PALAEOCLIMATE CHANGE 3015

Practical-1: Oxygen isotope palaeothermometry in foraminiferal calcite: 

Paul A. Wilson

Objectives: 

• To raise awareness of the importance of notation and of the need to use it in a precise way
• To emphasise that three factors control oxygen isotope ratios in calcite and that a relatively large number of processes compete to control the influence of those factors  

• To get a quantitative ‘feel’ for data and appreciation of the power of and uncertainties involved in palaeotemperature calculations. 

Background:

Congratulations, last year you were accepted into the NOCS Grad School to undertake a PhD and you have chosen to work on the following important problem: How warm were the mid-Cretaceous ‘greenhouse’ oceans?

Goal:

Last summer you participated in your first scientific cruise, an Ocean Drilling Program Leg in the Pacific Ocean, during which magnificent sedimentary sections were drilled. Since your return you have been working flat out sampling cores, washing and sieving sediments, picking foraminifera and feeding them into the mass-spectrometers in the Stable Isotope Laboratory (164/20).  You are now armed with a brand new data set. 

Your task is to work your way through the following steps and answer the accompanying questions.
Step 1: Consider your data set presented in Table 1 below. Shown are 18O and 13C data for multiple size fractions of two species of planktic foraminifera in two samples from your drill site, Site 3015, palaeolatitude 5°N, palaeo-water depth ~3000m. Based on your work in the Scanning Electron Microscope Lab you have determined that the foraminifera in Sample A are beautifully well-preserved whereas those in Sample B are noticeably less-well preserved. Consider Sample A. Which species do you think would be best to use to determine sea surface temperatures?
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Explain your answer

…This species plots with the lighter (lower) 18O values indicating warmer temperatures than the Rotalipora species indicating that it lived nearer to the surface…
Step 2: Consider the following generic 18O palaeotemperature equation (Eq. 1):

T (°C) = a – b(c – w) + c(c – w)2  

Where,

a, b and c are constants, 

c is the oxygen isotope ratio (‰ VPDB) measured in CO2 liberated by the reaction (at 25°C) of the foraminiferal calcite with concentrated phosphoric acid and 

w is the oxygen isotope ratio (‰ VPDB) of CO2 equilibrated isotopically (at 25°C) with the water from which the foraminiferal calcite was precipitated.  

The equation is generic in form and the constants are determined by fitting a curve to data produced experimentally in the laboratory under controlled conditions or from plankton net or Holocene core top sediment samples collected at sea. Over the past 50 years or so, a number of researchers have undertaken these experiments in an effort to determine the value of the constants for different sorts of calcite and, of particular relevance for us, for different species of living foraminifera (see Table 2).

Consider the data in Figure 1 for Sample A. Which set of constants do you think would be best to plug into Eq. 1 to calculate sea surface temperatures from your data set?

…a = 14.9; b = 4.8….

Explain your answer

…laboratory conditions are probably best and we need an equation for a symbiotic planktic foram (note the 13C increase with size shown in Figure 1). Clearly, the experiments performed in darkness are not of use because the symbionts will not have been active so we need the experiment performed in light…
Step 3: You have now determined the constants that you will plug into the generic palaeotemperature equation to calculate sea surface temperatures (step-2) and the species that you will use (thus the values of c that you will plug into the equation step-1; Table 1). Your next task is to determine the value that you will use for w. 
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Clearly w must be assumed (you do not have to hand bottles of Cretaceous seawater from which your foraminifera secreted their calcite). There are two things that you need to consider:

i) What would be the oxygen isotope ratio of mean Cretaceous seawater? (step-3)

ii) What adjustments should you make to this value to account for regional patterns in salinity? (step-4).

Based on what we know about the palaeoclimate of the mid-Cretaceous (we find fossil breadfruit trees on Greenland and fossil forests in Antarctica) it is reasonable to assume that there were no continental ice caps at this time. Therefore, you need to calculate the effect on the oxygen isotope ratio of mean modern seawater of melting all of the ice that is currently present on land and returning it to the ocean.

Consider the information presented in Table 3. Write a simple mass balance equation to calculate w for mean Cretaceous seawater

((1385.6 * ​– 0.28) + (24 * – 50) + (2.6* – 30)) / 1412.2  = – 1.18 or – 1.2 ‰ VPDB
………………………………………………………………….………………………………

What value for Cretaceous mean seawater do you calculate? …………………………..

Does it make sense? …Y. Why? …we are returning an isotopically very light water to the ocean but there is, relatively speaking, not very much of it so we expect a small shift to more negative values. Furthermore, the order of magnitude shift that we see in 18O records on glacial to interglacial timescales is about 1‰….
The effect on modern day sea-level of performing the thought experiment that you have just undertaken is to increase sea level by about 75 metres.

What is the approximate sensitivity of sea level to changes in w (metres per 0.1‰)

…(– 1.18) – (–0.28) = 0.9‰ shift is equivalent to 75m therefore 0.1‰ shift is equivalent to (75 / 9)m = 8.3 m……
Step 4: Clearly, the chances that the foraminifera that you picked from ODP Site 3015 lived in water with an isotopic composition equal to the Cretaceous mean value are slim. 
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It is important to consider not only the whole-ocean isotopic changes imparted by changes in continental ice volume (Step-3) but also regional changes imparted by the pattern of precipitation and evaporation that also control salinity (this step).

Consider Figure 2, these plots show changes in 18O measured in surface waters of the modern oceans.

Explain the latitudinal pattern observed in 18O.

……Evaporation @ low latiude…….………………………………

………………………………………………………………….………………………………

Consider the following equation (Eq. 2):

y = 0.576 + 0.041x –0.0017x2 + 1.35*10-5 x3
It represents a third order polynomial line of the best fit to the Southern Hemisphere data presented in Figure 2, where y is w for surface seawater and x is degrees latitude (regardless of Hemisphere).

Assuming that the modern latitudinal gradient in surface water 18O applies also to the mid-Cretaceous, calculate the w that you need to use for your data from Site 3015.

…5° lat w = 0.74‰ higher than the Cretaceous mean (– 1.18‰) = –0.44‰……
What would be the effect of not taking into account the latitudinal patterns in w when calculating sea surface temperatures from planktic foraminifera along a latitudinal transect (0°, 25°, 40°, 70°)?

…w at these latitudes works out at 0.58‰, 0.75‰, 0.36‰, – 0.25‰ respectively so the effect of not taking into account these changes would be a substantial underestimation of surface temperatures at low latitude and a small overestimation at high latitude…

Why does this answer make sense in terms of ocean circulation?
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…w for high latitude surface water is v. close to the value for the ocean mean which makes sense because the deep ocean is filled by down-welling of surface water at high latitude…

Step 5. Calculate Cretaceous sea surface temperature for Site 3015 using your best estimate for w and the data for c presented in Table 1. Taking into account the uncertainties, round your answer to a sensible number. Does your answer make sense palaeoclimatologically?

…35°C yes this answer makes sense- the mid-Cretaceous was a greenhouse interval. Atmospheric carbon dioxide levels were probably about 4x the pre-anthropogenic value. We would expect to see warmer sea surface temperatures even in the tropics (the effect of CO2 forcing is global, albeit amplified at high latitude) SSTs in the tropics today are typically about 27 to 29°C…
Step 6. Now calculate bottom water temperature for the mid-Cretaceous using the data from ODP Site 3015 Sample A. Take care to think carefully about the value for w that you assume in this calculation. Taking into account the uncertainties, round your answer to a sensible number. Does your answer make sense palaeoclimatologically?

…13°C yes this answer makes sense for the same reason as above. Note that the temperature response to the same forcing is greater than in the tropics. SSTs at high latitude today are are typically close to 0°C. The greater response is most likely attributable to positive feedbackl effects associated with the presence or absence of the northern hemisphere ice sheets (albedo reduction upon ‘removal’ of the NH ice sheet).
What value did you assume for w? Explain your choice

…– 1.18‰ the Cretaceous mean (this is a Pacific site and we are calculating bottom water temperatures)…
Step 7. Calculate surface and bottom water temperatures using the data available from Sample B. Taking into account the uncertainties, round your answer to a number. Surface = 22°C; deep = 13°C
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Step 8. Consider your temperature calculations between Samples A & B. Sketch the respective estimates of vertical water column temperature gradient. How do they compare?

Sample A








Sample B

…the gradient of temperature with depth in A is steeper than in B…
Step 9. To what process do you attribute your answer to Step 8? Explain.

…Diagenetic alteration of the calcite in B. Note that the 18O of the planktics have suffered much more change relative to sample A than the benthics. This is because the process of diagenesis takes place at the sea floor (this is a Pacific site and we are in relatively deep water- the CCD was shallower than today in the Cretaceous). Secondary calcite is added at the sea floor where temperature is colder than at the surface so this acts to increase the 18O of the planktics such that the SSTs that we would calculate would be artificially cool. The benthics are diagenetically altered (SEM observations) but the seconday calcite has an 18O value close to that of the primary calcite (it is added at similar water temperatures to those encountered in life)…
 Step 10. Why is the palaeolatitude of Site 3015 so important to your answer to Step 9? How and why would the situation be quite different at a high-latitude site?

…The vertical gradient of water temperature in the tropics is much steeper than at high latitude. So at high latitude the effect of the addition of secondary calcite is much less pronounced…
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Table 1: New stable isotope data from foraminiferal calcite in ODP Site 3015.

	Sample A
	Sample B


Ticinella primula (planktic)

	
	13C
	18O
	
	13C
	18O

	
	
	
	
	
	

	Size (m)
	
	
	
	
	

	125
	2.01
	-4.54
	
	1.99
	-2.38

	150
	2.23
	-4.65
	
	2.09
	-2.45

	212
	2.25
	-4.77
	
	2.22
	-2.40

	250
	2.54
	-4.63
	
	2.38
	-2.34

	300
	2.86
	-4.56
	
	2.78
	-2.09

	355
	3.02
	-4.61
	
	2.97
	-2.83

	450
	3.55
	-4.55
	
	3.54
	-2.42

	
	
	
	
	
	


Rotalipora ticinensis (planktic)
	
	13C
	18O
	
	13C
	18O

	
	
	
	
	
	

	Size (m)
	
	
	
	
	

	125
	2.17
	-3.00
	
	1.54
	-2.12

	150
	2.23
	-3.14
	
	1.58
	-2.07

	212
	2.25
	-3.23
	
	1.63
	-1.93

	250
	2.21
	-3.02
	
	1.55
	-1.89

	300
	2.19
	-3.06
	
	1.63
	-2.03

	355
	2.30
	-3.12
	
	1.57
	-2.12

	450
	2.27
	-3.07
	
	1.43
	-1.85


Multi species benthic

	
	13C
	18O
	
	13C
	18O

	
	
	
	
	
	

	Size (m)
	
	
	
	
	

	300
	1.21
	-0.74
	
	1.26
	-0.56

	355
	1.35
	-0.99
	
	1.37
	-0.87

	450
	1.19
	-0.78
	
	1.43
	-0.78
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Table 2: Experimentally determined constants for the generic 18O palaeotemperature equation in calcite

	Reference
	Source
	a
	b
	c

	McCrea (1950)
	inorganic
	16.0
	5.17
	0.09

	Epstein etal (1953)
	Mollusc
	16.5
	4.3
	0.14

	Craig (1965)
	mollusc
	16.9
	4.2
	0.13

	O’Neil etal (1969)
	inorganic
	16.9
	4.38
	0.1

	Horibe & Oba (1972)
	Mollusc
	17.0
	4.34
	0.16

	Shackelton (1974)
	Benthic foram
	16.9
	4.0
	

	Erez & Luz (1983)
	Plk foram (G. sacculifer)
	17.0
	4.52
	0.03

	Bouvier-Soumagnac & Duplessy (1985)
	Plk foram (O. universa) 

lab
	16.4
	4.67
	

	Bouvier-Soumagnac & Duplessy (1985)
	Plk foram (O. universa) 

ocean
	15.4
	4.81
	

	Kim & O’Neil (1997)
	inorganic
	16.1
	4.64
	0.09

	Bemis et al. (1998)
	Plk foram (O. universa) 

lab in darkness
	16.5
	4.80
	

	Bemis et al. (1998)
	O. universa 

lab in light
	14.9
	4.8
	

	Bemis et al. (1998)
	G. bulloides = non symbiotic

 (11-chambered shell)
	12.6
	5.07
	

	Bemis et al. (1998)
	G. bulloides

 (12-chambered shell)
	13.2
	4.89
	

	Bemis et al. (1998)
	G. bulloides

 (13-chambered shell)
	13.6
	4.77
	


All three of the planktic foram species above are epipelagic in habitat (they live in surface waters). G. sacculifer & O. universa are both symbiont-bearing species. G. bulloides is non-symbiotic but is known to decend into deeper water where it adds calcite as it goes through ontogeny.

Table 3

	Water mass
	volume
	18O (‰ VPDB)

	Antarctica
	24 x106 km3
	-50‰

	Other ice
	2.6 x106 km3
	-30‰

	Present ocean
	1385.6 x106 km3
	-0.28‰
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Figure 2
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Source unattributed, please inform us immediately if you are the copyright holder and you do not wish this image to be used in this way.

Oxygen: 3 stable isotopes:
16O = 99.63%; 17O = 0.0375%; 18O = 0.1995% (abundances)

Isotopes = different varieties of the same chemical element whose atomic structure have a common number of protons and electrons but a different number of neutrons in the nucleus. Thus, they have a common atomic number (O= 8, if written, as a subscript) but a different atomic mass (O= 16, 17 or 18, written as a superscript). Mass differences cause fractionation*
* any process that causes isotope ratios to differ between phases. Eg. when carbonate precipitates from water an isotope exchange reaction occurs:

1/3 CaCO163   +   H2O18    =   1/3 CaCO183   +    H2O16

which means that the resulting carbonate has an isotopic composition that is different but related to that of the parent water. This turns out to be very useful to us but first we have to learn more about notation:
The equilibrium constant for the above reaction is:

K   =   EQ \f([CaCO183]1/3  [H2O16], [CaCO163]1/3 [H2O18])  


which can be rewritten as:

 K =    EQ \f([CaCO183]/[CaCO163]1/3,[H2O18]/[H2O16])    
which is the ratio of 18O/16O in the carbonate phase divided by the ratio in the water:

K =    EQ \f(Rc,Rw)    =  fractionation factor
where Rc & Rw are the 18O/16O ratios of carbonate & water
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If the two isotopes behave exactly alike, then K=1 and  =1. But we know from lab expts that  depends on temperature:

For calcite  = 1.0286 @ 25 °C 

Given that >1, the calcite is preferentially enriched in 18O

In fact, we can say that calcite grown in equilibrium with water at 25°C is enriched in 18O relative to the water by 28.6‰ (parts per thousand or “mil”).

To make life easy we quote 18O/16O ratios relative to a standard value (determined ages ago) and multiply by a thousand
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We quote to:

• SMOW (standard mean oceanographic water) when we 

measure 18O in water 

• PDB K belemnite, (Peedee Fm., South Carolina) when

we measure 18O in CO3 
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