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Chemostratigraphy


Although isotopes formed by radiometric decay are important in dating, some isotopes are stable in nature and these have well-defined ratios in the oceans and atmosphere.  Physical and biological processes, however, can redistribute these isotopes providing clues to ancient environments, climates, and biological communities.  In recent years, chemical stratigraphy or chemostratigraphy has become an important tool for detailed correlation of widely separated sedimentary deposits, especially for the Proterozoic Eon, which lacks a biostratigraphic framework.
Stable isotope geochemistry

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%

16O = 99.76%

18O = 0.21%


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 (for example, evaporation and condensation of water).  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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Equilibrium isotope effects

Equilibrium isotope effects (EIE) 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.  A good rule of thumb is that between two molecules the heavier isotope will accumulate in the one with the strongest bonds.  
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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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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.


Common isotope standard reference materials include:


carbon – PDB (a reference calibrated to a Cretaceous-aged belemnite limestone from the Pee Dee Formation of South Carolina)


oxygen – PDB, SMOW (standard mean ocean water), SLAP (standard light Antarctic precipitation)


sulfur – CDT (Canyon Diablo triolite)


nitrogen – air

Oxygen isotope chemostratigraphy

In 1947 Urey and Emiliani discovered that oxygen isotopes fractionate depending on temperature.  By examining the shells of foraminifera through the Pleistocene, they saw changes in the oceans that apparently were responding to temperatures changes associated with the ice ages.  Later work, however, showed that the more important effect on oxygen isotopes in seawater was the buildup of ice in continental glaciers.
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Carbon isotope chemostratigraphy

Because oxygen isotopes are so easily altered under the influence of diagenetic solutions alternative methods in chemostratigraphy are commonly used to support correlations.  For example, insofar as there is little carbon in most fluids, carbon isotopes in carbonate may more readily reflect depositional rather than diagenetic processes.  The carbon system is not controlled by ice volume or by temperature, but by processes and environments that affect the burial of organic matter in sediments.  Since carbon isotope distributions are primarily a reflection of oceanographic and climatic changes on a global scale, strong temporal excursions can be good time markers.


To understand carbon isotope variations with time we must appreciate open system behavior of carbon isotopes in seawater.  Many interesting natural systems are open such that reactants are constantly added and products constantly withdrawn.  
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At steady state the withdrawal 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.  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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Strontium isotope chemostratigraphy
Refinements in the measurement of strontium isotopes provide a new tool for chemostratigraphy.  Strontium is an alkali earth element like calcium and readily forms divalent cations.  Strontium substitutes for calcium in carbonate (especially aragonite), and is not fractionated from seawater values, so well preserved marine carbonate is a good target for analysis.  Seawater Sr isotope compositions can change with time based on the flux of materials coming into the oceans, either from continental or hydrothermal sources.
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Thus to understand the rate of change of strontium isotopes in the seawater reservoir we must recognize the concept of residence time, defined as:
 (time) = M (mass or volume)/in or out (mass or volume/time)
For strontium the residence time is on the order of a few million years.
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