22 September 2005
G436 Biogeochemistry

Assoc. Prof. A. Jay Kaufman

Reading: Hayes: Practice and Principles of Isotopic Measurements in Organic Geochemistry

Hayes (1993) Factors controlling 13C contents of sedimentary organic compounds: Principles and evidence.  Marine Geology 113, 111-125.

Stable Isotope Systematics

Stable isotope geochemistry is primarily concerned with variations in the isotope ratios of H, C, N, O, Si, and S (and to a lesser degree to Li and B).  These elements have several characteristics in common:

1. They have low atomic mass.

2. The relative mass difference between rare (enriched) and abundant isotopes is large.

3. They form chemical bonds that have a high degree of covalent character.

4. The abundance of the rare isotope is sufficiently high to assure precise measurement of isotope ratios by mass spectrometry.

5. Generally the heavy isotope is concentrated in the solid phase in which it is more tightly bound.

Isotopes – atoms whose nuclei contain the same number of protons but a different number of neutrons (i.e., 12C contains 6 protons and 6 neutrons, but 13C contains 6 protons and 7 neutrons).

12C = 98.89%

13C = 1.11%


There are about 300 stable isotopes in nature, while over 1200 unstable (or radiogenic) isotopes have been discovered thus far.  Only 21 of the elements are “pure,” meaning that they have only one stable isotope; all others are mixtures of two or more.

Small mass differences impart different physiochemical properties of molecules.  Isotope effects are differences in chemical or physical properties which arise from variations in the atomic mass of an element.  An isotope effect is not directly observable, but is inferred from its effect on isotopic abundances.  The presence of an isotope effect leads to an isotopic fractionation. 
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 Isotope effects are of two types:

1. equlibrium isotope effects

2. kinetic isotope effects

Equilibrium Isotope Effects

Equilibrium isotope effects can be considered in terms of effects of atomic mass on bond enegy. When a light isotope is substituted for a heavy one, the nuclear charge and electronic distributions remain the same, therefore the potential energy curve remains unchanged.  
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In the simpliest case of a diatomic molecule (H2), the vibrational energy levels are given by

E = (n + ½)h
Where n = 0, 1, 2, 3 …


h = Planck’s constant + 6.624 x 10-27 erg-sec.


 = frequency (sec-1)

At n = 0, the ground vibrational state, E = 1/2h
This is the vibrational energy that molecules possess even at a temperature of absolute zero and is called the zero point energy (ZPE) – most gas molecules are in the ground vibrational state at room temperature; the ZPE is the distance between the bottom of the potential energy well and the zeroth vibrational energy level.

The frequency  is related to mass by Hooke’s Law:

n = 1/2( (k/

where k = force constant (dynes/cm) and  = reduced mass = MAMB/MA + MB for molecule AB whose constituent atoms have atomic weights MA and MB.

on isotopic substitution k is unchanged because it depends only on the shape of the potential energy curve.  However,  changes.  If atom A is replaced by its heavier isotope A’

’ > 
’ < 
E’ < E

Relative to dissociated atoms, molecules containing the heavy isotope are more stable, (i.e. have higher binding energies, than molecules with lighter isotopes).  At higher temperatures molecules are excited to higher vibrational levels (n > 0) and the difference in energy between isotopically substituted molecules decreases.

Note that the free energy differences associated with isotope effects (either chemical or physical) are about 1000 smaller than typical bond energies or heats of chemical reaction.

Example:

1/2C16O2 + H218O = 1/2C18O2 + H216O

The equilibrium constant of this exchange reaction at 25oC is 1.0412.  The free energy change, given by –RTlnK, is only –23.9 cal/mol, a typical value for isotope exchange reactions at low temperature.  Clearly such low free energy differences could never be a driving force in chemical reactions.
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Kinetic Isotope Effects


KIEs occur due to differences in reaction rates of isotopic molecules.  A normal KIE is one in which the species containing the lighter isotope reacts more rapidly.  Kinetic isotope effects are intensely studied for the information that they can provide about mechanistic details of reaction pathways (e.g., photosynthesis)
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Fractionation


The magnitude of isotopic fractionation can be expressed as an equilibrium constant, but more useful is the fractionation factor () defined as the ratio of the numbers of any two isotopes in one chemical compound A divided by the corresponding ratio of another chemical B.

A-B = RA/RB
so the fractionation factor for the exchange of 18O and 16O between water and CaCO3 is expressed as follows:

H218O + 1/3CaC16O3 = H216O + 1/3CaC18O3
Hence

CaCO3-H2O = (18O/16O)CaCO3/(18O/16O)H2O = 1.031 at 25oC

Delta Notation


Because most isotopic measurements are differential measurements, and because the interesting isotopic differences between natural samples occur at and beyond the third significant figure of the isotope ratio, it is convenient to express isotope abundances in a differential notation.

AXSTD = [(ARSample – ARSTD)/ARSTD]103 = (R/R)103

The parameter AXSTD is referred to as the delta notation, and the units (parts per thousand) are assigned the ‰ and are called per mil.

Isotopic Standards

SMOW

PDB

Air

CDT

Measures of Fractionation


It is often necessary to discuss the isotopic contrast between two samples for which the delta values are known.  A crude expression is sometimes used

A-B = A – B
A/B = (A + 1000)/(B +1000)

To express the isotopic contrast in parts per thousand

1000ln = ( – 1) x 1000 ~ A – B
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Mass-Balance Calculations

For a process in which an input, i, is divided to yield products a and b in an open system at steady state…

Overall

inputs = outputs

ni = na + nb
where n’s refer to molar quantities of carbon in i, a, and b.


Isotopic

carbon-13 in = carbon-13 out

niFi = naFa + nbFb

where F’s are fractional isotopic abundances [13C/(13C + 12C)].  Combination of the overall and isotopic relationships allows the equation to be recast as

Fi = faFa + (1 – fa)Fb


Where fa is the fraction of input i flowing to product a (= na/ni) and 1-fa (= nb/ni) is the fraction of the input i flowing to product b.  Note that, apart from isotopic abundances, this equation contains a single variable.

Open Systems

Many interesting natural systems are open such that reactants are constantly added and products constantly withdrawn.  
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At steady state the withdrawl of products equals the addition of reactants such that the amount of reactant in the system is constant, thus making isotopic calculation straightforward.  The isotopic fractionation (A) between products is controlled by the isotope effect and the requirement that matter is neither created nor destroyed.  These two conditions provide two independent equations.

1. Isotopic fractionation between products 

For a system at equilibrium

Rpe = P/RRre and Rqe = Q/RRre
The isotopic fractionation between the products is then 

Rpe/Rqe = P/R/Q/R
2. Conservation of mass (see above)

Simultaneous solution of equations 1 and 2 above yields

p = r + (1 – fp)
and 

q = r - fp

where  = [(P/R/Q/R) – 1]103

For carbon entering and leaving the ocean reservoir, for example

r = -5.5‰

 ~ 25‰

and f is the fraction of carbon being buried as organic matter in sediments


This is the basis for understanding long term changes in the carbon isotopic composition of seawater based on changing proportional burial of organic matter.
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