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Marine stable isotope records provide the basis for much of our understanding of past
climates. During the past four decades of research, the exploitation of climatic information
contained in marine stable isotopes led to the generation of a global network of marine stable
isotope records. In particular, oxygen isotope records have been used to estimate past water
temperatures, ice sheet sizes, and local salinity variations, while carbon stable isotope records
have been used to provide constraints on water mass circulation patterns, oceanic nutrient levels,
and atmospheric pCO; concentrations. From these down-core records came a realization that the
major features in marine stable isotope records were recognizable in almost all cores; and thus, if
they were synchronous, these features could be used as a tool to correlate cores on a global scale
(Emiliani, 1955; Shackleton and Opdyke 1973; Hays et al. 1976; Imbrie et al., 1984).
Demonstrating synchrony and establishing an numerical time scale for these changes were the
first two hurdles in establishing a stable isotope-based stratigraphic scheme. Success in both of
these areas resulted in stable isotope records becoming the most frequently used stratigraphic
tool for the correlating Quaternary climate records. Most of the stable isotope-based
stratigraphic schemes are built on the marine oxygen isotope record, even though variations in
the marine carbon isotope records were often globally synchronous as well.

OXYGEN ISOTOPIC VARIATIONS IN THE NATURAL ENVIRONMENT

The stable isotopes of oxygen used in paleoclimatic reconstructions, and hence oxygen
isotope stratigraphy, are 160 and 180. The 160 atom is the most abundant oxygen isotope in the
ocean/atmosphere system, constituting ~99.75% of the total oxygen atoms; while the 130 isotope
makes up ~0.2%. To determine oxygen isotopic ratios from various materials, unknown 80Q/160
ratios are compared to the known 180/160 ratio of a standard. This procedure eliminates external
variations that affect the determination of 180/160 ratios and helps to ensure consistency among
the data produced from different mass spectrometers. The resulting oxygen isotopic variations
are expressed in delta notation, 8130, where:

18Q/160 sampleEr—l.l8 0/160 standard
180/ 16Ostandard

8180 = x 1000 (2.8.1-1)

Two standards are used depending on whether carbonate samples or water samples are being
measured. For carbonate samples, the reference standard is PDB, which was a crushed
belemnite (Belemnitella americana) from the Peedee formation (Cretaceous) in South Carolina.
The original PDB material has long since been exhausted, but other standards have been
calibrated to PDB and are used as an intermediate reference standard through which a PDB value
can be calculated. For measuring the isotopic composition of water samples, Standard Mean
Ocean Water or SMOW is used (Craig, 1961). This is water that approximates the mean oxygen
isotopic composition of the ocean.
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OXYGEN ISOTOPE PALEOTHERMOMETRY

The use of stable oxygen isotopic measurements as a proxy of past environmental
conditions, paleothermometry, began with Urey's (1947) theoretical prediction that the 180/160
ratio in calcite (CaCOj3) should vary as a function of the temperature in which the mineral

precipitated. Urey's prediction was confirmed by 180/160 measurements on the CaCOj3
precipitated by mollusks living in a wide range of temperatures. These studies led to the
development of a paleotemperature equation, from which the temperature of precipitation could
be estimated by measuring the 130/160 ratio in calcite secreting organisms (foraminifera, corals,
mollusks) and the ratio in the water the organisms lived in. Various forms of the
paleotemperature equation have been generated (e.g., Epstein et al., 1951, 1953, Craig, 1965,
O'Neil et al., 1969), but all generally follow Epstein et al.'s (1951, 1953) original determination:

T=165-43x (6180calcite - 61Sowater) +0.14 X (6180<:alcite - 6180water)2 (2-8-1'2)

where T and 8180 e, are the temperature (°C) and oxygen isotope value of the water in which
the organism lived! , and 8180, is the oxygen isotope value measured in the calcite. Similar
paleotemperature equations for aragonite have been developed (e.g., Horibe and Oba, 1970).

Equation 2 shows that the changes in 8180jt are a function of the water temperature
and 8180 yaer value. To the first order, relative changes in measured 8130, ¢ie Values can be
approximated by:

Ad8Oqpcite = AD1BOyater - 0.23 X AT (2.8.1-3)

where the A notation refers to the relative change from one level to another between the
variables. From this relationship we see that there is a one to one relationship between the
change in the A3180,icite and the AS!180yae;. However, there is an inverse relationship between
Ad!8041cite and AT such that for every 1°C temperature increase there is a 0.23%o decrease in the
measured 8180 cie Value. These relationships are routinely applied to interpret changes in
180 ,1cite records generated from foraminifera, corals, and mollusks.

ORIGIN OF OXYGEN ISOTOPIC VARIATIONS IN THE NATURAL
ENVIRONMENT

The 180/160 ratio in the ocean/atmosphere system is not uniform and can vary spatially
and temporally (Fig. 2.8.1-1). These 880 variations are produced by a temperature-dependent
fractionation between the H,180 and H,!00 molecules as part of the hydrologic cycle (Craig and
Gordon, 1965) and will have a significant effect on the marine 8180ycj record through time. In
general, water vapor evaporates in low latitudes and is transported to and precipitates in high

1 8180 ,4¢er term in Paleotemperature equations is expressed relative PDB, not SMOW. To convert from
8180y, 4er Values from the SMOW to PDB scales, on must subtract 0.22%o from the SMOW value. See
Craig (1961) or Rye and Sommer (1980) for a more detailed explanation.
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Fig. 2.8.1-1. Generalized map of the 8180 values of precipitation in North America (after Fairbanks, 1982), showing
the regional variability. The pattern in 8!80 values reflect larger the surface air temperature gradients (i.e., changes
with latitude and elevation).

latitudes. Fractionation between H,!80 and H, 190 molecules during evaporation concentrates
the H, 160 molecules in the water vapor, leaving the water enriched in H, 180 molecules.
Conversely, fractionation during condensation concentrates the H, 80 molecules in the
precipitation (rain/snow), further enriching the clouds (water vapor) in H,160 molecules relative
to H,180 molecules. The resulting 8180 values in precipitation vary as a function of air mass
temperature (Dansgaard, 1964). Consequently, there are large regional, but predictable,
variations in the 880 value of precipitation (Fig. 2.8.1-1). These differences affect the oceanic
environment because the 8180 values at various points in the ocean represent mixing between the
more saline, high 8180 waters in the evaporative regions of the oceans (subtropics) and the fresh,
low 8180 riverine water (Craig and Gordon, 1965).

These 6180 differences in precipitation affect the oceanic environment because the 8180
values at various points in the ocean represent mixing between the more saline, high 180 waters
in the evaporative regions of the oceans (subtropics) and the fresh, low 8180 riverine water
(Craig and Gordon, 1965). In general there is a 1.5 %o variation in 8180y, gradients in the
marine environment with the equatorial surface waters having 8180 yter Values ~1%o higher than
SMOW due to the evaporative effects and the polar surface waters having 8180y4ter values ~0.5
%o lower than SMOW due to the mixing with runoff having extremely low values. This is often
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referred to as the salinity effect because these 880y ter changes correlate with salinity changes.
Therefore, 8180y ater values are important in assessing oceanic temperature gradients. In the
modern ocean, the latitudinal 880 ,¢jte gradient (~4.5 %o) is dominated by temperature changes
(~28°C). Therefore, it is tempting to ascribe 8!130ycite gradients to temperature differences
alone. However, if temperature were the sole influence on the modern 8180 gradient, then
we would expect a gradient of >6.0 %o0. The attenuation in the 8180yt gradient results from
surface water 8180y differences of ~1.5 %o and accounts for the attenuated temperature
difference (5-6°C) observed in the modern 8!80,ie gradient. There were certainly different
d180y4¢er relationships for the past oceans. However, the first-order pattern of high 8180y aer
values in the low latitudes and low 8180y, Values in the high latitudes have persisted through
time.

On glacial to interglacial time-scales, fractionation of oxygen isotopes associated with the
hydrologic cycle causes the average 880 value of the ocean to vary considerably. At
present, high latitude precipitation returns to the oceans through summer melting. During glacial
intervals, however, building large ice sheets stores the lighter isotope (160). The difference in
d180yaer Values between the ice sheet and mean ocean was large (8!80j¢. = -35 to -40%o Vvs.
8180 4ter mean ocean = ~0%o). As a result, variations in ice sheet sizes are reflected in the
variable oceanic 8180y, values. The most recent glacial to interglacial transition provides the
best illustration of how ice sheets affect the ocean 8180, value (Fig. 2.8.1-2). During the last
glacial maximum, the amount of water stored in ice sheets caused the global sea level to be 120
m lower than present (Fairbanks, 1989). This change in sea level represents a decrease of ~3%
in the ocean volume. If 3% of the ocean water was removed with a 804 Value 40%o0 lower
than mean ocean waters, then the mean ocean 8180, value during the last glacial maximum
was 1.2%o higher than at present (Fig. 2.8.1-2). This is significant because the average glacial to
interglacial 8180, cie change was 1.8%0 (Broecker, 1986). Thus, the water locked up in
continental ice sheets with low 8180 ., Values is the largest signal recorded in Quaternary
marine 8!80,cjte records. (Fig. 2.8.1-2). The cyclic waxing and waning of ice sheets created a
global 880 signal that is used to make global correlations based on 8180 variations.

OXYGEN ISOTOPE STRATIGRAPHIES

The first systematic examination of the marine stable isotope record was made on
S18041cite records generated from planktonic foraminifera (calcareous marine microfossils) in
Caribbean deep-sea cores (Emiliani, 1955). Emiliani recognized the cyclic pattern of low and
high 8130,cite Values and concluded that these represented cyclic glacial-interglacial intervals.
Within Emiliani's cores, he identified the seven most recent climate cycles and estimated that
they spanned the last 280,000 years. (Current age estimates indicate that they represent the last
525,000 years.) To apply the Paleotemperature Equation (Eq. 2) to these records, Emiliani
estimated that ice sheet induced ocean 8180y, variability was relatively small (0.3%o).
Therefore, most of the 8180t Variability between glacial and interglacial intervals represented
temperature changes on the order of 5 to 10°C with the glacial intervals being colder. Emiliani
divided the 8180 ,cie record into stages with the warm stages designated with odd numbers
counting down from the Holocene and the cold stages with even numbers. Hence, "Isotope

NUREG/CR 5562 2-674



Global Climate Change in Marine Stable Isotope Records

Present
Mean Depth of Oceans
= 4000 m
Sea Water 8180 = 0.0%0

3180 =0.0%o

20,000 yrs. B.P.

Glacial Ice
180 = -40%o

_ASea Level =120 m

Sea Water 120m/4000m = 0.03

3180 =1.2%o0

AS'80 = 1.2 %o

water

0.0%0 - (-40%c x 0.03)

Fig. 2.8.1-2. The effect of large ice sheets on the 8130 composition of the ocean can be significant. The removal of
3 % of the ocean's water during the last glacial maximum lowered sea level by 120 m. The 8!30 difference between
the ocean and the ice is 40 %o, causing a whole ocean 8180 change of 1.2 %o.

Stage 1" would refer to the present interglacial interval and "Isotope Stage 2" would refer to the
most recent glacial period (Fig. 2.8.1-3).

A numerical time-scale was needed to convert the marine isotope stages into
chronostratigraphic units, from which age estimates in other cores could be made based on down
core 81830 ,cite changes. The initial time scale for Emiliani's 8180t records evolved from
radiocarbon dates on the sediments younger than 30,000 years, correlations to existing terrestrial
records, and an estimate for the last interglacial high stand of 100,000 years based on a U/Th
date. Several aspects of this new oxygen isotope-based stratigraphy were questioned, most
notably the assumption of small ice sheet-induced 8180 4o effects (Shackleton, 1967) and the
100,000 year date for the last interglacial high stand (Broecker et al., 1968). However, the
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essentials of Emiliani's pioneering work have remained as the stratigraphic framework for
correlating marine isotope records.

By the early 1970's, stable isotope laboratories had generated many downcore 8180 cyicite
records and it was clear from the replication of downcore patterns that the primary signal was
global (Fig. 2.8.1-3). Shackleton's (1967) argument that most of the glacial to interglacial
difference in 8180 ,cite Values was due to ice volume differences was a key in establishing that
the 8180 41cite changes were global. Unlike sea surface temperature changes which can vary from
location to location, ice volume signal changes provided a mechanism that globally changed
180 41cite Values.

There are several caveats in using oxygen isotope-based stratigraphy. First, oxygen
isotopic records are not numerical-age chronometers. Assigning ages based on measured oxygen
isotopic changes depends on correlating the stratigraphic sequence of isotopic variations to a
reference sequence that has been dated by numerical-age methods. To make such a correlation
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one must first have a good idea about the time interval that is represented by the core. To
illustrate this point, consider that one of the most commonly analyzed species in marine
sediments is the benthic foraminifera, Planulina wuellerstorfi, which first appeared
approximately 16 million years ago. The 8!804cite Value measured on a 12 million year old
sample of P. wuellerstorfi from the Pacific Ocean is 2.5 %o, which is similar to values measured
on this species in the modern deep oceans. Therefore, oxygen isotope-based stratigraphy works
only in conjunction with other stratigraphies (i.e., those based on fossil events or magnetic
polarity changes). If one is concerned with the most recent record of climate change, it is often
assumed that the coretop is time-zero and this usually provides an accurate starting point to
identify the oxygen isotope stages.

A second concern in generating marine isotope records is that the record should be based
on isotopic analyses of the same species. This is important because 8180y;cite Values can vary
among the different species of organisms. In planktonic foraminifera, variations between species
as great as 1.5%o exist which are as large as the glacial-interglacial signal in some localities.
These interspecific 80t variations result from different seasonal or depth habitats (Bé,
1977; Fairbanks et al, 1980). However, in other cases, 8180 4j¢ite records from mixed
assemblages of planktonic foraminifera and/or fine-grained CaCO3 are remarkably similar to
mono-specific foraminiferal curves.

SUBSEQUENT REFINEMENTS IN THE OXYGEN ISOTOPE STRATIGRAPHY

Age estimates for the events identified in Emiliani's oxygen isotope time scale have
evolved considerably. The most dramatic revision resulted when it was demonstrated that the
last interglacial high stand was 125,000 years ago and correlated with "Isotope Stage Se" (a
subdivision of Stage 5) (Broecker et al., 1968), not the 100,000 years age that Emiliani used as
part of his original age model. Revisions to the older parts of the isotope record evolved
primarily with the ability to measure the polarity changes in deep-sea cores and correlate the
180 ,1cite records to a numerical time-scale based on paleomagnetic changes. This was first
done by Shackleton and Opdyke (1973) who measured the paleomagnetic and 8180 ,y¢ice changes
in a core from the western equatorial Pacific (Fig. 2.8.1-3). The most recent polarity change (the
Brunhes/Matuyama) was dated radiometrically (K/Ar) in lava flows as 730,000 years (more
recent measurements date this change as 780,000 years). This event and other paleomagnetic
reversals provided tie points in the older parts of sedimentary cores to which accurate age
estimates could be assigned to stable isotope changes. The result was that oxygen isotope
records could now be used as a chronostratigraphic tool for almost all of the Pleistocene (~1.8
million years).

Another major advancement in refining the oxygen isotope-based stratigraphy came with
the observation that the climate/3180,¢ic changes matched orbital insolation patterns. Orbital
variations affect the distribution of the sun's radiation at the surface of the earth, and therefore
the climate. Past orbital variations can be calculated, providing a testable mechanism for past
climate changes. The idea that natural variations in insolation could be responsible for the
cyclicity in climate has been around for a long time. Milankovitch (1941) calculated the
insolation changes that were associated with past orbital variations. Hays et al. (1976) compared
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climate records from the Southern Ocean with the insolation curves and demonstrated that the
climate changes were paced by insolation changes and, therefore, that they could be used to
explain the cyclic nature of climate change during the past 2 million years. One implication of
the "Pacemaker" discovery is that the calculation of past insolation cycle variations could be
used as the basis for a numerical time-scale. Imbrie et al. (1984) developed what is now called
the SPECMAP 6180 record by stacking 8180 ,¢ite records from various localities. The resulting
3180 curve was assigned ages by tuning or adjusting the 6180 patterns to match the predicted
patterns based on the current astronomic calculations for orbital variations (Fig. 2.8.1-4). The
estimated precision associated with using the oxygen isotope stratigraphy is now on the order of
5,000 years (Imbrie et al., 1984).

12| 3 4] 5 6 7 8 | 9 10| 11 12 |13
! ! L ! | I ! I !
9y &R & 2 8 g 28 g g

SPECMAP 8180

o) AU 1 A PR R PR O TR I RPN | EPRRPRR W T AU HPY U Sl A I
0 50 100 150 200 250 300 350 400 450 500

Age in thousand years

Fig. 2.8.1-4. The stacked, smoothed 8!30 record from SPECMAP is plotted versus age (Imbrie et al., 1984). The
8180 values are expressed as standard deviation units about a mean value of zero. Typical glacial-interglacial
differences range between 1.5 and 2.0 %o. The standard Isotope Stages are identified at the top of the graph with
interglacial stages denoted by odd numbers and glacial stages by even numbers. Isotope Stage boundaries with
SPECMAP ages are identified as thin vertical lines (Imbrie et al., 1984). Subsequent work on the age estimates for
the oxygen isotope zonation (e.g., Shackleton et al., 1990) is very similar to this time-scale for the last 750 thousand
years. Finer resolution in oxygen isotope records is coherent from core to core and is demonstrated in stage 5 which
has 3 distinct peaks, 5a, 5c, and 5e, having ages of 82, 105, and 122 thousand years ago. See Imbrie et al. (1984) for
further discussion of the finer-scale features.
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Following the work of SPECMAP, the oxygen isotope-based stratigraphy has evolved in
two different directions. Several researchers have extended the oxygen isotope stratigraphic time
scale from the Plio-Pleistocene boundary back into the late Miocene (~6 million years)
(Ruddiman et al., 1986, Shackleton et al., 1990; Hodell et al., 1994). Advancing the
astronomically based age models for older sequences was not limited to 8180, records as
Hilgen (1991) demonstrated with thick Mediterranean sapropels which further refined age
estimates for the early Pliocene events. Others have shown cyclic patterns in 8180, records
in the middle Miocene, which suggests that one day the oxygen isotope stratigraphies may be
extended back to 15 million years ago (Pisias et al., 1985). The other direction of refinement in
oxygen isotope-based stratigraphy has involved the identification of high resolution (<1,000
years) changes during the most recent glacial interval. These events were first documented in the
Greenland Ice cores (e.g., Dansgaard et al., 1982), but recent, high-resolution work on marine
cores indicates that many marine sediments also recorded these high frequency events (Bond et
al., 1993).

DEVILS HOLE - AN OUTSTANDING PROBLEM

In 1992, a well dated 8!80,¢jte record was published from a calcite vein in Nevada
indicated that the penultimate deglaciation (Isotope Stage 6 to Stage 5) occurred 15,000 years
earlier than previously estimated by SPECMAP (Winograd et al., 1992). The Devils Hole
S18041cite record and high resolution U/Th dating created a stir in the paleoclimatic community
because it questioned not only the stratigraphic scheme, but also went to the heart of the basic
mechanism for climate change (orbital forcing) that had become accepted as fact by many
researchers. Attempts to explain the different chronologies have looked at the Devils Hole
record as either having problems in the reliability of the U/Th dates due to a groundwater effect
on Th incorporation during calcite precipitation (Shackleton, 1993), or possibly that the
d180 ,1cite records from Devils Hole and marine environments represent different climatic signals
(Imbrie et al., 1993). Curiously, calcite precipitation stopped in the Devils Hole vein around
60,000 years ago which presents more uncertainty regarding the Devils Hole record. Since the
introduction of the Devils Hole record and the initial response by the paleoclimatic community,
the coral terrace sequences from which the 125,000 year dates were obtained have been re-
examined and re-dated. The new U/Th dates confirm the original dates of 125,000 years using
more rigorous methods. It seems that at present, the Devils Hole record needs to be replicated in
other locations before the paleoclimate community will abandon the orbitally based oxygen
stratigraphy (Imbrie et al., 1993).

CONCLUSIONS

The 8180 ,1¢ite records from marine cores show synchronous changes that can be reliably
used as a correlation tool (Fig. 2.8.1-2). Marine 8180t records in the Quaternary primarily
reflect temperature and ice volume changes associated with the glacial-interglacial cycles. These
effects changed the 8180, in the same direction. Cold temperatures and increased ice
volumes during the glacial intervals caused the 81830, to increase; conversely, warmer
temperatures and low ice volumes caused the 8180 i to decrease. The most important fact is
that for the last 40,000 years, the 880 ,ie changes have been demonstrated to be globally
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synchronous by AMS 14C dating. For the older time intervals, the magnetic polarity records
show that the 8180t records were synchronous as well. Marine stable isotope records contain
globally recognizable features with excellent age control, and thus provide a solid basis for the
oxygen isotope stratigraphic scheme.
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