
15. Isotope Records

Chemistry of a substance depends on the behavior of the outermost (valence) electrons and these, in turn, depend on the net positive charge holding them in place.  Mass does not enter into this consideration – at least to a first approximation.  However, mass differences among isotopes of the same element do account for very small variations, especially in the lighter elements.  Such isotope differences in physical and chemical behavior are usually very, very slight.  

The practical use of knowing the minor differences associated with different isotopes in chemical systems was first recognized by (Nobel Laureate) Harold Urey in the 1940’s.  First getting a degree in zoology, Urey went on to graduate studies in chemistry and then academia.  Much of his work on isotope chemistry was done at Columbia University.  Urey was the first to explain the basis of chemical isotope effects. As an example we’ll soon return to, the carbon isotopic distribution in living tissue depends on whether, for example, carbon dioxide is from the atmosphere or is dissolved in water; on the physical and chemical processes for fixing the element; and in secondary processes such as decomposition of decaying organic matter by bacteria.  Urey suggested that the isotopic components of calcite that has been secreted by microorganisms might yield information concerning ocean temperatures.  This is because the partitioning of the isotopes of oxygen between water and the carbonate depends on temperature, as Urey had shown.  This was the start of the field that is known as paleoclimatology, a term dating back at least to 1920 and meaning the study of ancient climate.
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A naive picture of one of the factors that contributes to how easily a chemical reaction might proceed would be the ease or difficulty of breaking a chemical bond.  That takes energy.  Ordinarily, any two atoms bound together are vibrating about some average separation distance.  Adding energy can cause the atoms to vibrate more and more vigorously, spreading to greater and greater separations during their vibrations, until eventually, with enough energy, the bond would "pop".  At the start of this picture, the vibrational frequencies are minimal (although still very high from our perspective -- some billion trillion times per second).  The heavier the isotopes involved in a bond, the slower, more sluggish, is the vibration.  Light isotopes vibrate faster.  A chemical bond between two light isotopes thus has a head start over a pair of heavy isotopes if one considers the energy input needed eventually to rupture the bond as a step in some chemical reaction.  The difference is quite small, but has measurable consequences.   A safe generalization is that in comparing two bonding situations, the one involving the heavier isotope preferentially survives rupture.

In addition to the effects on chemical bonds, there is also the speed (velocity) with which a molecule moves.  This is determined by the temperature (hotter means faster) and by the weight of the molecule moving.  For gases at the same temperature, all the molecules have the same energy, on the average, associated with their motions through space.  This energy is referred to as kinetic energy or translational energy.  But since the kinetic energy of a body is proportional to mass and also to the square of the velocity, two molecules with different masses will have different velocities, even though their energies could be absolutely identical.  At the same temperature, a heavy molecule moves more slowly than a lighter molecule.  This can be manifested as a slight difference between the amounts of light carbon dioxide and heavy carbon dioxide in the atmosphere above the ocean, for example. 

Variations in isotopic abundances in any molecular species are referred to as isotope fractionations.

In the case of evaporation, using water as an example, lighter (faster) isotopes would be concentrated (ever so slightly) in the vapors.  They escape the liquid easily, leaving complementary enrichment of heavier isotopes in the liquid.  But typical fresh water analyses actually have negative enrichments – depletion – of the heavier oxygen isotope 18O.  This is quite understandable because such fresh water originates mostly from water vapor that has evaporated from the sea.  And that, as we just explained, has more of the lighter isotope.

The enrichments and depletions of one isotope vs another of the same element are usually expressed in parts per thousand (ppt) deviation from an agreed-upon standard, but we will revert to the more familiar percent instead. (The “standard” for oxygen is the isotopic composition of a “mean ocean water”.  The standard used for carbon isotopes is Pee Dee Belemite carbonate.)  The comparison is conventionally reported in ppt as follows
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where (18O represents the ppt deviation from the standard and 18O/16O symbolizes the ratio of abundances of the 18O and 16O isotopes in the substance.  For fresh water, this can amount to as much as –6% (or -60 ppt).  Of course, the value can also be easily expressed as a percent, i.e. –6.0%.  Keep in mind, though, that oxygen is only about 0.200% 18O to begin with, 18O/16O = 0.200/99.762, so this –6% departure would reduce the isotopic abundance of the heavy oxygen isotope to 0.200%((1.00-0.06) = 0.188%, a small change indeed, but one that is quite precisely measurable by modern techniques.  For comparison, oxygen as O2 in the air has (18O = +2.35% and oxygen in carbon dioxide in the air has (18O = +4.1%.  

The origin of these natural fractionations is both interesting and important.  Enrichment of oxygen is mostly ascribable to its origin through photosynthesis.  In that complex process, the oxygen comes from the water that is involved in the assembly of sugar from carbon dioxide and water.  The water, absorbed as liquid by root systems for example, is enriched in the heavier isotopes.  In contrast, during fixation of carbon dioxide, both physical and enzymatic processes favor the lighter isotope of carbon relative to carbon dioxide since the bonds are easier to break owing to the leg-up in carbon-oxygen bond vibration on the way to reactions.   In marine plants and algae, carbon dioxide fixation via the Calvin-Benson photosynthetic pathway results in values of 

.
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about –1.5 to –2.2 percent.  Keep in mind that every individual step in the molecular cycle will have its own isotope effect that could be positive or negative, large or small.  The final isotopic discrimination is the percent just referred to.  Usually, during "trophic" interactions in the sea (basically, “feeding”), the carbon isotope ratio increases by only ~0.1%.  ("You are what you eat").  If two food sources with different carbon isotope ratios are consumed, a simple mixing-ratio method can facilitate estimation of the contribution of each food source to the observed ratio.  The standard (std in the above expression) is a fossil limestone.  The (13C/12C)std ratio = 0.01122.

The combined processes leading to the incorporation of carbon dioxide into glucose by photosynthesis according to the Calvin cycle (the particular cycle followed by the great majority of all plants) leads to a mostly understandable isotope fractionation of –2 to –3% for the heavier carbon isotope in terrestrial plants.  Fossil fuels, from terrestrial plant material, have (13C of about –2.5%.

The small minority of plants that follow the known alternative pathway – the Hatch-Slack cycle used by sugar cane, hot-region grasses and other crops – has about half this degree of isotope fractionation.

But many algae found in the sea, instead of utilizing carbon dioxide, use the more abundant bicarbonate ion, HCO3-, for their photosynthetic feedstock.   It so happens that the equilibrium between carbon dioxide and bicarbonate itself is known to have a fractionation of carbon isotopes to the extent of about 0.8% (favoring the heavier isotope, of course, but in which chemical species?).   The resulting isotopic discrimination is lower than that for terrestrial plants (we just said the latter was –2%?).  (!? But, Isotope Geochemistry Lecture 33 says seawater bicarbonate is 0.85% heavier than atmospheric carbon dioxide resulting in marine plants averaging about 0.75% heavier than C3 terrestrial plants.?. Ah, but they all still have negative (13C values.)  Photosynthetically derived carbon reaching the seafloor has a (13C of ~-1.8%.  Tubeworms have values as high as –1.2% or as low as –0.3% indicating their carbon sources are not from photosynthetically derived carbon.

In places where the pH is lower – acidity higher – the dominating bicarbonate form is partially converted back to carbon dioxide or “H2CO3”.  There are then those aquatic algae that can then use the carbon dioxide photosynthetically rather than being restricted to the bicarbonate mentioned above.  The isotope fractionation is then more discriminating against the heavier isotopes since the source is one step removed from atmospheric carbon dioxide with its light isotope enrichment.

Aquatic plants also have a foraging capability in that they are able to compensate for supplies when the amount of available carbon dioxide or bicarbonate is low.  There exist, in effect, some means of pumping dissolved carbon dioxide and bicarbonate (collectively called dissolved inorganic carbon) into cells.  In the absence of enough “feedstock” to be supplied to the cells directly by diffusion, these pumping mechanisms are turned on.  Since both carbon dioxide and bicarbonate are assimilated following pumping, the isotopic fractionation is considerably lessened.  The combination of both pH dependence and carbon dioxide supply is illustrated in the graph below.  It shows the 13C fractionation in algae and bacteria from hydrothermal springs in Yellowstone National Park (after Geol655: Isotope Geochemistry/website).
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It shouldn’t  be at all surprising to learn that isotope fractionation is also affected by temperature.  For instance, the fractionations observed in phytoplankton that grow in cold water are higher than for those in species found in warm water.  The reasoning behind this gets complicated, though, because amongst other considerations is the lower amounts of carbon dioxide found in warm water due to reduced solubility at the higher temperature.  Greater use is made of the carbon dioxide directly (compared to more normal bicarbonate usage ) and this results in a depletion of the lighter carbon isotope (or an observed enrichment in the heavier isotope).  The photosynthetically incorporated carbon in living microorganisms  then contributes to a steady shower of organic matter down to greater depths.  But the organic matter, having been enriched in the lighter carbon isotope, gets decomposed into dissolved inorganic carbon by bacterial action.  The deeper waters are thus fed 12C from the warm surface waters by biological activity.   The global distribution of phytoplankton is shown here.
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The effect is illustrated in the double graph below which shows a depth profile of dissolved inorganic carbon (reduced by photosynthesis at the surface) and a corresponding depth profile of carbon isotope fractionation, (13C, with enrichment at the surface.  (Where is this?  N. Atl.?)
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The longer a (large) body of water remains at the surface where photosynthetic activity is ongoing, the greater is the accumulated discrimination against the heavier isotope of carbon with a reciprocal enrichment of that isotope in the dissolved inorganic carbonates.  (The light isotope is from the atmosphere?  Where do the dissolved inorganic carbonates come from?)  Deep ocean waters in the North Atlantic have high (13C values because those waters had only recently been near the surface (originating near Iceland in the so-called Denmark Strait).  In contrast, deep waters in the Pacific Ocean come from near Antarctica and are much older because travel time to the Pacific is long.  Oxidation of descending organic material enriched in the lighter isotope of carbon lowers the deep water’s (13C as it “ages”. Consequently its (13C is lower than for the North Atlantic.  Although this description is greatly over-simplified, it implies that the carbon isotope composition of carbon dioxide derivatives can be used to roughly map out otherwise unseen ocean currents that have functioned over the eons below the surface.  It’s pretty much accepted that the deep ocean waters do not re-emerge to the surface for almost a millennium.  A measurement of (13C in plankton from a core extracted from the eastern Atlantic shown below is subject to a variety of interpretations.  (What are these?  Depth is an indication of age?)
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Carbon dioxide, in its various forms (bicarbonate, for example) contains not only carbon, but necessarily also oxygen.  Oxygen isotopes can undergo fractionation too as we have mentioned.  But oxygen is very abundant in the air as molecular oxygen, and still more abundant in the oceans as water, by a factor of about a thousand.  Basically, it’s the water that determines the composition of oxygen isotopes in plant matter.  Water has a (18O varying from zero in the ocean (where the standard is established) to something reaching –3% in glacial ice and almost –6% in the Arctic.  The actual isotopic fractionation seems to be determined by an exchange with oxygens tightly bound in organic chemicals.  The tight binding favors the heavier isotope as explained.  So cellulose, for instance, has a (18O of +2.7%

The manner in which isotopic studies can be used as “proxies” to learn about the past is illustrated easily with a simplified picture of glacier formation and melting.  The present volume of glacial ice is about 30 million km3 whereas that of the ocean is 1350 million km3.  The former has (18O = -3% and the latter has (18O = 0% (ocean water is the standard).  During the (last?) Wisconsin glaciation maximum, the glacial volume is thought to have increased to 72 million km3.  Sea level would have been lowered by 125 m.  If (18O for glacial ice maintained its –3% fractionation , it may be calculated that the ocean (18O would have been +0.16% compared to today’s value.  In point of fact, though, that conclusion depends on the volume of glacial ice in the past, something that is not definitively known.

As far as fractionation of isotopes in carbonate is concerned, Urey established the theoretical framework for such discrimination in the 1940’s.  For the example of oxygen isotopes fractionating between calcium carbonate and water, not only was the observed difference (18O(calcite) - (18O(water) obtained from the theory, but so was its all-important temperature dependence as well.   The graph below shows the difference, (calcite-water = (18O(calcite) - (18O(water), for biologically formed calcite and for inorganic (not biologic) calcite as a function of the typical temperature of water bodies.  The agreement between them and with the Urey theoretical points is very good.
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Plankton from the eastern Atlantic whose (13C were determined, (the graph of which is shown earlier,) also had the oxygen fractionation (18O measured.  The results shown here follow the opposite enrichment trend seen for (13C over the same period.  One interpretation is that there was a melting of glaciers (causing the sea level rise.  Explain!).
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Interpretation of isotope effects is bewildered by a number of complex contributing factors.  Oxygen can serve as a basis of summarizing these because it includes effects common to carbon and some additional ones owing to the exchange that occurs in water when carbon dioxide is dissolved.  Isotopic composition depends on the volume of water tied up as ice; on the composition of water sources; on changes brought about by evaporation and precipitation; on temperature; on circulation patterns both in the atmosphere and the oceans; seasonal effects and local effects.  Unraveling these requires care.

“You are what you eat”

In 1978, DeNiro and Epstein explored how diet of animals affected their tissue isotopic composition.  In their results, illustrated in the figure below, the straight line indicates what would have been expected if there was no further fractionation of carbon isotopes by animals relative to their food intake.  That is, the 13C/12C in food shows up as an identical 13C/12C in the total animal composition. The deviation of the measured values from this behavior, about 0.1%, is very slight and so it seems reasonable to conclude that animal tissue isotopic composition closely resembles that of their diet intake.  It is interesting to recognize, however, that if there are several layers to a food hierarchy, the fractionation can accumulate.  Marine food chains are known that have up to seven tiers implying a heavier carbon isotope fractionation of seven times the above value.
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Vostok
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	The Antarctic continent shown to the left has surface temperature as low as –60 (C.  Despite that, at a depth of about four kilometers below the ice surface there exists what is currently the world’s largest known subglacial lake, kept liquid by heat from the earth’s interior.  The lake’s location is at 4 o’clock relative to the center. 


The lake is apparently several hundred meters deep in its center.  The kilometers of ice above the lake very slowly melt at their contact with the lake, dropping what extremely small quantities of insoluble matter they might have to settle to the lake bottom.  Since it is estimated that the lake is probably hundreds of thousands of years old, it is probable that perhaps even hundreds of meters of sediment have deposited over time despite the low deposition rate.  The lake itself is the recent target of a variety of experimental efforts.

Airborne radar suggests that about 100 such lakes may be found beneath the Antarctic ice and that they might be interconnected.

Lake Vostok was discovered accidentally in the 1960’s by Russians who had set up a research station fortuitously located directly above the lake.  Part of the research involved extracting a 2000 meter ice core (more than one mile) from which carbon dioxide (13C and (18O measurements were made on bubbles covering a period of time estimated to be 160,000 years.  Below we show the results of measuring (18O in marine carbonates from the ice core (NOTE!  The lower curve is from SPECMAP and not Vostok.  Check this out!).  On the same graph is shown the temperature difference compared to the mean annual temperature (which would read as 0%) determined by a careful analysis of heavy hydrogen (deuterium) fractionation in the ice.  Hydrogen fractionation is much more sensitive to temperature than is that for either carbon or oxygen.  (Interpretation?)
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Similar studies were done on two ice cores from the ice cap in Greenland.  The records down to ages of about 110,000 years agree well with each other and correlate in their major features with those found on the opposite side of the earth, Vostok.  The agreement deteriorates at greater depths, though.  This is attributed to ice flow and to folding in the Greenland cores, but demonstrates why duplication and comparisons in different geographic regions are so necessary.

A further comparison comes from an extensive calcite deposit in Nevada desert country.  Only 25 miles from Death Valley lies an area of groundwater discharges whose water is about 30 (C.  The most intriguing among these is called Devil’s Hole, an opening in the ground that is surrounded with calcite formed from 500,000 years of precipitation from supersaturated ground water.  It is also home to the celebrated pupfish whose predicted extinction led to protective legislation.  The previous comparison of Vostok with SPECMAP oxygen isotope records shown above is astoundingly well matched with oxygen isotope records from core analysis of a sample retrieved by divers at Devil’s Hole as shown below.  Vostok’s deuterium data are again shown for reference.  The synchronized variations are remarkable, although some displacements on the order of thousands of years are an indication of uncertainties in precise dates.
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These seem to qualitative match those of the “Antarctic Ice Core” in the Chapter on the atmosphere.

Climate reconstruction for warm periods (Cretaceous) indicate poles were warmer and tropics were possibly cooler than today (which defies climate models).  Temperature estimates based on plankton/formanifera (18O.  Pearson (Nature 413 481) claims diagenic recrystalization has biased those results.  Pearson et al. measured “pristine” formanifera from clay-rich sediments.  Wilson and Norris reached similar conclusions (Nature 412 420).
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