling filament 

(Eberwein and Mackensen, 2006; Kuhlmann et 

al., 2004a; Meggers et al., 2002; Sarnthein et al., 

1982) result in accumulation rates of 70 to 100 

cm kyr -1 at 900 m depth (Bamberg et al., 2010; 

Kim et al., 2007; Kuhlmann et al., 2004b). 

GeoB6007-2 and GeoB6007-1 are thus ideally 

located to investigate high resolution, multi-

decadal linkages between SPMW variability and 

mid-depth STG ventilation. 

 

4.3.2.. Paired Mg/Ca - δ18Osw measurements 

We reconstructed central water 

temperature during the Late Holocene by 

measuring Mg/Ca and oxygen isotopic values 

(δ18O) on the benthic foraminifera Hyalinea 

balthica. H. balthica is a shallow infaunal 

benthic foraminifera living within the top 1.5 cm 

of oxygenated, nutrient rich, fine grained 

sediments (Schmiedl et al., 2000; Villanueva 

Guimerans and Cervera Currado, 1999). Off the 

NW African coast H. balthica tests often cluster 

together with Bulimina marginata, a species 

typically associated with perennially productive 

areas and high chlorophyll concentrations that 

indicate a high organic-matter supply (Eberwein 

and Mackensen, 2006). The isotopic oxygen and 

carbon compositions (δ18O and δ13C) of the 

foraminiferal shells were measured at the Stable 

Isotope Laboratory of the University of Bremen 

using a Finnigan MAT 251 mass spectrometer 

equipped with an automatic carbonate 

preparation device and reported against Vienna 

PDB (VPDB). Internal precision, based on 

replicates of a limestone standard, was better 

than ± 0.07 ‰. Up to 25 (mean: 20 individuals) 

H. balthica tests from the 250-350 µm size 

fraction were analyzed for Mg/Ca ratios, using a 

modified reductive, oxidative cleaning protocol 

(Barker et al., 2003; Rosenthal et al., 1997) and 

analyzed at Rutgers Inorganic Analytical 

Laboratory using a Sector Field Inductively 

Coupled Plasma Mass Spectrometer (Thermo 

Element XR) following the methods outlined in 

Rosenthal et al. (1999). The long-term analytical 

precision of Mg/Ca ratios is based on three 

consistency standards of Mg/Ca concentrations 

of 1.10, 2.40 and 6.10 mmol mol-1. Over the 

course of this study, the precision for the 

consistency standards was 1.6, 1.2 and 1.2 % 

RSD (relative standard deviation) respectively. 

Shell weights showed no dissolution effect. For 

paleotemperature reconstructions the equation 

Mg/Ca = 0.49 T (°C) was used (Rosenthal et al., 

Unpublished results). Standard-error estimates 

for paleotemperature, the oxygen isotopic 

composition of seawater (δ18Osw), salinity and 

density values are ± 0.7 °C, ± 0.3 ‰, ± 0.7 psu 

and σӨ = ± 0.3, respectively. However, modern 
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calculated salinities and densities fall within ± 

0.30 p.s.u. and σӨ = ± 0.2 based on modern 

paired Mg/Ca - δ18Osw measurements of H. 

Balthica from Cape Ghir (Rosenthal et al., 

Unpublished results). To calculate error margins 

on temperature, δ18Osw, and salinity, we 

followed standard error propagation 

calculations for a quadratic paleotemperature 

equation (Shackleton, 1974), including 

measurement and calibration errors, 

uncertainties in the freshwater end-member of 

the modern δ18Osw - salinity relationship, and 

uncertainties in estimates for global ice-volume 

changes (Schmidt, 1999). We assumed a 

constant δ18Osw - salinity relationship for down-

core salinity reconstructions. Finally, δ18O and 

δ13C core-top records were not found to be 

significantly correlated at the α = 0.05 

significance level (r = 0.11, n = 27, p = 0.95, t-

test = 0.069, critical t = 2.06). For all regression 

analyisis, time series were linearly interpolated 

using the lower resolution of the two series as 

common resolution. The significance of all 

correlations used in this study is tested by 

determining the t-score on the slope of the 

regression between two parameters at the 95% 

confidence interval. If the t-score between two 

parameters is larger than the critical t value, the 

slope of the regression is statistically different  

to zero and the correlation between the arrays 

is significant.  

 

4.4. Chronology 

 

The age model for the top 78 cm of 

gravity core GeoB6007-2 was established based 

on a combination of published (Kuhlmann et al., 

2004b) and two additional accelerator mass 

spectrometry (AMS) radiocarbon measurements 

(14C) (NOSAMS, Wood Hole Oceanographic 

Institution, see Table 1) at 56 and 70 cm, 

yielding 14C ages of 1470 ± 60 and 1680 ± 85, 

respectively. All calibrated age errors are 

reported at the 2σ range. Mixed planktic species 

for AMS radiocarbon measurements included 

the following planktonic foraminifera: G. 

bulloides, G. sacculifer, G. calida, G. ruber, G. 

falconensis, G. rubescens, T. quinqueloba, and O. 

universa (Kim et al., 2007; Kuhlmann et al., 

Figure 3. Suess  effect: The comparison of the Caribbean sclerosponge δ
13

C (‰ VPDB) record (Böhm et al., 2002) with atmospheric CO2 reconstructions from the Taylor Dome Ice core 
record (Etheridge et al., 1996) and the δ

13
C (‰ VPDB) from GeoB6007-1 (magenta) and GeoB6007-2 (dark blue) illustrate the rapid depletion of oceanic δ

13
C values in conjunction with 

rising atmospheric CO2 values over the past 165 years. 
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2004b). For a detailed description of the 

complete age model for sediment core 

GeoB6007-2 see Bamberg et al. (2010). To 

constrain the age of multicore GeoB6007-1, we 

measured an additional AMS radiocarbon date 

at 23 cm (460 ± 35 14C years) and stable carbon 

isotopes (δ13C) on the planktonic foraminifera G. 

bulloides. Measured δ13C values for G. bulloides, 

range between ~ -1.0 ‰ at the base to ~ -1.8 ‰ 

at the top of the multicore (Figure 3). All original 

AMS radiocarbon dates included in this analysis 

were recalibrated with Calib 5.0.2 and the 

atmospheric InCal04 calibration dataset (Stuiver 

and Reimer, 1993; Stuiver et al., 1998). We 

applied a reservoir age correction of 400 years 

for all dates and ages between calibrated dates 

were obtained by linear interpolation. 

The calibrated AMS 14C date of AD 1842 

± 40 (2σ) constrains the base of GeoB6007-1. 

The δ13C record of the planktonic foraminifer G. 

bulloides supports this age determination by 

providing evidence for the imprint of the 

anthropogenic CO2 increase on the marine 

carbon isotope composition throughout the 

length of the multicore, exemplified by a sharp 

decrease in δ13C values. This decrease reveals 

the presence of the ‘δ13C Suess effect’, 

indicating the oceanic uptake of isotopically 

light CO2 released by the burning of fossil fuel 

since the early 19th century (Keeling et al., 

1979). Available reconstructions for total sea 

surface δ13C depletion based on corals and 

sclerosponges from the Caribbean and Florida 

range between 0.7 to 0.9 ‰ since the early 19th 

century (Böhm et al., 2002; Swart et al., 2010). 

This estimate is consistent with the total 

decrease of ~0.7 ‰ observed in the δ13C record 

of G. bulloides in GeoB6007-1 (Figure 3). 

Considering that the total range of the 

anthropogenic Suess effect appears to be 

present in GeoB6007-1 and pre-industrial values 

are also present in the oldest part of the 

multicore, the base of GeoB6007-1 cannot be 

much younger than 1850 AD. This age constraint 
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is consistent with δ13C records from the 

subtropical North Atlantic (Böhm et al., 2002) 

and atmospheric CO2 reconstructions from Law 

Dome, Antarctica (Etheridge et al., 1996); which 

provide evidence for a significant decrease in 

δ13C in the ocean and increased  atmospheric 

CO2 by 1850 AD compared to pre-industrial 

values. The absence of a plateau in the δ13C 

record at pre-industrial values (Figure 2) further 

constrains the oldest possible date for the core 

to the early 19th century, before which oceanic 

δ13C and atmospheric CO2 values did not 

significantly vary beyond Late Holocene 

variability (Böhm et al., 2002; Etheridge et al., 

1996). The agreement between the δ13C age 

constraints (1800-1850 AD) at the base of the 

multicorer with the 14C AMS date of 1842 AD ± 

40 years at 23 cm allows us to interpret the 

paleoceanographic record from GeoB6007-1 

with confidence. The age model for GeoB6007-2 

determines the start of the Late Holocene 

record to be at ~1184 ± 105 years BP (816 ± 105 

years AD) (2σ) (Table 1).  

 

4.5. Results 

4.5.1. Geochemical and statistical analysis on 

GeoB6007-1 

High resolution (1 cm) Mg/Ca 

measurements on GeoB6007-1 indicate that 

bottom water temperature (BWT) cooled by 

0.7-1.0 °C since ~1842 AD to reach modern 

bottom water values of 7.6-7.8 °C (Figure 4). 

These results from the core top sample are 

consistent with measured BWT at 900 m depth 

of 7.8-7.9 °C in 1993 and 1997 (Knoll et al., 

2002). The good agreement between 

reconstructed and measured BWTs shows that 

Mg/Ca ratios from modern H. balthica tests 

reliably record in situ water temperatures at the 

core site. On multidecadal timescales the cross- 

correlations between BWT, salinities and the 

NAO index (Jones et al., 1997) are highest when 

all records are filtered using a windowed Fourier 

transform approach with cut-off periods of 30 

and 60 years. At these periods, we consistently 

note that shifts from relatively

Figure 4 Proxy records from GeoB‐6007‐1: (a) Mg/Ca 
based bottom water temperatures (BWT) and (b) δ

18
O sw 

estimates derived from paired Mg/Ca ‐ δ
18

O 
measurements. (c) Show benthic (H. balthica) 
foraminiferal stable carbon isotopes (δ

13
C ‰ vs. VPDB). 

Also shown are two (d and e) sea-surface temperature 
(SST) records from the subpolar gyre (Hall et al., 2010; 
Miettinen et al., 2010). All graphs are plotted versus age 
(for age model see Table 1 and Figure 2) and 30 year low-
pass filters are shown in bold. Also shown are the error 
envelopes for the temperature reconstructions (for the 
30 year low pass filter). 
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warm to colder bottom waters occurred shortly 

after NAO shifts from negative to positive 

phases (Figure 5). The significant correlation 

between BWT and δ18Osw (r = 0.52, n = 23, p < 

0.05) over the past 165years further shows that 

a bottom water cooling generally concurred 

with a freshening at 900 m depth (Figure 5). The 

highest cross-correlations between the NAO 

index and δ18Osw occurs when the NAO leads 

BWT by ~7 years (or 1 cm) (r = 0.65, n = 22, p < 

0.05). Similarly the correlation between BWT 

and NAO is also strongest when the NAO leads 

BWT by ~7 years. Only for the most recent 

samples (~1980’s onward) the correlation 

between and BWT NAO appears to break down, 

resulting in a weaker and less significant overall 

correlation between the two parameters (Figure 

5). When the top 3 samples are removed the 

correlation is significant (r = 0.66, n = 19, p < 

0.05). BWT and δ13C values do not cross-

correlate at these frequencies, neither in phase 

nor at an offset to each other. However, δ13C 

values and the NAO index cross-correlate 

significantly when in phase with each other (r = 

0.41, n = 23, p < 0.05. 

 

Figure 5 Variability: 
Comparison of the multi-
decadal band-pass filters (30 
and 60 year cut off periods) 
for the instrumental NAO 
index (Jones et al., 1997) 
subpolar sea surface 
temperatures (Miettinen et 
al., 2010) with the variability 
in bottom water 
temperatures and δ

18
Osw 

from GeoB6007-1. Also 
shown are known intervals of 
positive (grey bars) and 
negative (white bars) phase 
shifts of the NAO index. 

Figure 6 GeoB6007-1 paleodensity reconstruction: 
Temperature and salinity results are plotted along 
density lines and compared to a local CTD cast (blue) 
(Knoll et al., 2002). Data points occurring in NAO (+) 
years are plotted in blue and data points falling into 
NAO (-) years are plotted in red. The results indicate 
that densities are generally lighter during NAO (+) 
years (blue circle) then during NAO (-) years (red 
circle) over the past 165 years. 
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Additionally we compare a high 

resolution subpolar SST record with our BWT 

and δ18Osw results as well as with the NAO index. 

This record based on fossil diatom. assemblages 

and  collected by Miettinen et al. (2010) from 

the eastern flank of the Gardar drift (56°N, 

28°W) provides SST data from the formation 

region of SPMW over the past 230 years (Figure 

4). A strong correlation exists between the 

subpolar SST and the NAO record (r = 0.81, n = 

22, p < 0.05) when both records are in phase 

with each other at multidecadal timescales 

(Figure 5). Similar to the correlation between 

BWT and the NAO index, the cross correlation 

between BWT and subpolar SST is most 

significant when SST lead BWT by ~7 years (r = 

0.56, n = 22, p < 0.05). 

 

 

a. 

Figure 7 Proxy records from GeoB‐6007‐2: Here we compare (a) reconstructed solar variability ΔTSI (Wm
-2

) with (b) 
Mg/Ca based bottom water temperatures (BWT) and (c) δ

18
Osw estimates derived from paired Mg/Ca ‐ δ

18
O 

measurements. Also shown are (d) benthic (H. balthica) foraminiferal stable carbon isotopes (δ
13

C ‰ VPDB) and 
(e) late Holocene sea surface temperature reconstructions (McGregor et al., 2007). All graphs are plotted versus 
age (for age model see Table 1) and 60 year low-pass filters are shown in bold. Also shown are the error envelopes 
for the temperature reconstructions (for the 60-year filter). Grey bars indicate solar minima of the Little Ice Age. 
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Finally, we plot temperature and salinity 

results among equal density lines on a local 

temperature – salinity plot (Figure 6). The 

results show that the lightest densities recorded 

over the past 165 years occurred in the late 

1970’s and early 1930’s (  ≈ 27.5), two periods 

that correspond to NAO (+) years while heaviest 

densities occurred during the late 1950’s and 

1860’s (  ≈ 27.7), which correspond to NAO (-) 

years (Figure 6). 

4.5.2. Geochemical and statistical analysis on 

GeoB6007-2 

Mg/Ca measurements from gravity core 

GeoB6007-2 indicate a long-term, step-like 

cooling of 0.8-1.0 °C throughout the record 

(Figure 7). Multidecadal intervals of colder BWT 

are centered between 1250-1350 AD, 1475-

1550 AD and 1625-1725 AD and intervals of 

warmer BWT occurred between 850-900 AD, 

1100-1200 AD and 1400-1450 AD. To test the 

multidecadal relationship among BWT, δ18Osw 

and ΔTSI (Steinhilber et al., 2009) over the past 

1200 years, all records were bandpass-fitted 

using  cut-off periods of 60 and 100 years 

(Figure 8) in order to focus on the multidecadal 

solar Gleissberg cycle (70-90 years) (Reid, 1991). 

Similar to the multicore results, the δ18Osw and 

BWT records from GeoB6007-2 correlate well 

with each other (r = 0.56, p < 0.05, n = 98) at 

these frequencies and are most significant (r = 

0.69, p < 0.05, n = 97) if δ18Osw leads BWT by 

~10.5 years (1cm). These results show that a 

cooling in BWT occurred in phase with or shortly 

after a freshening during the past 1200 years.  

The correlation between BWT and ΔTSI is also 

significant (r = 0.53, p < 0.05, n = 96) when ΔTSI 

leads BWT by ~20 years (2 cm). This cross-

correlation indicates that cool episodes 

recorded in the BWT record are correlated with 

solar minima. The correlation between ΔTSI and 

δ18Osw is most significant (r = 0.38, p < 0.05, n = 

97) when ΔTSI leads δ18Osw by ~10 years (1 cm), 

in agreement with the offset between BWT and 

δ18Osw. We stress that the offset between BWT 

and δ18Osw is robust since both measurements 

were taken from the same sample. All other 

offsets remain within the uncertainties 

associated with our and the ΔTSI age model.  

The δ13C record from GeoB6007-2 yields 

no significant correlation with the BWT record, 

neither in phase (r = 0.04, p = 0.61, n = 98) or at 

an offset, and thus agrees with the results from 

the multicore record. Further  we cross-

correlated a local alkenone-based SST record 

from Cape Ghir (McGregor et al., 2007) with the 

benthic δ13C data and obtained a significant 

correlation (r = 0.65, p < 0.05, n = 96) (Figure 8). 

Figure 8 Late Holocene 
Variability: Comparison of the 
multi-decadal to centennial 
band-pass filters (60 and 100 
year cut off periods) of (a) 
bottom water temperatures 
(BWT in blue) with solar 
variability (ΔTSI  in orange) 
with (b) benthic stable carbon 
isotopes (δ13C in brown)  and 
sea surface temperatures 
(SST in red) (McGregor et al., 
2007). 
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Finally, reconstructed density profiles at the 

core site (Figure 9), show a tendency towards 

lighter density surfaces during minima of ΔTSI  

(  ≈ 27.45) compared to maxima in ΔTSI (  ≈ 

27.8) (Figure 9) throughout the Late Holocene.  

 

4.6. Discussion 

4.6.1. Multidecadal variability over the past 

165 years 

Two possible mechanisms may explain 

the relationship between reconstructed δ18Osw, 

BWT, and the NAO at GeoB6007-1. First, the 

depth of the eastern STG thermocline may be 

related to the NAO. Enhanced northeast trade 

winds off the Northwest African coast during 

NAO (+) phases promote upward Ekman 

pumping and may result in a shoaling of the STG 

thermocline (Curry and McCartney, 2001). A 

shoaling at 900 m depth may then allow the 

incursion of relatively cooler and fresher AAIW 

at the core site. Alternatively, the covariance 

between temperature, δ18Osw, and NAO may 

originate from the north and correspond to the 

production of cooler and fresher SPMW during 

NAO (+) years that travel south within ENACW 

into the eastern boundary of the STG (Figure 5) 

(Keffer, 1985; Levitus, 1989; McCartney and 

Talley, 1982; McDowell et al., 1982). Here we 

discuss these two alternatives by combining 

observations and results from instrumental and 

reconstructed proxy records from both gyres.  

 Thermocline shoaling in the 

Subtropical Gyre: Driven by the intensification 

of mid-latitude westerlies, STG water mass 

circulation is high during positive NAO years. 

Especially in the western boundary this 

intensification results in a significant shoaling of 

the thermocline (100-1200 m) (Curry and 

McCartney, 2001). This vertical displacement of 

the thermocline in response to changes in 

zonally integrated wind stress fields has also 

been successfully modeled (Sturges et al., 1998; 

Zorita and Frankignoul, 1997) supporting that 

the thermocline depth in the western STG is 

primarily wind forced and linked to NAO phase 

shifts. However, evidence for a thermocline 

shoaling in the eastern boundary of the STG at 

900 m depth in conjunction with enhanced 

coastal trade winds during positive NAO years is 

weak. Curry and McCartney (2001) observed a 

slight shoaling of the eastern STG thermocline in 

Figure 9 GeoB6007-2 paleodensity 
reconstruction: Temperature and 
salinity results from AD 800 to 1800 are 
plotted along density lines and 
compared to a local CTD cast (blue) 
(Knoll et al., 2002). Data points 
occurring during the Little Ice Age solar 
minima are plotted in green 
triangles/stars (Wolf Minimum), blue 
rectangles (Oort Minimum), pink 
lozenges (Spörer Minimum) and 
inverted orange triangles (Maunder 
Minimum). The remaining data points 
are plotted in grey circles. The results 
show that densities are generally 
lighter during solar minima of the Late 
Holocene. 
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the upper 300 to 800 meters during the 1990s 

relative to the 1965-1974 time interval (from 

NAO (-) towards NAO (+)). However, water 

masses below 800 m did not experience a 

vertical displacement due to local Ekman 

pumping. This agrees with earlier observations 

by Levitus (1989) showing that eastern STG 

shoaling during NAO (+) phases only occurred 

on density surfaces between  ≈ 26.5 and 27.3 

whereas no significant upward displacement 

had been recorded below 800 m or  > 27.3. 

Additionally, several studies indicate that the 

production and northward extent of AAIW 

weakened over the past 50 years (Curry et al., 

2003; Goes et al., 2008), suggesting weaker 

rather than increased influence of this colder 

and fresher water-mass at the core site.  

The lack of correlation between the 

benthic δ13C and BWT time series throughout 

GeoB6007-1 suggests that STG thermocline 

depth variations are not the predominant 

forcing for temperature and salinity changes at 

the core site. Similar to other shallow infaunal 

foraminifer species, H. balthica records changes 

in local oceanic productivity/upwelling within 

the δ13C values measured from their shell lattice 

(Bamberg et al., 2010; McCorkle et al., 1990; 

Schmiedl et al., 2004; Tachikawa and Elderfield, 

2002). An increase in local upwelling off Cape 

Ghir in conjunction with NAO (+) years will likely 

enhance sea surface productivity and intensify 

the availability and decomposition of organic 

matter at 900 m depth. As a result, steeper 

dissolved organic carbon gradients are expected 

to develop within the top centimeters of surface 

sediments that should result in more depleted 

δ13C values recorded in H. balthica tests during 

times of increased upwelling.  

The correlation between δ13C and the 

NAO index over the past 165 years suggests that 

NAO modulated local trade winds enhanced 

productivity off the Northwest African coast at 

multidecadal timescales. However the lack in 

correlation between the BWT and the δ13C 

records suggests that NAO-forced upwelling at 

the sea surface did not result in a shoaling of the 

thermocline and an incursion of cooler AAIW at 

the core site.  

There is however, no clear correlation 

between the local alkenone-based SST 

reconstructions and the NAO index on decadal 

timescales (McGregor et al., 2007). Instead 

McGregor et al. (2007) related the recent SST 

cooling observed over the past 50 years to CO2 

forced global warming (“Bakun hypothesis”), 

whereby the global temperature increase 

enhances the sea surface – land surface 

temperature gradients, which in turn force 

enhanced  coastal wind intensity and thus 

upwelling (Bakun, 1990; Narayan et al., 2010). 

This anthropogenic forcing may have 

overprinted NAO-modulated SST cooling and 

may thus explain the lack in correlation 

between reconstructed SST and NAO at 

GeoB6008-2. Nevertheless, we suggest that the 

consistent offset between BWT, δ13C and NAO 

indicates that the NAO signal recorded in BWT 

reaches the core site with a delay of ~7 years 

and, most importantly, that NAO induced 

upwelling and Ekman pumping at Cape Ghir 

does not result in a shoaling of the base of the 

eastern STG thermocline nor in an incursion of 

AAIW at the core site. 

North Atlantic Central Water 

circulation and climate signal propagation: 

Iselin (1936) originally suggested southward 

flow and the ventilation of the eastern  

boundary of the STG by SPMW. In the early 

1980’s McCartney and Talley (1982) drew the 

first mid-depth potential vorticity maps, 

providing physical evidence for southward flow 

along density surfaces σӨ = 27.3 to 27.6 from 

the SPG into the STG. Moreover, McDowell et 

al. (1982), Keffer (1985) and Levitus (1989) later 

confirmed, based on additional observations, 

that the potential vorticity distribution for this 

surface allows water parcels to move southward 

underneath the North Atlantic Current from the 
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region just south of Iceland into the STG to 

~30°N before turning southwestward into the 

southern STG (Figure 5).  

Assuming that these processes 

occurring over the past 50 years have operated 

during the past millennium, we would expect to 

observe the following: (a) a significant 

correlation between subpolar SST and the NAO 

index over the past 165 years (within the age 

uncertainty of their age models) and (b) the 

strongest correlation between subtropical BWT 

and subpolar SSTs should exist at a lag similar to 

our observed offset of ~7 years between BWT 

and NAO to account for signal transfer into 

subtropical latitudes. The consistent delay of ~7 

years between BWT and the NAO, subpolar SST, 

and subtropical δ13C values strongly supports 

our interpretation whereby the southward flow 

of ENACW and ventilation of the STG are NAO-

modulated via SPMW formation. 

The question remains whether NAO-

induced surface water cooling and freshening of 

SPMW also weakens the production of ENACW, 

and whether the signal of this weakening is 

transferred to subtropical latitudes via North 

Atlantic central water circulation. Paleodensity 

estimates (Figure 6) indicate that even though 

some of the changes between NAO (+) and NAO 

(-) years are density-compensated (occur along 

a single density surface), the lightest densities 

recorded over the past 165 years occurred 

during two periods that correspond to NAO (+) 

years while heaviest densities occurred during 

periods which correspond to NAO (-) years 

(Figure 6). These results suggest that similar to 

North Atlantic Deep Water production in the 

Nordic Seas and Iceland Scotland Overflow 

Water strength (Boessenkool et al., 2007; Eden 

and Jung, 2001), ENACW formation south of 

Iceland weakens during NAO (+) phase shifts.  

 

4.6.2. Atmosphere-ocean solar signal transfer 

from the SPG into the mid-depth STG 

The significant correlation between the 

benthic δ13C (H.balthica) and local SST variability 

(McGregor et al., 2007) at multidecadal 

timescales suggests that similar to the past 165 

years, sea-surface processes off Cape Ghir were 

locally controlled by the easterly trade winds 

during the past 1200 years. The clear decoupling 

of δ13C and overlying SST signals from BWT and 

ΔTSI (Figure 8) further supports that BWT at 900 

m depth are modulated by SPG atmosphere-

ocean processes and not by an incursion of 

AAIW. The decoupling between surface and 

central water processes becomes evident 

especially during the main phase of the Little Ice 

Age from 1300 to 1850 AD. The robust ~10 year 

lead of δ18Osw values over BWT further suggests 

that SPG freshening occurred prior to LIA 

cooling. In line with these results, Richter et al. 

(2009) recorded a sea surface freshening north 

of Iceland prior to LIA SST cooling.  

Assuming that similar to recent 

multidecadal processes, the recorded BWT at 

the core site reflects subpolar atmosphere-

ocean processes, the significant correlation 

between colder BWT and ΔTSI minima on 

multidecadal timescales (Figure 8) suggests that 

subpolar surface waters were colder and fresher 

during solar minima. In agreement with these 

results there is large evidence for colder and 

fresher sea-surface conditions in the 

northeastern subpolar gyre and increased sea-

ice and freshwater export by the East Greenland 

Current in various Late Holocene proxy records 

(Bond, 2001; Jiang et al., 2005; Knudsen et al., 

2004; Lamb, 1979; Massé et al., 2008; Moros et 

al., 2006; Sicre et al., 2008). The tendency 

towards lighter density surfaces during solar 

minima (  ≈ 27.45) compared to solar maxima 

(  ≈ 27.8) (Figure 9) additionally supports 

cooler and lighter SPMW formation during the 

LIA.  
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Unlike the pre-industrial BWT - ΔTSI 

relationship, the ~0.8 °C BWT cooling trend over 

the past 165 years occurs during a period of 

increasing solar irradiance. This cooling trend 

(<0.8 °C) suggests that sea surface heat loss due 

to stronger westerly winds continually increased 

in the northeastern SPG since the early 19th 

century. This recent cooling trend is also present 

in SST proxy reconstructions (Hall et al., 2010; 

Richter et al., 2009) and in instrumental SST 

datasets from the northeastern SPG (Xue et al., 

2003) all supporting the cross gyre climate 

signal transfer mechanism suggested in this 

study. An apparent eastward shift of the center 

of NAO activity from the southwestern tip of 

Greenland towards Iceland (Furevik and Nilsen, 

2005) may explain the NAO-modulated cooling 

trend  observed in our record. This eastward 

shift significantly increased wind stress south of 

Iceland and may thus explain the colder BWT 

recorded in the STG. The reason for this shift is 

under debate.  

 

4.7. Conclusions  

 

The presented data indicate an intricate 

connection between the subpolar and 

subtropical gyres at mid-depth during the past 

165 years and throughout the late Holocene. 

Further, we conclude that central water 

temperatures and δ18Osw values recorded at 900 

m depth in the eastern subtropical gyre are 

largely determined by Subpolar Mode Water 

formation south of Iceland and not by a 

thermocline shoaling and an incursion of fresher 

and cooler Antarctic Intermediate Water. The 

sensitive response of Subpolar Mode Water 

formation to changes in atmosphere-ocean 

processes permits the transfer of climate 

variability to Eastern North Atlantic Central 

Waters (Johnson and Gruber, 2007) and thereby 

links central water circulation with the NAO and 

solar variability on multidecadal to centennial 

timescales. These findings stress the importance 

of atmosphere-ocean linkages in the 

northeastern subpolar gyre for the spatial and 

temporal nature of climate signal propagation 

within the central eastern North Atlantic and 

underline the importance of cross-gyre central 

water transport underneath the North Atlantic 

Current for understanding the full range of 

meridional heat transfer between the subpolar 

and subtropical North Atlantic. The possible link 

between enhanced positive NAO phase shifts 

and increased greenhouse gas emissions 

(Furevik and Nilsen, 2005; Shindell et al., 2001), 

may lead to continued cooling of the eastern 

subtropical thermocline in the future. Regional 

numerical model analysis may help to constrain 

the underlying dynamics involved in cross-gyre 

climate signal transfer at central water depth 

and may also help to estimate the regional 

climate impact of stronger NAO (+) years and a 

continued thermocline cooling of the eastern 

subtrocpical thermocline. 
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5. Summary and Outlook 
 

 

The following chapter provides a 

summary of the conclusions for each specific 

objective stated in Chapter 1 (section 1.2) and 

outlines perspectives for future work. 

5.1. Summary of results 

 

The main focus of this thesis was to 

determine the natural variability in ENACW 

formation and circulation in response to 

freshwater forcing and AMOC slowdown as well 

as to atmosphere-ocean linkages modulated by 

solar variability during the Holocene. In order to 

reconstruct past ENACW temperature and 

salinity, we calibrated Mg/Ca ratios from the 

benthic foraminifera Hyalinea Balthica to 

temperature changes and determined past 

salinity with paired Mg/Ca – δ
18O 

measurements.   

 

(1) ENACW formation and circulation and 

climate cooling in the North Atlantic region 

between 9.0 and 8.5 ka (Chapter 3). 

Our results show that SPG freshening 

and cooling between 9.0 and 8.5 ka caused 

lighter surface water densities for ENACW 

formation and circulation prior to the drainage 

of Lake Agassiz and Ojibway. The weakening of 

the intermediate overturning branch of the 

AMOC may thereby have contributed to the 

background climate cooling in the North Atlantic 

Region between 9.0 and 8.5 ka.  proxy records 

(e.g. Rohling and Pälike, 2005).   

 

(2) ENACW formation and circulation in 

response to the drainage of Lake 

Agassiz/Ojibway in comparison to the deep 

overturning slow down of the AMOC (Chapter 

3). 

We record the distinct two-step climate 

response to the drainage of glacial Lake 

Agassiz/Ojibway in our ENCAW record centered 

at 8.54 ± 0.2 and 8.24 ± 0.1 ka. The transfer of 

the sea surface climate signal response to the 

Lake drainage into ENACW and further into the 

STG confirms the close coupling between sea 

surface processes in the northeastern SPG and 

ENACW formation and circulation during abrupt 

climate events.  

The presented data suggest that the 

cooling event at 8.2 ka resulted from a 

combined reduction in both central water and 

deepwater formation, whereas the background 

melting between 9.0 and 8.5 ka and the 

immediate flood response to the Lake drainage 

at 8.5 ka mainly weakened central water 

formation.  

 

(3) Atmosphere-ocean pathways in climate 

signal transfer between the SPG and STG at 

central water depth (Chapter 4). 

We conclude that central water 

temperatures and δ18Osw values recorded at 899 

m depth in the eastern subtropical gyre are 

largely determined by SPMW formation in the 

northeastern SPG and not by a thermocline 
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shoaling and an incursion of fresher and cooler 

AAIW based on four lines of evidence: 

1. The correlation between δ13C and the 

NAO index over the past 165 years suggests that 

NAO modulated local trade winds enhanced 

productivity off the Northwest African coast at 

multidecadal timescales. However the lack in 

correlation between the BWT and the δ13C 

records suggests that NAO-forced upwelling at 

the sea surface did not result in a shoaling of the 

thermocline or in an incursion of cooler AAIW at 

the core site. 

2. The consistent delay of ~7 years 

between BWT and the NAO, subpolar SST, and 

subtropical δ13C values strongly supports our 

interpretation whereby the southward flow of 

ENACW and ventilation of the STG are NAO-

controlled via SPMW formation. 

3. The significant correlation between 

the benthic δ13C record (H. balthica) and local 

SST variability at multidecadal timescales during 

the past 1200 years suggests that similar to the 

past 165 years, sea-surface productivity and 

upwelling off Cape Ghir were locally controlled 

by the easterly trade winds during the Late 

Holocene. 

4. The clear decoupling of δ13C and 

overlying SST signals from BWT and ΔTSI 

additionally shows that BWT at 900 m depth are 

modulated by SPG atmosphere-ocean processes 

and not by an incursion of AAIW.  

Our results show that the sensitive 

response of Subpolar Mode Water formation to 

changes in atmosphere-ocean processes 

permits the transfer of climate variability to 

Eastern North Atlantic Central Waters and 

thereby links central water circulation with the 

NAO and solar variability on multidecadal to 

centennial timescales. These findings stress the 

importance of atmosphere-ocean linkages in the 

northeastern SPG for the spatial and temporal 

nature of climate signal propagation within the 

North Atlantic and underline the importance of 

cross-gyre central water transport underneath 

the North Atlantic Current for understanding 

the full range of meridional heat transfer 

between the subpolar and subtropical North 

Atlantic. 

 

(4) Mg/Ca calibration of Hyalinea Balthica:  A 

benthic foraminifera suitable for Holocene 

climate reconstructions (Chapter 2). 

The calibration equation for the shallow 

infaunal benthic foraminifera H. balthica 

indicates that the temperature sensitivity for 

Mg incorporation into H. balthica tests is ~ 4 

times higher than observed in other calcitic 

benthic foraminifera. Accordingly the standard 

error of estimate (SEE) of the calibration is 0.38 

m mol mol-1. This translates to temperature 

uncertainties of about 0.7 - 0.8 °C  

These estimates are significantly lower than the 

SEE of 2.4°C reported for the C. pachyderma 

calibration (e.g. Marchitto, 2007). Hyalinea 

Balthica is thus suitable for reconstructing 

Holocene central water temperature variability.  

 

(5) The global applicability of the Hyalinea 

Balthica calibration for reconstructing 

paleotemperatures (Chapter 2). 

We put forward three lines of evidence 

to rule out a possible saturation effect on the 

proposed H. balthica Mg/Ca calibration and the 

global applicability of this species for 

paleotemperature reconstructions: 

1. We note that calibrations of Mg/Ca 

vs. temperature at individual sites (i.e., 

Indonesia and Atlantic) yield very similar 

equations, which are statistically the same  

2. The tight correlation and consistent 

scatter along the calibration favors temperature 

rather than saturation effects as the main 

control of Mg uptake by H. balthica 

3. The lack of any correlation between 

Mg/Ca and δ13C values which presumably 

relates to pore-water chemistry supports that 

saturation has no or little effect on the Mg 

uptake in H. balthica.  
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In addition we argue against other 

secondary effects including diagenetic 

overgrowth because we find no significant 

difference between recently living and dead 

specimens from the same samples, nor between 

the core top samples and the culture specimens.  

 

(6) The Mg/Ca calibration is suitable for 

reconstructing modern water mass 

characteristics including temperature, 

salinity and density (Chapter 2). 

Using regional relationships between 

δ18Osw and salinity for paleosalinity calculations 

we arrive at standard error for salinity 

reconstructions of ± 0.69 psu. It is interesting to 

note that all our estimated salinities depart 

from the hydrographic data by less than 0.2 psu. 

Based on the combined errors for temperature 

and salinity reconstructions the standard error 

of estimate for paleodensity values is better 

than 0.3 σӨ. For the Cape Ghir transect all 

‘reconstructed’ densities when compared to 

measured values fall within ~ 0.2 σӨ. The small 

error associated with this transect allows the 

correct identification of the different water 

masses in this region.  

 

5.2. Outlook 

5.2.1. Mg/Ca calibration of benthic 

foraminifera 

Our results show that H. balthica is 

unusually sensitive to changes in temperature 

compared to other benthic foraminifera 

species, indicating that error estimates for 

temperature, salinity, and density vary 

substantially between different species. In 

chapter 2 we propose, based on Bentov and 

Erez (2006), that the differences in Mg/Ca for 

benthic foraminifera may be biologically 

determined by variable portions of high-and 

low-Mg calcites. The relative amount of high- 

and low-Mg calcites in benthic foraminifera 

may be responsible not only for large Mg/Ca 

variability within individual tests but may also 

determine the higher Mg/Ca of H. balthica 

relative to C. pachyderma.  

An important question that requires 

future work is whether all benthic foraminifer 

with greater proportions of high -Mg content 

(like H. balthica) also show higher temperature 

sensitivities. The calibration of Globobulimina 

affinis may be a potential candidate to test 

this idea. Similar to H. balthica, G. affinis is 

also a shallow infaunal species with similarly 

high Mg/Ca ratios. 

There is also further potential in 

refining the calibration of H. balthica by 

expanding the culturing experiments to 

further test potential secondary effects (e.g. 

salinity, carbonate ion concentration) in 

laboratory controlled environments. 

 

5.2.2. North Atlantic Central Water circulation 

and formation: Sensitivity and importance for 

climate signal transfer from high to low 

latitudes  

Chapters 3 and 4 reveal that Eastern 

North Atlantic Central Water (ENACW) 

formation and circulation is sensitive to both 

abrupt and gradual meltwater fluxes during the 

early Holocene as well as solar irradiance and 

NAO atmosphere-ocean processes during the 

late Holocene. The presented data illustrate the 

high sensitivity of ENACW formation and 

circulation to Holocene climate forcing during 

distinct time intervals. However a continuous 

Holocene record of ENACW still remains to be 

established in order to determine the impact 

and importance of ENACW for regional climate 

change and meridional heat exchanges from 

high to low latitudes.  

In the future, the presented record 

could be completed by filling the gap between 

the early and late Holocene records. Specifically 

in the mid-Holocene the presence of an abrupt 

climate event at 4.2 ka (4.2-ka event) may 



Chapter 5 

Summary and Outlook 

 

 

76 
 

provide important insight on the significance of 

ENCAW circulation in modern boundary 

conditions. The 4.2 event is documented in 

many climate records (e.g., from the Dead 

Sea/Red Sea region (Arz et al., 2003) and the 

Mediterranean region (Drysdale et al., 2006)) 

and is also associated with the collapse of the 

Akkadian Empire and the Qija culture in 

China/Tibet (Cullen et al., 2000). Investigating 

the 4.2-ka event in the mid-Holocene in 

comparison with the 8.2-ka event could provide 

information on the importance of deglacial 

boundary conditions for abrupt climate events 

during the early Holocene in comparison to 

modern interglacial/warm boundary conditions 

in the mid Holocene. A continuous Holocene 

central water record may also reveal ENACW 

variability on different and/or longer timescales 

and may also shed light on the role of ENACW 

during known climate variability that were not 

considered in chapters 3 and 4 (e.g., during 

particularly enhanced cycles of total solar 

irradiance between 6.0-4.5 ka and 3.0-2.0 ka 

(Knudsen et al., 2009; Steinhilber et al., 2009).  

A different approach to investigate 

SPMW and ENACW formation during the 

Holocene is to explore ENACW formation 

processes at its source in the northeastern SPG. 

A potential coring site for such a project could 

be the Reykjanes Ridge (~58°N, 30°W). At depth 

of ~ 1000 m it is ideally located to record central 

water characteristics. In addition, sediment 

cores retrieved from the Reykjanes Ridge 

display high sedimentation rates during the 

Holocene permitting the reconstruction of 

multidecadal to millennial scale climate 

variability (Moros et al., 2004; Prins et al., 2001). 

Measurements of paired Mg/Ca – δ18O on both 

planktic and benthic foraminifera (same sample) 

from the Reykjanes Ridge to reconstruct both 

sea surface and central water properties could 

therefore test the conclusions drawn in Chapter 

3 and 4 and investigate the response of ENACW 

to the 8.2 ka event as well as solar irradiance 

and the NAO at its source.  

To assess the reliability of the presented 

forcing mechanisms in chapters 3 and 4 future 

modeling experiments could investigate the 

response of ENACW formation and circulation 

to natural climate variability, forced for example 

with reconstructed Holocene values for total 

solar irradiance and possibly other forcing 

scenarios (e.g. melt water forcing, wind forcing, 

sea-level forcing). In order to investigate both 

formation and circulation of ENACW a regionally 

resolved model would be necessary. High 

resolution global general circulation models may 

resolve ENACW formation, but may be too 

coarse to represent ENCAW southward 

circulation. 

Most numerical studies testing the 

effect of freshwater fluxes into the North 

Atlantic record a weakening of North Atlantic 

Deepwater formation associated with a 

warming of South Atlantic central waters 

(Manabe and Stouffer, 1997; Rühlemann et al., 

2004) suggesting tropical South Atlantic central 

waters are sensitive to North Atlantic 

freshwater perturbations.  

Measurements of paired Mg/Ca – δ18O 

values on benthic foraminifera from a sediment 

core ideally located at mid depth in the tropical 

Atlantic and with high sedimentation rates could 

provide important new insight into the 

meridional heat exchange at central water 

depth not only in response to freshwater 

forcings (e.g. 8.2-ka event) but also in response 

to natural climate variability modulated by total 

solar irradiance.  
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A1.1. Supplementary chronology: 
 

The age model for GeoB6007–2 (Figure 

A1) was established based on seventeen 

accelerator mass spectrometry (AMS) 

radiocarbon measurements (Leibniz-Laboratory 

for Radiometric Dating and Stable Isotope 

Research, Kiel University and The National 

Ocean Sciences Accelerator Mass Spectrometry 

Facility (NOSAMS), Woods Hole Oceanographic 

Institution, see Table A1). Mixed species 

included the following planktonic foraminifera 

G. bulloides, G. sacculifer, G. calida, G. ruber, G. 

falconensis, G. rubescens, T. quinqueloba, and O. 

universa (Kim et al., 2007; Kuhlmann et al., 

2004). All raw radiocarbon dates were 

converted into calendar years with the CALIB 

5.0.2 software and the MARINE04 marine 

calibration dataset (Stuiver and Reimer, 1993; 

Stuiver et al., 1998). We applied the implicit 

reservoir age correction (ΔR = 0) for all dates 

because the precise reservoir correction for 

Northwest Africa is uncertain(Kim et al., 2007). 

Ages between calibrated dates were obtained 

by linear interpolation. The radiocarbon age at 3 

cm depth gives a modern age.  

 

 

 
 
Figure A1 GeobB 6007-2 Age Model. Age-depth 
relationship of core GeoB6007-2 with focus on the high 
resolution interval from ca. 450-600 cm. 

 
A1.2. Supplementary calibration, Salinity 
and error calculation: 
 

Benthic foraminiferal calibration: 

Intermediate water temperatures were 

reconstructed from Mg/Ca measurements on 

the calcitic benthic foraminifer Hyalinea 

balthica, which is a shallow infaunal species 

living within the top 0.5-1 cm oxygenated, 

nutrient rich, fine grained sediments (Eberwein  
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and Mackensen, 2006; Schmiedl et al., 2000; 

Villanueva Guimerans and Cervera Currado, 

1999) at water depths of ca. 400-1000 m i.e., 

within ca. 5-14 °C waters (Morkhoven, 1986). A 

temperature calibration for this species has 

been obtained using surface sediments from 

multi-cores collected from the northwest 

African continental margin during the R/V 

Meteor Legs M45 and M58 in 1999 and 2002. 

Core tops used in this calibration are of modern 

age with relatively high accumulation rates and 

thus are likely to reflect the modern conditions. 

H. balthica Mg/Ca ratios range from 3.69 to 6.48 

mmol mol-1 for temperatures between 6.79 and 

12.86 °C (Table A2).  

Mg/Ca ratios are strongly correlated 

with bottom water temperature (in °C), and the 

data are well fit by a straight line (r=0.96, p 

<0.0001):  

 

Mg/Ca = (0.44 ± 0.04) T + (0.52 ± 0.37)        (1) 

 

An exponential fit to the data (r = 0.97) is not 

significantly better or worse than the linear one 

(Figure A2):  

 

Mg/Ca = 1.90 ± 0.30 e0.093 ± 0.015 T                   (2) 

 

Accordingly we use the simpler linear fit for 

estimating temperatures from Mg/Ca ratios. 

The standard error of estimate for equation (1) 

is ±0.31 mmol mol-1 which is equivalent to 

±0.70°C. The steep slope of equation (1) 

illustrates the sensitive response of H. balthica 

to temperature changes and thus reduces 

Mg/Ca errors in terms of reconstructed 

temperatures, making H. balthica an ideal 

candidate for Holocene temperature 

reconstructions. For comparison, Marchitto et 

al., (2007) and Lear et al., (2002) reported 

standard errors of 2.4°C and 1.7°C on 

Cibicidoides pachyderma and Cibicidoides 

species respectively. Further, equation (1) is 

consistent with a global calibration based on 

core top samples from Indonesia, North Atlantic 

and Mediterranean Sea sites (Rosenthal et al., 

Unpublished results), suggesting that 

temperature is the dominant control on the 

Mg/Ca composition of H. balthica tests. The 

global calibration suggests that secondary 

effects of salinity and carbonate ion saturation 

are insignificant.  

 

 

Table A1 Summary table of radiocarbon dates on GeoB 6007-2. Radiocarbon ages from core GeoB6007-2 determined by 
accelerator mass spectrometry. 
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Table A2 Calibration summary table. Mg/Ca measurements in H. balthica tests from NW African multi core tops. 
Measured temperature and salinity data are based on 3-year averaged CTD data (Knoll et al., 2002). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure A2 Regional calibration of H. balthica (see Table 
A2). 95 % confidence intervals for the linear (exponential) 
fit are shown in green (mangenta). 

The δ18O records are based on 

measurements of H. balthica tests.  The 

calibration of NW African core-top samples 

suggests that the δ18O composition of the 

calcitic tests of H. balthica follows the expected 

equilibrium values for calcite with an 

approximately constant offset of  0.62 ± 0.11 ‰, 

which is consistent with the 0.64 ‰ offset 

exhibited by Cibicidoides species (Shackleton 

and Opdyke, 1973; Zahn et al., 1986).  

Accordingly, the measured δ18O data on H. 

balthica is corrected for the 0.64 ‰ offset. 

δ18Osw values were calculated using  a published 

paleotemperature equation (Shackleton, 1974) 

further corrected for deglacial whole-ocean 

salinity employing a 120 m sea level rise (Peltier 

and Fairbanks, 2006) and an average ocean 

depth of 3800 m and a  VPDB-to-SMOW δ18O 

conversion of 0.27 ‰. The modern water 

δ18Osw- salinity relationship for the North 

Atlantic (LeGrande and Schmidt, 2006) provides 

the basis for past and present salinity 

reconstructions. The calculated salinity values 

were not corrected for the ice volume effect but 

taken on the modern salinity scale. The 

estimated standard deviation for absolute 

salinity reconstructions (Schmidt, 1999) is ±0.69 

psu. However, modern calculated salinities fall 

within ±0.30 psu (Figure A3; except for one 

outlier). Finally, δ18O and δ13C core top records 

were not found to be significantly correlated at 

the α = 0.1 significance level (r = 0.26; n = 30; p < 

0.1). 
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Figure A3 Measured vs. reconstructed Salinity. Calculated salinity values (red dots) fall within ±0.30 psu of the measured 
core top values except for one outlier. Estimated standard deviations (Schmidt, 1999) at ±0.69 and ±0.30 psu are shown 
in black and grey respectively. 

A1.3. Other 
 

 
Figure A4 Density Plot: Temperature and Salinity results are plotted along density lines and compared to a local CTD cast 
(blue) (Knoll et al., 2002). Data points between 9.0 and 8.5 ka BP are plotted in light blue. The results for events (1) and 
(2) are shown in green and magenta respectively and the remaining data points are shown in black.  The lightest values 
(within oval) are centered at 8.24 and 8.52 ka BP. 
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Figure A5 Cross-spectral analysis. Top: Normalized power spectra of δ

13
C and negative δ

14
C as well as squared 

coherency between both series. Bottom: Phase spectrum between δ
13

C and δ
14

C (inverted) series indicates no 
or only slight positive phase lag between both time series. 95 % confidence intervals are only shown if the 
coherency is significant (p = 0.05; horizontal line indicates false-alarm level for coherency). Analysis carried out 
with SPECTRUM (Schulz and Stattegger, 1997). 

A1.4. References 
 
Eberwein, A., and Mackensen, A. (2006). 

Regional primary productivity 
differences off Morocco (NW-Africa) 
recorded by modern benthic 
foraminifera and their stable carbon 
isotopic composition. Deep Sea 
Research Part I: Oceanographic 
Research Papers 53, 1379-1405. 

Kim, J.-H., Meggers, H., Rimbu, N., Lohmann, G., 
Freudenthal, T., Muller, P. J., and 
Schneider, R. R. (2007). Impacts of the 
North Atlantic gyre circulation on 
Holocene climate off northwest Africa. 
Geology 35, 387-390. 

Kuhlmann, H., Meggers, H., Freudenthal, T., and 
Wefer, G. (2004). The transition of the 
monsoonal and the N Atlantic climate 
system off NW Africa during the 
Holocene. Geophysical Research Letters 
31, L22204. 

Lear, C. H., Rosenthal, Y., and Slowey, N. (2002). 
Benthic foraminiferal Mg/Ca-
paleothermometry: a revised core-top 
calibration. Geochimica et 
Cosmochimica Acta 66, 3375-3387. 

LeGrande, A. N., and Schmidt, G. A. (2006). 
Global gridded data set of the oxygen 
isotopic composition in seawater. 
Geophysical Reearch Letters 33, L12604. 

Marchitto, T. M., Bryan, S. P., Curry, W. B. and  
McCorkle, D. C. (2007). Mg/Ca 
temperature calibration for the benthic 
foraminifer Cibicidoides pachyderma. 
Paleoceanography 22, 1-9. 

Morkhoven, v., F.P.C.M., Berggren, W.A. y 
Edwards, A.S. (1986). Cenozoic 
Cosmopolitan Deep-Water Benthic 
Foraminifera. Bulletin de Centres de 
Recherches Exploration-Production Elf-
Aquitaine 11, 421. 

Peltier, W. R., and Fairbanks, R. G. (2006). Global 
glacial ice volume and Last Glacial 
Maximum duration from an extended 



Appendix 1 
Early Holocene ENACW formation 

  

 

84 
 

Barbados sea level record. Quaternary 
Science Reviews 25, 3322-3337. 

Rosenthal, Y., Morley, A., Barras, C., Katz, M., 
Jorissen, F., de Lange, G., Oppo, D. W., 
and Linsley, B. K. (Unpublished results). 
Temperature calibration of Mg/Ca ratios 
in the intermediate water benthic 
foraminifer Hyalinea balthica. 

Schmidt, G. A. (1999). Error analysis of 
paleosalinity calculations. 
Paleoceanography 14, 422-429. 

Schmiedl, G., de Bovée, F., Buscail, R., Charrière, 
B., Hemleben, C., Medernach, L., and 
Picon, P. (2000). Trophic control of 
benthic foraminiferal abundance and 
microhabitat in the bathyal Gulf of 
Lions, western Mediterranean Sea. 
Marine Micropaleontology 40, 167-188. 

Schulz, M., and Stattegger, K. (1997). 
SPECTRUM: Spectral analysis of 
unevenly spaced paleoclimatic time 
series. Computers & Geosciences 23, 
929-945. 

Shackleton, N. (1974). Attainment of isotopic 
equilibrium between ocean water and 
the benthonic foraminifera genus 
Uvigerina: Isotopic changes in the ocean 
during the last glacial. Colloq. Int. 
C.N.R.S. 219, 203-209. 

Shackleton, N. J., and Opdyke, N. D. (1973). 
Oxygen isotope and paleomagnetic 
stratigraphy of equatorial Pacific core V 
28-238: Oxygen isotope temperatures 
and ice volumes on a 105 year scale. 
Quartenary Research 3, 39-55. 

Stuiver, M., and Reimer, P. J. (1993). Extended 
14C data-base and revised calib 3.0 14C 
age calibration program. Radiocarbon 
35, 215-230. 

Stuiver, M., Reimer, P. J., Bard, E., Beck, W., 
Burr, G. S., Hughen, K. A., Kromer, B., 
McCormac, G., van der Plicht, J., and 
Spurk, M. (1998). INTCAL98 radiocarbon 
age calibration, 24,000-0 cal BP. 
Radiocarbon 40, 1041-1083. 

Villanueva Guimerans, P., and Cervera Currado, 
J. L. (1999). Distribution of 
Planorbulinacea (benthic Foraminifera) 
assemblages in surface sediments on 
the northern margin of the Gulf of 

Cadiz. Boletin. Instuto Espanol de 
Oceanografia 15, 181-190. 

Zahn, R., Winn, K., and Sarnthein, M. (1986). 
Benthic foraminiferal delta 13C and 
accumulation rates of organic carbon: 
Uvigerina peregrina group and 
Cibicidoides wuellerstorfi. 
Paleoceanography 1, 27-42. 

 

 


