
Lecture 1: Introduction to paleoceanographic proxies and insights from the geological
record Harry Elderfield

1. What is a proxy

2. Types of proxy:  inspection of the marine geological record what processes have
occurred in the oceans in the past; inspection of composition of seawater, or processes
that have occurred within oceans

3. Testing and evolution of confidence in proxies

4. Use of chemical or isotopic composition of biogenic calcium carbonate as the proxy
archive

Fischer, G. & Wefer, eds Use of proxies in paleoceanography Springer (1999)

Elderfield H., ed. The oceans and marine geochemistry, Treatise on geochemistry vol 6
Elsevier (2006)
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Secondary influences on foraminiferal stable isotopes (Babette Hoogakker) 
Summary 
Foraminifera are unicellular eukaryotic micro-organisms with reticulating pseudopods. Fossil 
tests of calcareous foraminifera are widely used to reconstruct marine paleo-environmental 
conditions.  
Foraminiferal !18O, used to reconstruct past variations in global ice volume/sea-level and 
salinity, is influenced by primary factors (temperature dependent fractionation of 18O) and 
secondary factors (1-preservation effects related to dissolution and respiration, 2-kinetic 
fractionation effects during hydration and hydroxylation of CO2 related to carbonate chemistry, 
and 3-metabolic fractionation effects during biomineralization related to species specific vital 
effects).  
Planktonic foraminifera, that live near the sea surface, occupy various depths in the water 
column (mainly top 200 m) and are subject to a wide range of temperature and nutrient 
changes (with depth, and seasonally). Furthermore, increased growth rates cause depletion 
in !18O, whereas the addition of a gametogenic calcite layer during reproduction causes !18O 
enrichment.  
Different benthic foraminifera species, that live on (epifaunal) or in (infaunal) the seafloor, 
from the same location and environment however often show different !18O, making it unlikely 
that all species (if any) form their calcite in equilibrium with seawater. 
Paleoceanographers got round this by introducing species !18O offsets, by assuming that one 
species (often Uvigerina) calcifies its calcite closest to equilibrium with seawater, and inferring 
constant offsets between Uvigerina and all other species.  
When interpreting mixed benthic foraminiferal species !18O records it is important to take into 
account standard deviations of the offsets between various species (generally larger than 
0.2‰), as this will limit quantitative interpretation to variations larger than the standard 
deviation. Furthermore, the sensitivity of different benthic foraminiferal species to changing 
environmental conditions might be different. 
The assumption of constant offset between different benthic foraminiferal species however 
does not always hold. Locations characterized by seasonal brine formation can show large 
differences in !18O between species that are dominant under ice-free and sea-ice conditions. 
In addition, in high productivity areas significant variations can be observed in !18O offsets 
between infaunal Uvigerina and epifaunal Cibicidoides, caused by Uvigerina not showing the 
full glacial-interglacial decrease in !18O. The deglacial enrichment in Uvigerina !18O can 
potentially be related to changes in vital effects or kinetic fractionation during intervals of high 
productivity/ remineralization. 
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Lecture 4. Temperature proxies 
 

Dr. Caroline Dawber 
 

Outline 
 

! Proxy methods, maturity and confidence levels 
! Qualitative & semi-quantitative temperature indices 

o Sediments and geomorphology 
o Temperature sensitive organisms 
o Dendroclimatology 

! Paleoecological transfer functions 
o Theory & calibration function 
o Application: CLIMAP LGM SST. 
o Bias and revisions – MARGO 

! Carbonate Mg/Ca thermometry 
o Insights from inorganic precipitation experiments 
o Biogenic carbonates 
o Calibrating the foraminifera Mg/Ca thermometers 
o Issues: changes in seawater Mg/Ca 
o Issues: dissolution 
o Issues: diagenetic alteration & secondary inorganic calcite 
o Application: Cenozoic temperature reconstruction and the 

inception of glaciation 
o 2nd generation issues: carbonate ion problem 
o 2nd generation issues: salinity influence? 

! Clumped isotope thermometry 
o Background & theory 
o Early calibrations 

! Organic carbon thermometry 
! Alkenone undersaturation index 

o Theory & producers 
o Calibrations 
o Advantages & Disadvantages 

! TEX86  
o Theory & calibrations 
o Advantages & Disadvantages 
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EPOCA Lecture 5.  Constructing age models 

Prof. Nick McCave 

 

0. What is an “age model”: age-depth mapping; time (age) onto space (depth). 

 

1. Actual dating versus correlation to a dated standard. 

 

2. Dating; Direct, Absolute 

A. Radiometric methods: long to short half-life. 

a. Ar – Ar (T! = 1.28 x 109 a) on volcanic ash.  [formerly K – Ar]. 

b. 238U – 230Th disequilibrium (T! = 75,400 a) on sediment. 

c. 14C (T! = 5,730 a) on forams, bulk CO3 and organic carbon. 

d. 210Pb disequilibrium (T! = 22.4 a) on sediment. 

B. Annual Layer counting 

a. Varves - lake and sea  

b.  Tree Rings 

c. Ice cores. 

 

3. Dating by correlation to a standard 

    Standards 

     a.  Biostratigraphic – FAD, LAD, acme, etc. 

     b.  Magnetostratigraphic – reversals and palaeointensity excursions.  

     c.  Tephrochronology (volcanic ash) 

     d.  Ice-core "18O or "D or dust records – layer count and flow model 

     e.  Benthic oxygen isotope stacks (old SPECMAP, new LR04). 

 

How are these dated? Mainly by :- 

4.     Dating by correlation to calculated insolation variations due to periodic 

orbital variations – ‘Orbital Tuning’ 
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5.      Standards 

a. Orbital (Milankovitch) fluctuations of insolation. 

b. Biostratigraphic – FAD, LAD, acme, etc. 

d.  Magnetostratigraphic – reversals and excursions. 

e. Benthic oxygen isotope stacks (old SPECMAP, new LR04). 

f.  Tephrochronology. 

g. Ice-core "18O or "D or dust records – layer count and flow model 

C. Properties used to correlate to the standard 

a. Microfossils – forams, coccoliths, diatoms, radiolarians. 

b. Lithology - %CaCO3, chemical composition – Fe, Ca, etc. 

c. Proxies for lithology – magnetic susceptibility, spectral reflectance. 

d. Magnetic inclination – reversal sequence. 

e. Oxygen isotope ("18O) variation in benthic & planktonic forams (& 

bulk sed.). 

6. Errors 

a. Errors on dated points. 

i. Ar-Ar: see dating books. 

ii. (U – Th); Thxs 

iii. C-14 

     (i)   half lives – modern 5730 a and old (Libby) 5568 a. 

     (ii)  calibration – INTCAL etc, ages > 25 ka Fairbanks. 

     (iii) marine reservoir age. 

iv. 210Pb  – CRS and CIC models. 

b. Errors of Interpolation 

i. Linear versus spline/other curve fit, etc. 

ii. Using 230Thxs, focussing. 

 

7.  How it’s done 

    Use of ‘Analyseries’ correlation programme; Sedimentation rate constraints. 
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Lecture 6: Carbonate system parameters Harry Elderfield

The ocean carbonate system and how it affects CO2

How do we estimate carbonate ion

Corrosion of planktonic foraminiferal calcium carbonate

Calcium carbonate accumulation in oceanic sediments

Productivity or preservation

Geochemical solutions

Broecker W.S and Peng T-H Tracers in the Sea Eldigio Press 1982

Zeebe, R. E. and Wolf-Gladrow. CO2 in Seawater: Equilibrium, Kinetics,
Isotopes. Elsevier Oceanography Series, 65, pp. 346, Amsterdam, 2001



Lecture 7: Biological productivity and export production Harry Elderfield

Biological productivity and nutrients in sea water

HNLC

nutrients as water mass tracers

!13C and Cd/Ca in benthic foraminifera

proxies of export production and nutrient utilisation

Anderson R et al Deep-Sea Research 49, 1909 (2002)

Elderfield H., ed. The oceans and marine geochemistry, Treatise on
geochemistry vol 6 Elsevier (2006)



Lecture 8.   Proxies for tracing patterns and rates of ocean 
circulation  

 
Dr. Alexander Piotrowski 

 
! Introduction:  Link between ocean circulation and climate 
! Deep ocean parameters we would like to reconstruct 

o Water mass flux and/or flowspeed 
o Water mass source (ex. NADW, AABW) 
o Nutrient contents (ex. Concentration of PO4, SCO2 , 

carbonate speciation) 
! Proxies of deep ocean water mass 
! Nutrient-based proxies 

o Benthic Foraminiferal carbon isotopes 
o Benthic Foraminiferal Cd/Ca 

! Benthic Foraminiferal carbon isotopes 
o Background & theory 
o GEOSEC measurements by Kroopnick, 1985 
o Calibrating to phosphate concentration 
o Issues: other controls on deep water composition 
o Issues: micro-environment (Mackenson Effect) 

! Benthic Foraminiferal Cd/Ca 
o Background & theory 
o Relation to carbon isotopes 
o Issues:  other controls on proxy reconstructions 

! Flow Speed Proxies 
! 230Pa/231Th 

o Background & Theory 
o Early calibration by Yu et al., 1996  
o Bermuda Rise record by McManus et al., 2004 
o Productivity control? 

! Water mass source/mixing proxies 
! Nd isotopes  

o Theory & calibrations 
o Fe-Mn crust and fish teeth records 
o Leaching records, Deep Cape Basin work 
o Advantages & Disadvantages 
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Harry’s proxy workshop for EPOCA, 2009 

EPOCA: Lecture 9 

The Sedimentary System: Cautionary Tales 
Prof. Nick McCave 

1. Revision: Sedimentary components and how they arrive a the sea floor - 
Processes of deep sea sediment transport and deposition 

 

• Terrigenous material 

a. Direct from river plumes (little now) – but sea level shifts …..  

b. Wind-blown dust 

c. Turbidity currents/ mass movement 

d. Resuspension on slopes and rises 

• Biogenic components – forams, nannos, diatoms, rads, dinos, POC  

a. Regional productivity variation; quantity and quality 

b. Re-entrainment of old material 

• Chemical Scavenging & adsorbtion 

• Segregation by size/settling velocity in transport: vertical and lateral 

2. Coring Artifacts 

3. Post-depositional changes; bioturbation 

• Biological mixing: diffusion - diffusivity, DB 

• Biological mixing: advection – conveyor feeding  & pumping  

• effect on C-14 dates 

4. Events – effect on age structure, preservation of 

5. HOLY GRAIL: High resolution - how to increase S - sedimentation rate: 
achievement by: 

• Episodic turbidite input 

• ‘Focussing’ e.g. dep downstream of obstacles 

• Drift sedimentation 

6. THE GRAIL, laminated sediments, 1 mm/year, but the penalty of bottom 
anoxia. 



 1 

EPOCA:  Lecture 9.  The Sedimentary System:  Cautionary Tales 

Problems with records:  Coring, bioturbation (mixing & pumping), ‘events’ and 
‘excess sedimentation’ (focussing). (……….= more important) 

 
General: Sedimentation, transport etc. 
 
McCave, I.N., 1995. Sedimentary processes and the creation of the stratigraphic 

record in the late Quaternary North Atlantic Ocean, Phil. Trans. Roy. Soc. 
London, Ser. B, 348, 229-241. 

McCave, I.N., 2007 Deep-sea sediment deposits and properties controlled by 
currents, pp. 19-62, In: Proxies in Late Cenozoic Paleoceanography, Eds. C. Hilaire-
Marcel & A. de Vernal, Developments in Marine Geology, Vol. 1, Elsevier, 
Amsterdam, 843 pages, ISBN: 978-0-444-52755-4. 

 
Coring artifacts 
 
Skinner L. & I.N. McCave, 2003. Analysis and modelling gravity- and piston coring 

based on soil mechanics.  Mar. Geol., 199:  181-204. 
 
Sediment mixing  
Bard, E., 2001. Paleoceanographic implications of the difference in deep-sea sediment 

mixing between large and fine particles Paleoceanography, 16:  235-239. 
Boudreau, B.P, 1998. Mean mixed depth of sediments:  The wherefore and the why, 

Limnol. Oceanogr., 43, 524-526, 1998. 
DeMaster, D.J., McKee, B.A., Nittrouer, C.A., Brewster, D.C. & Biscaye, P.E. 1985. 

Rates of sediment reworking at the HEBBLE site based on measurements of Th-
234, Cs-137 and Pb-210. Mar. Geol., 66: 133-148. 

Guinasso, N.L. & Schink, D.R. 1975. Quantititative estimates of biological mixing 
rates in abyssal sediments. J. Geophys. Res., 80: 3032-3043. 

Robbins, J.A. 1986. A model for particle-selective transport of tracers in sediments 
with conveyor belt deposit feeders. J. Geophys. Res., 91: 8542-8558. 

Shimmield, G.B., Brand T.D., & Ritchie G.D., 1995. The benthic geochemical record 
of late Holocene carbon flux in the northeast Atlantic Phil. Trans. Royal Soc. 
Lond. B348, 221-227, 

Smith, C.R., Pope, R.H., DeMaster, D.J. & Magaard, L. 1993. Age-dependent mixing 
of deep-sea sediments. Geochim. Cosmochim. Acta, 57: 1473-1488. 

Smith, J.N., Boudreau, B.P., Schafer, C.T. & Noshkin, V. 1986. Plutonium and 210Pb 
distributions in Northeast Atlantic sediments:  subsurface anomalies caused by 
non-local mixing. Earth Planet. Sci. Lett., 81: 15-28.  

Soetaert K., Herman P.M.J., Middelburg J.J., Heip C., de Stigter H.S., van Weering 
T.C.E., Epping E. & Helder W., 1996. Modeling Pb-210-derived mixing activity 
in ocean margin sediments: Diffusive versus nonlocal mixing. Journal of Marine 
Research, 54:  1207-1227. 

Thomson, J., Colley, S. & Weaver, P.P.E. 1988. Bioturbation into a recently-emplaced 
deep-sea turbidite as revealed by 210Pbexcess, 230Thexcess and planktonic 
foraminifera distributions. Earth Planet. Sci. Lett., 90: 157-173. 
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Wheatcroft, R.A. 1992. Experimental tests for particle size-dependent bioturbation in 
the deep ocean. Limnol. Oceanogr., 37: 90-104. 

Wheatcroft, R.A. & Jumars, P.A. 1987. Statistical re-analysis for size dependency in 
deep-sea mixing. Mar. Geol., 77: 157-163. 

 
Biological pumping of coarse grains upwards. 
McCave, I.N. 1988. Biological pumping upwards of the coarse fraction of deep-sea 

sediments. J. Sed. Petrol., 58: 148-158. 
Paull, C.K., Hills, S.J., Thierstein, H.R., Bonani, G. & Wolfli, W. 1991. 14C offsets and 

apparently non-synchronous 180 stratigraphies between nannofossil and 
foraminiferal carbonates. Quaternary Res., 35: 274-290. 

Thomson, J., Cook, G.T. Anderson, R., Mackenzie, A.B., Harkness, D.D. and McCave, 
I.N. Radiocarbon age offsets in different-sized carbonate components of deep-
sea sediment.  Radiocarbon, 37, 91-101.  

Brown L, Cook GT, MacKenzie AB. & Thomson J., 2001. Radiocarbon age profiles 
and size dependency of mixing in Northeast Atlantic sediments. Radiocarbon, 
43:  929-937. 

 
Impact of ‘events’ and sediment transport on age structure 
Manighetti, B., McCave, I.N., Maslin, M. & Shackleton, N.J. 1995. Chronology for 

climate change:  Developing age models for the Biogeochemical Ocean Flux 
Study cores. Paleoceanography, 10: 513-525. 

Wheatcroft R.A., 1990. Preservation potential of sedimentary event layers. Geology, 
18, 843-845. 

 
Sedimentation rates and laminated sediments 
Balsam, W.L. & McCoy, F.W. 1987. Atlantic sediments: Glacial/interglacial 

comparisons. Paleoceanography, 2: 531-542. 
Balsam, W.L. 1988. Sediment accumulation rates west of the mid-Atlantic Ridge 

(35°N). Mar. Geol., 81: 1-13. 
Bull, D., Kemp, A.E.S. & Weedon, G.P. 2000.  A 160-k.y.-old record of El Niño - 

Southern Oscillation in marine production and coastal runoff from Santa 
Barbara Basin, California, USA. Geology, 28: 1007-1010. 

Schaaf, M. & Thurow, J. 1997. Tracing short cycles in long records: The study of 
inter-annual to inter-centennial climate change from long sediment records, 
examples from the Santa Barbara Basin. J. Geol. Soc. Lond., 154: 613-622. 

 
Impact of lateral supply on age and properties of components 
Benthien A, Muller PJ., 2000.  Anomalously low alkenone temperatures caused by 

lateral particle and sediment transport in the Malvinas Current region, western 
Argentine Basin Deep-Sea Research I , 47: 2369-2393. 

Ohkouchi, N., Eglinton, T.I., Keigwin, L.D. and Hayes, J.M., 2002.  Spatial and 
temporal offsets between proxy records in a sediment drift. Science, 298: 1224-7. 

McCave, I.N., (2002).  A poisoned chalice?  Science, 298: 1186-7. 
 
 
 
Longer list (and there’s a lot more besides!) 
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Bard, E., M. Arnold, J. Duprat, J. Moyes, and J.-C. Duplessy, 1987. Reconstruction of 

the last deglaciation: Deconvolved record of 18O profiles, 
micropaleontological variations and accelerator  mass spectrometer 14C dating, 
C!im. Dyn. 1, 101-112 

Benninger, L. K. , Aller, R. C. , Cochran, J. K.  & Turekian, KK.  1979.  Effects of 
biological sediment mixing on the 210Pb chronology and trace metal 
distribution in a Long Island Sound sediment core.  Earth Planet. Sci.  Letts. , 43: 
241-259.  

Berger, W. H.  & Heath, G. R.  1968.  Vertical mixing in pelagic sediments.  J. Mar. 
Res. , 26: 134-143.  

Boudreau, B. P.  1986.  Mathematics of tracer mixing in sediments:  I.  Spatially-
dependent, diffusive mixing.  Am. J. Sci. , 286: 199-238.  

Boudreau, B. P.  1986.  Mathematics of tracer mixing in sediments:  II.  Nonlocal 
mixing and biological conveyor-belt phenomena.  Am. J. Sci. , 286: 199-238.   

Boudreau, B. P, 1994.  Is burial velocity a master parameter for bioturbation?, 
Geochim.  Cosmochim.  Acta, 58, 1243-1249.  

Carpenter, R. , Peterson, M. L.  & Bennett, J. T.  1982.  210Pb-derived sediment 
accumulation and mixing rates for the Washington continental slope.  Mar. 
Geol. , 48: 135-164.  

Cochran, J. K.  1985.  Particle mixing rates from MANOP sites in the eastern 
equatorial Pacific:  evidence from 210Pb, 239,240Pu and 137Cs distributions.  
Geochim. Cosmochim. Acta. , 49: 1195-1205.  

Erlenkeuser, H.  1980.  14C age and vertical mixing of deep-sea sediments.  Earth 
Planet. Sci. Letts. , 47: 319-326.  

Krishnaswami, S. , Benninger, L. K. , Aller, R. C.  & Von Damm. , K. L.  1980.  
Atmospherically-derived radionuclides as tracers of sediment mixing and 
accumulation in nearshore marine and lake sediments:  Evidence from 7Be, 
210Pb and 230, 240Pu.  Earth Planet. Sci. Letts. , 47: 307-318.  

Nittrouer, C. A. , DeMaster, D. J. , McKee, B. A. , Cutshall, N. H.  & Larsen, I. L.  
1984.  The effect of sediment mixing on 210Pb accumulation rates for the 
Washington continental shelf.  Mar. Geol. , 54: 201-221.  

Officer, C. B.  & Lynch, D. R.  1983.  Determination of mixing parameters from tracer 
distribution in deep-sea sediment cores.  Mar. Geol. , 52: 59-74.  

Peng, T-H. , Broecker, W. S. , Kipphut, G.  & Shackleton, N.  1977.  Benthic mixing in 
deep sea cores as determined by 14C dating and its implications regarding 
climate stratigraphy and the fate of fossil CO2.  In:  N. R.  Anderson and A.  
Malahoff (Editors), The Fate of Fossil Fuel CO2 in the Oceans, Plenum Press, New 
York, pp. 355-373.  

Peng, T-H. , Broecker, W. S.  & Berger, W. H.  1979.  Rates of benthic mixing in deep-
sea sediment as determined by radio-active tracers. Quaternary Res., 11: 141-149.  

Peng, T-H.  & Broecker, W. S.  1984.  The impacts of bioturbation on the age 
difference between benthic and planktonic foraminifera in deep sea sediments.  
Nucl.  Instrum.  Methods Phys.  Res. , Sect B, 5:  346-352.   

Ruddiman, W. F. , Jones, G. A. , Peng, T-H, Glover, L. K. , Glass, B. P.  & Liebertz, P. 
J.  1980.  Tests for size and shape dependency in deep-sea mixing.  Sed. Geol.  25: 
257-276.  
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Ruddiman, W. F. , and L. K.  Glover, 1982.  Mixing of volcanic ash zones in subpolar 
North Atlantic sediments, in The Ocean Floor, edited by R. A.  Scrutton and M.  
Talwani, pp.  37-60, John Wiley, New York.  

Sanderson, B.  1985.  How bioturbation supports manganese nodules at the 
sediment-water interface.  Deep-Sea Res. , 32:  1281-1285.  

Schiffelbein, P.  1985.  Extracting the benthic mixing impulse response function:  a 
constrained deconvolution techninique.  Mar. Geol. , 64: 313-336.  

Smith, J. N.  & Schafer, C. T.  1984.  Bioturbation processes in continental slope and 
rise sediments delineated by Pb-210, microfossils and textural indicators.  J. 
Mar. Res. , 42: 1117-1145.  

 



Practical demonstration P2: Trace elements in biogenic carbonates 
as proxies for past ocean chemistry 
 
Composition of foraminiferal calcite 
Foraminiferal calcite is composed of extremely pure (~99%) CaCO3  
Four minor elements Na, Mg, Sr and F comprise most of the remaining ~1% and are 
present at abundances greater than 10-3 mol/mol Ca.   
Other trace metals are present at extremely low abundances, ~10-4 to 10-9 mol/mol Ca. 
 
Analytical issues 
Trace elements must be determined in the presence of orders of magnitude greater Ca.  
Potential for contamination from high concentrations of these elements in sediments 
and ferro-manganese coatings.  
Trace metal clean procedures and sensitive detection methods are essential. 
Need precision and accuracy appropriate to the concentration range of trace elements. 
Trace element determinations have particular analytical problems - often specific to 
individual trace metals. 
 
Sampling 
Sediment disaggregation, foram picking, weighing, then crushing and splitting for 
multi-proxy determination. 
 
Cleaning     
–Removal of clay materials    required for: 
–Removal of organic matter    Mg/Ca, Sr/Ca, B/Ca, Li/Ca 
–Removal of Mn-Fe-oxide coatings   Cd/Ca, U/Ca, Zn/Ca 
–Removal of barite     Ba/Ca 
–Final dilute acid leach before sample dissolution 
 
Inductively coupled plasma optical emission spectrophotometry (ICP-OES) 
–preliminary Ca concentration determination 
–Mg/Ca & Sr/Ca determined by intensity ratio method 
–Al, Fe, Mn, Si, Ti monitored to check cleaning efficiency 
Simultaneous determination gives better precision for Mg/Ca, Sr/Ca than ICPMS. 
Can determine Fe/Ca - not determined by quadrupole ICPMS 
   
Inductively coupled plasma mass-spectrometry (ICP-MS)    
–Samples diluted to constant [Ca] of 100 ug/g 
–Element/calcium ratios determined from intensity ratios by sequential scanning. 
More sensitive than ICP-OES 
Can determine B/Ca, Li/Ca, Cd/Ca, U/Ca - not determined by ICP-OES 
 
Precision, Accuracy and Calibration Standards 
Instrumental methods usually limited by the analytical blank or spectral interferences 
rather than by instrument sensitivity. 
Precision is a function of stability of the instrument and sample introduction system. 
Calibration standards are prepared gravimetrically from high purity starting materials. 
Accuracy depends on the accuracy of the calibration standards. 
Cross contamination within mixed standard solutions is determined and corrected. 
Interlaboratory calibration determines consistency between laboratories. 
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