
Einführung  
in die Paläozeanographie 

 
 





Klima  
 
Die Synthese des Wetters 
über einen Zeitraum, der lang 
genug ist, um dessen 
statistische Eigenschaften zu 
bestimmen 
 



 KLIMAFAKTOREN: 
 Prozesse und Zustände, die zur Entstehung,   
 Aufrechterhaltung und Veränderung des Klimas führen. 

   

 Sonnenstrahlung (solares Klima)  
 Strahlungs- und Wärmehaushalt 
 Land- und Meerverteilung (maritimes/kontinentales Klima)  
 Höhe über NN (Gebirgsklima)  
 Zusammensetzung der Erdatmosphäre (Spurengase,  
 Aerosole, Wasserdampf)  
 Ozean- und Atmosphärische Zirkulation    
 Landvegetation und biologische Produktion 
 































Forcing low latitudes Cane and Clement 
(1999) AGU Monograph  











Tropical Rainfall 
Measuring Mission 

(TRMM, since 1997) 

Innertropical Convergence Zone 





The Thermohaline Circulation 

(after W. Broecker, modified after E. Maier-Reimer) 
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Schmitz, 1996 
Atmosphere & Ocean Circulation 



Atmosphere & Ocean Circulation 

from CLIVAR website 









Paleo-CO2 
and productivity 

in the ocean 
 
 

Relation to atmospheric CO2 
Proxies 

Problem of Quantification 
Late Quaternary Variations 
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IPCC Scenarios 



Model results in context with natural variability 



The table and 
figure give an 
accounting of 
where the 
different forms 
of carbon are 
located on earth  
! Note that 1015 g 
= 1 billion tons = 
1 gigaton = 1 
Pedagram):  

In the 
atmosphere, 
CO2 is 99.6% of 
the total  

Global Carbon Cycle 

http://www.visionlearning.com 



Global Carbon Cycle 

Role of the Ocean 



Ca2+  2HCO3
-     =>    CaCO3 + CO2 +  H20  

 
 

H20 + CO2  =>(Photosynthesis)   CH2O + O2 
 
 
 

Important:  Corg/CaCO3 ratio of total PP 
 
 

Type of primary productivity  



The Global 
Biosphere 

Series 

Pigment 
Concentration 

Northern Summer 

Northern Winter 

SEAWIFS 
IMAGE GALLERY 

 
SEAWIFS Project 
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Ocean Colour 



Phytoplankton 



Primary Productivity   (gC m-2) 

Antoine et al. 1996 



Takahashi et al. 2002 

Atmosphere - Ocean CO2 exchange 







Der delta-Wert 



Internationale Standards für Isotopen-
Zusammensetzungen von H, C, O, S, N 

Standard   Standard    Element 
______________________________________________________________________________________ 

PDB   Belemnitella americana    C, O 
   aus der Peedee Formation der Kreide 
   South Carolina 

 
 
 
SMOW   Standard Mean Ocean Water   H, O 
 
CD   Troilit (FeS) Eisenmeteorit    S 

   aus dem Diabolo Canyon 
 
N2   (Luft)  Luft      N  

  



Calculation of paleo PCO2 in the ocean    



Biological Pump Effect 
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RADIOCARBON  DATING 
 

Method, Instruments, Calibration,  
 

and Application in the Marine Environment 
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Radiocarbon Method 
The radiocarbon dating method was developed 
by a team of scientists led by the late Professor 
Willard F. Libby of the University of Chicago between 
1947 and 1952. 
 
Libby later received the Nobel Prize in Chemistry in 
1960:  
 
"for his method to use Carbon-14 for age 
determinations in archaeology, geology, geophysics, 
and other branches of science."  
 
"Seldom has a single discovery in chemistry had such 
an impact on the thinking of so many fields of human 
endeavour. Seldom has a single discovery generated 
such wide public interest."  
 
 

Today, there are over 130 radiocarbon dating laboratories around the world 
producing radiocarbon assays for scientific fields including hydrology, atmospheric 
science, oceanography, geology, palaeoclimatology, archaeology and biomedicine. 



There are three principal isotopes of carbon which occur naturally - C12, C13 (both stable) and C14 (unstable or 
radioactive). These isotopes are present in the following amounts C12 - 98.89%, C13 - 1.11% and C14 - 
0.00000000010%. Thus, one carbon 14 atom exists in nature for every 1,000,000,000,000 C12 atoms in living material. 
The radiocarbon method is based on the rate of decay of the radioactive or unstable carbon isotope 14 (14C), which is 
formed in the upper atmosphere through the effect of cosmic ray neutrons upon nitrogen 14. The reaction is: 
14N + n => 14C + p      (Where n is a neutron and p is a proton).  
 
The 14C formed is rapidly oxidised to 14CO2 and enters the earth's plant and animal lifeways through photosynthesis 
and the food chain. The rapidity of the dispersal of C14 into the atmosphere has been demonstrated by measurements 
of radioactive carbon produced from thermonuclear bomb testing. 14C also enters the Earth's oceans in an atmospheric 
exchange and as dissolved carbonate (the entire 14C inventory is termed the carbon exchange reservoir (Aitken, 
1990)). Plants and animals which utilise carbon in biological foodchains take up 14C during their lifetimes. They exist in 
equilibrium with the C14 concentration of the atmosphere, that is, the numbers of C14 atoms and non-radioactive 
carbon atoms stays approximately the same over time. As soon as a plant or animal dies, they cease the metabolic 
function of carbon uptake; there is no replenishment of radioactive carbon, only decay.  
 
Libby, Anderson and Arnold (1949) first discovered that this decay occurs at a constant rate. They found that after 5568 
years, half the C14 in the original sample will have decayed and after another 5568 years, half of that remaining material 
will have decayed, and so on (see figure 1 below). The half-life (t 1/2) is the name given to this value which Libby 
measured at 5568±30 years. This became known as the Libby half-life. After 10 half-lives, there is a very small amount 
of radioactive carbon present in a sample. At about 50 - 60 000 years, then, the limit of the technique is reached 
(beyond this time, other radiometric techniques must be used for dating). By measuring the C14 concentration or 
residual radioactivity of a sample whose age is not known, it is possible to obtain the countrate or number of decay 
events per gram of Carbon. By comparing this with modern levels of activity (1890 wood corrected for decay to 1950 
AD) and using the measured half-life it becomes possible to calculate a date for the death of the sample.  
As 14C decays it emits a weak beta particle (b ), or electron, which possesses an average energy of 160keV. The decay 
can be shown:       14C => 14N + b 
 
Thus, the 14C decays back to 14N. There is a quantitative relationship between the decay of 14C and the production of 
a beta particle. The decay is constant but spontaneous. That is, the probability of decay for an atom of 14C in a discrete 
sample is constant, thereby requiring the application of statistical methods for the analysis of counting data.  

Radiocarbon Method 



Cosmogenic nuclides 
  
Cosmogenic nuclides are isotopes 
that are produced by interaction of 
cosmic rays with the nucleus of the 
atom. Shown are radioactive 
isotopes of the elements beryllium, 
carbon, aluminum, chlorine, calcium, 
and iodine. The lifetimes range from 
thousands to millions of years. They 
are produced in meteorites and other 
extraterrestrial materials, in the 
Earth's atmosphere, and on the solid 
surface of the earth.  
 

Radionuclides    Half-life (years)

10Be 1,500,000
14C 5,730
26Al 730,000
36Cl 301,000
41Ca 100,000
129I 16,000,000

C   
13 

C   
12 ~ 98.89 % of total 

~   1.11 % of total 

C 14 ~ 0.00000000010 % of total  (1 part per Trillion) 

14C 5,558 ±30 

Natural Carbon Isotopes 

!! Libby´s half-life time is used by convention !! 
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Decay 

14C 
 Incorporation 

Natural Distribution 



Production and Decay 

N 7 
14 C 6 

14 n 0 
 1 H 1 

 1 + + 

N 7 
14 C 6 

14 + β- (160 keV) 

Atmosphere, Biosphere, and Oceans contain about: 
42 x 1012 tons of 12C 
47 x 1010 tons of 13C 

but only 62 tons of 14C 
 

The estimated 14C production rate of 7.5 kg/year  
is assumed to be by the annual global decay 

to keep the global 14C budget constant 



Law of Decay 

A = A0 e -λt 

A:   measured 14C activity, e.g., in dpm/gC 
A0:  natural 14C activity at the time of incorporation 
λ :   half-life time (t1/2),      t  :   time passed 

ln (A/A0) = -λt  ⇨  t = 1/λ ln(A0/A) 

http://vcourseware4.calstatela.edu/VirtualDating/files/RC_2.html 
http://staff.gc.maricopa.edu/~mvillarb/SyRIS/lawdecay.htm 



Law of Decay 



Summary 

… 



Summary 

Mixing on longer  
time scales! 
  
and decay 



http://www.ipp.phys.ethz.ch/research/
experiments/tandem/posters/ 

Terrestrial Archives 

Archaeological Sites 



Terrestrial Archives 

http://www.ipp.phys.ethz.ch/
research/experiments/

tandem/posters/ 



http://www.ipp.phys.ethz.ch/research/experiments/tandem/posters/ 

Lake Soppensee, Luzern, Switzerland 

Terrestrial Archives 



Terrestrial Archives 

IGBP-PAGES website 



Marine Archives 

DEEP-SEA CORALS 

IGBP-PAGES website Institut fuer Umweltphysik, Uni Heidelberg 



Planktonic Foraminifera/ 
Mediterranean/ Levantine Basin/  

 
Globerinoides ruber 

Images from a thesis by Jens Kallmayer (yr. 1998 
SOCRATES visitor from Bremen) 

For more information about these research projects 
contact Dr.Eelco.J.Rohling  

(Pages created and maintained by Barry Marsh 

SOES)  

Globigerina bulloides 

Marine Archives 



Globigerinoides sacculifera 

Neogloboquadrina  
pachyderma (right 
coiling) 

Marine Archives 



Counting techniques   

β- DECAY  in dpm per g C 
 
#  in gas counters (Geiger principle) C is converted to CH4, CO2 
    or Acetylene and electron emmission is measured by voltage 
 
#  with liquid scintillation with conversion of C into an organic      
    liquid (e.g., Benzene) and photochemical reaction (flashes of 
    light) in the liquid 
 
PROBLEMS:  
# Large samples needed, grams of pure C 
# Long measure times of hours to days for old samples 
# Shielding of instruments against natural background 
   radioactivity 
 
!  AMS 14C Measurements 



Sample Preparation Graphite  

ETH Zürich Website 



Principle Accelerator Mass-Spectrometer 



Accelerator Mass-Spectrometer „mini version“ 

ETH Zürich Website 



Examples Marine Records 

Arz et al. 1999 



Bard et al. 1992 

Calibration:  Marine Environment  

14C versus 230Th/234U in the same coral sample 

Bard et al. 1992 



http://www.umweltphysik.uni-heidelberg.de/ 

Calibration by tree rings  „Dendrochronologie“  



Calibration by tree rings  „Dendrochronologie“  

! Delta 14C ! 

Kromer & Becker 1992 



Bard et al. 1992 



Causes for 
deviations of radiocarbon ages from calendaric ages 

1.  Variations in the rate of 14C production in the atmosphere 
 # Variations in cosmic ray flux due to solar activity 
 # Variations in cosmic ray flux due to changes in the geomagnetic field 
 # 14C production by nuclear weapon testing and nuclear techniques 

 
2.  Variations in the rate of exchange of 14C between various reservoirs 

and changes in the relative CO2 content between reservoirs 
 # Changes in CO2 solubility and dissolution, atmosphere-ocean 
 # Changes in terrestrial biosphere (biomass), humidity, human activity 
 # Ocean productivity and upwelling, and deep circulation 

 
3.  Variations in the total amount of CO2 in the atmosphere, biosphere,  

and hydrosphere 
 # Volcanism and other mechanisms of CO2 lithosphere degassing 
 # Release or burial in sedimentary reservoirs 
 # Combustions of fossil fuels 



Warved  
lake  

sediments  
in Poland 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Goslar et al. 2000 
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Reimer et al. 2013 
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