Geology 140: Biostratigraphy and Paleoceanography

Lab 5: Fun with Isotopes!
_______________________________________________________________________

Part II: Oxygen Isotopes in the Global Hydrological Cycle.

Open the spreadsheet “Rayleigh.xls” and look at the parameters defined at the top of the first page.  These are variables used to describe “Rayleigh Fractionation,” which is defined as a chemical reaction (or a process like evaporation) that fractionates (separates by different weights) isotopes, but reaction products (or vapors, etc) are removed from the system.  In other words, there is no equilibrium balance of a reaction and its inverse as in most chemical processes.  This is the process by which oxygen isotopes get partitioned the global hydrological cycle, giving us several climate proxies in various ways that this signal is recorded (mainly ice in continental glaciers and ice sheets, and calcite of deep-sea fossils).  

In this spreadsheet, there are five variable defined at the top of the page.  The first, R,  is the definition of an isotope ratio:


R =  _abundance of rare isotope   
=  H 


(Equation 1)


       abundance of abundant isotope
     L

where H and L are simply the number of each atom in the system, the heavy (rare) and light (common) isotopes respectively, and N is the sum of all atoms, or H + L.  

Again, fractionation is defined as tiny differences in chemical and physical behavior of isotopic molecules or compounds due to slight differences in mass: heavier molecules have lower mobility at the same temperature as lighter molecules, therefore they also have lower diffusion velocity and smaller collision frequency (slower reaction time).  Heavier molecules also have higher binding energies, or the energy it takes to separate molecules, so they have lower vapor pressures (in other words, they evaporate less easily than lighter molecules)—this also slows reaction times.  These processes can be described by the isotope fractionation factor:


B/A =  RB    for a process in which A is becoming B 
(Equation 2)



RA
In the spreadsheet, the fractionation factors for evaporation and condensation of water vapor are defined.  

The effects of isotopic mass on isotope behavior are usually very small, so is usually very close to one.  Therefore, fractionation, or deviation of from one, is widely used:


B/A =  B/A -1 =  RB -1   




(Equation 3)




    RA
and this value is often given in “per mil,” or tenths of a percent (5 per mil = 0.5% = 0.005).  Because fractionation is usually measured relative to an international standard, and mass spectrometers are not accurate enough to give absolute isotope ratios, isotope abundance is usually reported as deviation from reference, r:


A/r =   RA -1   




(Equation 3)



Rr
The values reported on lines 19 and 27 of the spreadsheet are water vapor fractionation values relative to the value for “Standard Mean Ocean Water” as defined by various international standards.  

Now let’s look at two scenarios which will give you a sense of how Rayleigh fractionation, and the resulting paleoclimate proxies, work.  Here is a figure depicting scenario A:
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At time t = 0, a parcel of water (arbitrarily containing approximately one mole, or 6x1026  molecules) evaporates in the subtropics.  The ocean water has an isotopic composition of SMOW, but once it evaporates, the cloud (time t = 1) has fractionated.  Look at the equations in cells C15-C19 and make sure they make sense to you.  

6) Alter the fractionation factor for evaporation to 0.8: what is the resulting oxygen isotopic composition of the cloud vapor?  (Use the “undo” function to reset values to the original values.)

The spreadsheet is set up so that half of the cloud vapor precipitates in the midlatitudes at time t = 2.  Note that the value of this precipitation is extremely close to the value of SMOW (hence  is nearly zero).  

7) Alter the spreadsheet so that one quarter of the cloud vapor precipitates at time t = 2.  What is the resulting isotopic composition of the remaining cloud vapor at time t = 3?  (Use the “undo” function to reset to the original values.)

The main reason that the isotopic value of the ice in Greenland changes is variability in temperature along the path of water vapor making its way from the subtropics to the high latitudes.  Because of the Clausius-Clapeyron relationship, cooling an air parcel air lowers the threshold for precipitation and effectively “rains out” more of the water vapor in the parcel.  Look at “Scenario B” in the Rayleigh.xls spreadsheet: there is an extra precipitation step before the water makes its way into the ice core, which lowers the isotopic composition of the ice even further.  

8) Can you alter the fraction of water vapor rained out at times t = 2 and t = 4 in Scenario A such that the isotopic value is the same as in Scenario B?  How?

_______________________________________________________________________

Your assignment: 

Summarize in less than one page how radiocarbon decays, and how water vapor is fractionated on its way to ice cores.  Make sure to answer these questions:

1) How would contamination by heavy or light isotopes change the apparent age of a sample as determined from its carbon isotopic composition?

2) Since temperatures largely remain closer to the same value in the tropics, the temperature gradient (difference) between low and high latitudes depends largely on the temperature at high latitudes.  Do lower isotopic values in the Greenland ice core mean higher or lower temperatures at that site?

3) What other ways could the global hydrological cycle change so as to alter the values of the oxygen isotopic composition in Greenland, without changing the temperature gradient?

