
Appendix 2 

Isotopes of Carbon 

Both 13C and 12C are stable (nonradioactive) isotopes of 
carbon that occur naturally in Earth's vegetation, water, 
and air. The 12C isotope accounts for more than 99% of 
all the carbon present on Earth, and 13C accounts for 
most of the rest. A small amount exists as radioactive 
I+C. Geochemists who analyze material for its carbon 
isotope composition measure small variations around 
the average I.'C/12C ratio of less than O.Ol. 

Similar to the convention used for oxygen isotopes, 
measurements of I.lC/ 12C ratios are reported as depar-
tures in parts per thousand (%0) from a laboratory 
standard: 

All measurements are referenced to standards sup-
plied by the National Bureau of Standards for use as a 
common reference point. Like the oxygen isotope 
ratios, carbon isotope ratios are multiplied by 1000 to 
convert the very small measured variations in an already 
small ratio to a more handy numerical form. As a result, 
8ue values for carbon that occurs in mcygen-rich con-
ditions fall between -25%0 for some kinds of vegetation 
on land to +2%0 for carbon dissolved in ocean surface 

Carbon source: CO2 
OB C =-7%0 

Fractionation 
-6%0 

Summer Carbon source: 
Dissolved inorganic C 

in surface ocean 
(OBC initially =0 %0) 

waters in some regions. For carbon that forms in the 
absence of oxygen (in "reducing conditions"), 813 C val-
ues can be far more negative, around -50 to -60%0. 

Carbon samples with relatively large amounts of 13C 
compared with 12C have more positive 813C values and 
are referred to as 13C-enriched or 12C-dcpleted. Sam-
ples with relatively small amounts of l.lC compared with 
12C have more negative 8 13 C values and are referred to 
as IlC-depleted or 12C-enriched. 

Fractionation during photosynthesis causes changes 
in 8 uC values (Figure 1). As the plants take inorganic 
carbon and turn it into organic carbon, they incorpo-
rate the 12C isotope into their living tissue more easily 
than the l.lC isotope. This discrimination in favor of 12C 
shifts the 81.lC of organic matter toward values that 
are more negative than the initial inorganic carbon 
source. 

For example, plant plankton in the ocean take inor-
ganic carbon from seawater with a 8 13 C value near 0%0 
and convert it to organic carbon with a 81lC value near 
-22%0. Some of the organic carbon is sent to the deep 
ocean, but most is oxidized back to inorganic form and 
recycled within the ocean or sent back to the surface 
waters. The net export of a small fraction of 12C-rich 
organic carbon to the deep ocean leaves the remaining 

FIGURE 1 Photosynthesis and 
carbon isotope fractionation 
Photosynthesis on land and in the 
surface ocean converts inorganic 
carbon to organic form and causes 
large negative shifts in o13e values of 
the organic carbon produced. 
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surface water enriched in L' C, with 8 13 C values of 1%0 
or slightly higher. 

Overall, organic carbon forms a small fraction of the 
total carbon reservoir in the ocean, where inorganic 
carbon predominates. The combined effect of the two 
reservoirs (a small amount of organic carbon with a 
8 13 C value near -22%0 and a large amount of inorganic 
carbon with a 813C value near +1 %0) yields a mean 8 13C 
value of for all the carbon in the ocean. 

Inorganic CO J in the atmosphere with a 8 13 C value 
of - 7%0 is the source for photosynthesis by 
plants. All trees as well as most shrubs and cool-climate 
grasses use a type of photosynthesis called the C3 path-
way, which produces organic tissue with 8 13 C values in 
the range of -21 %0 to -28%0 and an average value of 
-25 %0 . Some shrubs and most grasses that grow in hot 
climates during the summer season use a different kind 

of photosynthesis called the C4 pathway, which pro-
duces vegetation with less negative 813 C values, ranging 
between -11%0 and -15%0 and averaging -13%0. By 
far the largest amount of organic biomass on Earth's 
land surfaces resides in C3 trees, and as a result the 
average 813 C of vegetation on land (and oflitter in soils) 
is -25%0. 

For purposes of reconstructing past climates, the 
813 C composition of a wide range of fossilized materials 
contain can be analyzed on mass spectrometers. The 
same CaC03 shells of marine foraminifera that yield 0:>"',),-

gen for 81 80 analyses also provide carbon for 813 C analy-
ses. Acid can be used to dissolve the shells and produce 
CO) for analysis. Living vegetation or its organic residue 
in as well as organic matter in plankton and ocean 
sediments can also be analyzed on mass spectrometers 
after the organic carbon is burned to produce CO2 gas. 



CHAPTER 10  
Orbital-Scale 
Changes in Carbon 
Dioxide and Methane 

S equences of ice cores several kilometers in length recovered from ice sheets 
give scientists access to another very important archive of climate change over 
the last several hundred thousand years. One remarkable discovery from air 
bubbles trapped in these cores is that two important greenhouse gases, carbon 
dioxide (C02) and methane (CH4), have varied at the same periods as Earth's 
orbit. Atmospheric CO2 concentrations match the -100,000-year rhythm of 
the ice sheets, with high concentrations during warm interglacial intervals 
but values 30% lower during maximum glaciations. The carbon taken from 
the atmosphere during glacial times ended up in the deep ocean, but the 
processes responsible for this transfer are still being explored. Possibilities 
include an ocean cooling that increased CO2 solubility in seawater, greater 
transfer ("pumping") of organic carbon from surface to deep waters, and 
changes in the patterns of deep-water circulation. Methane levels have fluctu-
ated mainly at the 23,000-year orbital rhythm of precession, largely because of 
fluctuations in north-tropical monsoons at that period. The greenhouse gases 
act as a driver of ice sheet changes at the 23,000-year cycle, a positive feedback 
to the ice at the 41,000-year cycle, and a combination of both in the oscilla-
tions near 100,000 years. 
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Ice Cores 
Cores from today's ice sheets span the last several 
hundred thousand years and contain invaluable archives 
of climatic signals that are not available from other 
sources. Two of the most important records are those 
of the greenhouse gases carbon dioxide (CO,) and 
methane (CH-+). -

10-1 Drilling and Dating Ice Cores 

Scientists searching for the oldest ice in an ice sheet 
drill down from the top of the highest ice domes 
(Figure 10-1). They avoid the steeper edges because the 
ice there f10ws relatively quicldy toward the ice margins 
and melts. In contrast, the ice that accumulates on the 
highest domes flows slowly down into the interior of 
the ice sheet, where it is stretched and thinned but not 
melted. As a result, the oldest ice sits under the middle 
of an ice sheet. 

Because winter weather on ice sheets is inhospitable, 
drilling is done in the "summer" season (Figure 10-2). 
On Greenland a warm summer day may reach tempera-
hlres a few degrees below freezing (0 0 C), but on the 
Antarctic ice sheet temperatures rarely warm to -20 0 C 
in summer. Drilling takes place in structures that provide 
protection from the elements but keep the ice cores 
frozen. Hundreds of ice cores, each a few meters in 
length, are retrieved as drilling proceeds through several 

Ice core site 
I 

FIGURE 10-1 Ice coring The best place on an ice sheet to 
take ice cores is at the top of the ice dome because ice flows 
slowly down into the ice sheet and old ice is preserved at the 
bottom. 

kilometers of ice. Drilling all the way through an ice 
sheet takes more than a single summer. 

Some ice cores can be dated by counting annually 
deposited layers (Chapter 2). Annual layering is recorded 
in several properties within the ice, including layers of 
dust that may be visible to the eye. The dust is deposited 
at the end of cold, dry, windy winters. The count starts 
with the top layer, the year the coring operation began, 
and it proceeds downward as far as annual layers remain 
detectable. Eventually the natural stretching of ice layers 
by flow deeper in the ice sheet blurs the layers beyond 
recognition. 

The layer-count method works best for ice sheets 
where snow is deposited rapidly. For the Greenland ice 
sheet, where ice accumulates at 0.5 m or more per year, 

A B c 
FIGURE 10-2 Ice coring operations (A, B) Ice drilling during cold "summer" conditions 
retrieves sequences of ice cores thousands of meters thick. (C) Scientists may also examine upper 
ice layers in pits dug into the ice. (Courtesy of Paul Mayewski, University of Maine.) 



CHAP T E R 10 • Orbital-Scale Changes in Carbon Dioxide and Methane 177 

annual layers can be detected thousands of years into the 
past. In contrast, on the moisture-starved central domes 
of the Antarctic ice sheet, where ice accumulates at less 
than 5 cm per year (the length of a finger), annual layer-
ing is barely detectable even in the surface snow and not 
apparent in the stretched and thinned ice below. 

For cores without annual layering, one common 
technique for dating the ice is to construct an ice flow 
model based on the physical properties of the ice sheet 
and the assumption of a smooth steady flow of ice below 
the surface, like that shown in Figure 10-1. These mod-
els produce fairly good estimates of the age of the ice, 
but they are not as accurate as annual layer counts. 

Snow that fa lls on the high central domes of ice 
sheets is light and fluffy, and air circulates easily among 
its upper layers (Figure 10-3). As additional snow accu-
mulates, the underlying layers are gradually buried and 
compressed by the weight of the overlying snow and 
ice, and the pressure eventually transforms the snow 
into crystals of ice. Little by little, the flow of air in the 
subsurface is reduced, and the air diffuses only slowly 
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FIGURE 10-3 Sintering: Sealing air bubbles in ice Air 
moves freely through snow and ice in the upper 15 m of an ice 
sheet, but flow is increasingly restricted below this level. 
Bubbles of old air are eventually sealed off completely in ice 
50 m or more below the surface. (Adapted from D. Raynaud, 
"The Ice Core Record of the Atmospheric Composition: A 
Summary, Chiefly of CO2' CH 4 , and 0 2'" in Trace Gases in the 
Biosphere, ed. B. Moore and D. Schimel [Boulder, co: UCAR 
Office for Interdisciplinary Studies, 1992] .) 

through the ice crystals. At a depth of about 50 m below 
the surface, air can no longer circulate at all and is 
trapped in place as small bubbles, a process called sin-
tering. These air bubbles form a permanent record of 
the past atmosphere. 

At the time the air bubbles are trapped, their slow 
diffusion beneath the surface makes their average age 
greater than that of the overlying am10sphere and the 
snow falling on the ice sheet. But the age of the bubbles 
is younger than that of the ice in which they are trapped 
because the surrounding ice was deposited many years 
earlier. The difference in age between the air bubbles 
and the surrounding ice depends on the rate at which 
the ice accumulates. If deposition of ice is fast (0.5 
mlyr) , the age difference between the bubbles and the 
ice enclosing them will only be a few hundred years. If 
deposition is slow (0.05 m/yr) , the age offset can be as 
large as 2000 years or more. 

10-2 Verifying Ice Core Measurements of 
Ancient Air 

Before interpreting records of greenhouse gases 
trapped in ice cores, scientists first needed to verify that 
the techniques they use to extract and measure the gas 
concentrations were reliable. To do this, they measured 
air bubbles deposited in the upper layers of ice in cores 
taken from sheltered places where snow accumulates 
relatively rapidly. Ice cores from these sites provide 
measurements of CO") and methane values from recent 
centuries, with each representing an average of 
5 to 10 years. 

Records obtained from such ice cores indicate that 
CO 2 concentrations in the atmosphere were about 280 
ppm (parts per million by volume) near the middle of 
the nineteenth century. By late in the century, the con-
centrations began to rise toward (and past) 300 ppm 
(Figure 10-4A). The rising CO ") trend in the ice core 
measurements then merges sm-oothly with a record 
based on instrumental analyses of air samples taken at 
the Mauna Loa Observatory in Hawaii beginning in 
1958 by the atmospheric chemist David Keeling. The 
instrumental measurements show COl levels accelerat-
ing from 315 ppm in 1958 to today's value of more than 
385 ppm. The smooth merging of the ice core and 
instrumental trends shows that the COl measurements 
in the ice cores are reliable. -

Ice core measurements of methane over the last 
few centuries blend in a similar way with instrumen-
tal measurements made later in the twentieth century 
(Figure 10-4B). Ice core CH{ concentrations were 
between 750 and 800 ppb (parts per billion by volume) 
before the 1800s but then began to accelerate, eventu-
ally merging with the rapid increase measured by 
instruments during and since the 1980s. The modern 
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FIGURE 10-4 Ice core and instrumental CO2 and CH4 
measurements Measurements of (A) carbon dioxide and 
(B) methane from bubbles in ice cores merge perfectly 
with measurements of the atmosphere in recent decades. 
(A: Adapted from H. H. Friedli et al ., " Ice Core Record of the 
13C/12C Ratio of Atmospheric CO2 in the Past Two Centuries," 
Nature 324 [1986]: 237-38 . B: Adapted from M. A. K. Khalil and 
R. A. Rasmussen, "Atmospheric Methane: Trends over the Last 
10,000 Years, " Atmospheric Environment 21 [1987]: 2445-52.) 

methane level is near 1800 ppb. With the validity of 
both the CO2 and CH4 records in ice cores proven by 
their excellent match with instrumental measurements, 
the longer-term records of these gases extracted from 
ice cores can be accepted as reliable. 

10-3 Orbital-Scale Carbon Transfers: Carbon Isotopes 

Before we explore the long-term CO2 and CH4 records 
in ice cores, we need to revisit the distribution of carbon 

in Earth's narural reservoirs and the transfers among 
them (Figure 10-5). In Part II, we focused on the very 
slow exchanges between the carbon buried in Earth's sed-
iments and rocks and the carbon stored in Earth's surface 
reservoirs (the atmosphere, vegetation and ocean). Over 
many millions of years, the cumulative effects of these 
slow exchanges caused large changes in COl' 

In this chapter, we are interested in orbital-scale 
changes in CO2 and CH that occur over thousands to 4 
tens of thousands of years. These faster changes can be 
explained only by rapid exchanges of carbon among the 
surface reservoirs (see Figure 3-3). Large amounts of 
carbon must have moved among these reservoirs during 
the length of an orbital cycle. 

To explore how carbon has moved among these 
reservoirs, we need a quantitative way to track its move-
ment. Forrunately, two carbon isotopes exist in narure, 
and different types of carbon in the climate system have 
distinctive carbon isotope (8 l3 C) ratios that give scien-
tists a way of tracking how carbon has moved among 
these reservoirs (Appendix 2). 

Most carbon occurs in oxygen-rich environments in 
the a tmosphere, oceans, and vegeta tion. Carbon moves 
among these reservoirs in one of two forms: organic 
carbon, which includes both living and dead organic 
matter, and inorganic carbon, which consists mainly of 
ions dissolved in water (HC03-1 and C03-2) but also 
includes CO2 in the atmosphere (companion Web site, 
pp. 30-33). Abundances and typical 8 13 C values of 
organic and inorganic carbon in the major reservoirs 
are shown in Figure 10-5. 

The 813 C values of inorganic and organic carbon 
differ mainly because of changes that occur during pho-
tosynthesis, a process by which plants create organic 
carbon from inorganic sources (companion Web site, 
pp. 30-31). During photosynthesis, plants preferen-
tially incorporate the I2C isotope rather than the 13C 
isotope into their living tissue. This discrimination 
(fractionation) in favor of the I2C isotope shifts the 81.lC 
composition of the organic matter produced toward 
more negative (,2C-enriched) values compared with the 
inorganic carbon source (Appendix 2). 

Ocean phytoplankton (plant plankton) take inor-
ganic carbon with 813 C values near 0%0 from seawater 
and convert it to organic carbon with 813 C values near 
-22%0, a net fractionation of -22%0. Overall, organic 
carbon forms a small fraction of the ocean reservoir, and 
inorganic carbon is the predominant form. Terrestrial 
plants use atmospheric inorganic carbon (CO) with a 
813 C value near -7%0 and convert it to carbon 
with values that range between -11 and -28%0 for dif-
ferent kinds of plants. This fractionation of carbon by 
living systems is different from the physical fractiona-
tion of oxygen isotopes by evaporation and condensa-
tion (Chapter 6, Appendix 1). 
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Both the organic and inorganic forms of carbon 
are preserved in the geologic record. CaCO I shells of 
marine foraminifera are formed from inorganic carbon 
dissolved in seawater, typically with values near 0%0. 
Many kinds of geologic deposits on land and in the ocean 
also contain small amounts of organic carbon with more 
negative 8 11 C values, typically averaging -25%0. These 
deposits are useful for tracking past transfers of carbon 
among the surface reservoirs over orbital (and shorter) 
time scales. 

Orbital-Scale Changes in CO2 
The longest records of past CO 2 changes come from 
sequences of cores extracted from the Antarctic ice 
sheet. The CO ) record from one of these sites (Vostok 
Station) shows-oscillations between values as high as 
280-300 ppm and as low as 180-190 ppm over the 
last 400,000 years (Figure 10-6). These CO) oscilla-
tions line up well with variations in marine 8180, which 
indicate changes in ice volume. When the ice sheets 
were large, CO) concentrations were low (190 ppm or 
less). When ice sheets were small or absent in the 
northern hemisphere, CO 2 concentrations were high 
(280 to 300 ppm). Ice cores extracted in recent years 
have extended this close link of CO2 and ice volume 
back to more than 650,000 years ago. 

10-4 Where Did the Missing Carbon Go? 

The observation that a general match exists between CO) 
and ice volume tells us that some kind of cause-and= 
effect relationship exists between these two components 
of the climate system. One way to begin exploring this 
relationship is to find out the fate of the carbon that was 
removed from the atmosphere . The 90-ppm reductions 

FIGURE 10-5 Carbon reservoir 
013C values The major reservoirs of 
carbon on Earth have varying 
amounts of organic and inorganic 
carbon (shown in parentheses as 
billions of cons of carbon) , and each 
type of carbon has characteristic 
carbon isocope (0l3C) values . 

in CO 2 values mean that almost one-third of the carbon 
in the atmosphere during interglacial times bil-
lion tons) moved to some other reservoir during glacia-
tions (Figure 10-7). 
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FIGURE 10-6 Long-term CO2 changes A 400,000-year 
record of CO2 from Vostok ice in Antarctica shows four 
large-scale cycles near a period of 100,000 years that are similar 
CO those in the marine 0180 (ice volume) record. (Adapted 
from J. R. Petit et aI. , "Climate and Atmospheric History of the 
Past 420,000 Years from the Vostok Ice Core, Antarctica," Nature 
399 [1999] : 429-36.) 
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One place to look for this "missing" CO J carbon is 
the vegetation-soil resenroir. Scientists have abundant 
infonnation on the amount of carbon stored on land in 
vegetation and soils during the last glacial maximum, 
20,000 years ago. The evidence shows that the conti-
nents had less net vegetation cover and held less carbon 
during glaciations than they did during warm inter-
glacial intervals like today. 

The main reason for the decrease in glacial carbon 
was the expansion of ice sheets across large areas of 
North America and Eurasia that during interglacial 
times like today were covered by forests of conifers and 
deciduous trees. In addition, other regions that were 
forested during warm interglacial times were covered 
by steppe and grassland with lower amounts of carbon 
during glaciations. As a result, the forested regions that 
survived during full glaciations were smaller than those 
today. 

Continental lakes with sediments containing pollen 
can tell us about past changes of the nearby vegetation. 
The picture that emerges from these lake core records 
is that most regions on Earth were drier and less vege-
tated during maximum glaciations than they are today. 
Even in the tropics, rain forests were less extensive. One 
region where a significant increase in glacial vegetation 
may have occurred was north of Australia. There, the 
fall of sea level caused by storage of water in glacial ice 
sheets exposed large expanses of now-submerged conti-
nental shelf, and these regions were probably covered 
by tropical rain forests. But this regional increase was 
not enough to offset losses elsewhere. 

From this evidence, climate scientists estimate that 
the total amount of vegetation on land was reduced by 
roughly 25% (from 2160 to 1630 billion tons) during 
the last glacial maximum 20,000 years ago (see Figure 
10-7). These estimated reductions are uncertain, and 
the actual reduction could be anywhere between 15% 

FIGURE 10-7 Interglacial-to-
glacial changes in carbon reservoirs 
During [he glacial maximum 20,000 
years ago, large reductions in carbon 
biomass occurred in [he atmosphere, 
in vegetation and soils on land, and in 
[he surface ocean . The coral amount 
of carbon removed from rhese 
reservoirs (more rhan 1000 billion 
cons) was added CO [he much larger 
reservoir in [he deep ocean. 

and 30%, but in any case the decrease was substantial. 
Clearly, the carbon removed from the atmosphere did 
not go into land vegetation, and now we face the added 
problem of explaining the carbon missing from not just 
the atmosphere but also the land. 

The only remaining place where the missing carbon 
could have been stored is in the ocean. But which ocean 
reservoir took up the carbon, the small surface reservoir 
or the much larger deep reservoir? The surface ocean is 
not the answer. Ocean surface waters exchange all their 
carbon with the atmosphere within just a few years. 
Because of this rapid exchange of COJ gas, most areas 
of the surface ocean today have CC\ values within 
30 ppm of the value in the overlying Such 
rapid exchanges mean that if CO J values were 30% 
lower in the glacial atmosphere, they must have been 
lower by nearly the same average amount in the glacial 
surface ocean. This estimate adds another 300 billion 
tons to the growing list of carbon that was "missing" 
during glacial times (Figure 10-7). 

The only available carbon reservoir left is the deep 
ocean. The missing glacial carbon removed from the 
atmosphere, vegetation, and surface waters must have 
been stored or sequestered there. The total amount of 
carbon missing from the other reservoirs adds up to 
about 1000 billion tons (see Figure 10-7). This amount 
must have ended up in the deep ocean during the last 
glaciation. But the deep ocean is such an enormous car-
bon reservoir billion tons) that this additional 
carbon would have increased the amount present dur-
ing interglacial times by only about 2.7%. 

10- 5 8B C Evidence of Carbon Transfer 

The amount of carbon transferred from the land to 
the deep ocean can be estimated independently from 
8 13 C measurements of foraminifera. Organic carbon in 
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terrestrial vegetation is tagged with a negative 8 13 C 
value averaging -25%0, whereas the large amount of 
inorganic carbon in the ocean has an average value 
near 0%0. Although a small fraction of the terres-
trial organic carbon delivered to the ocean remains as 
organic matter, most of it is converted to inorganic 
carbon that retains the very negative -25%0 8 13 C 
composItIon. 

During glacial times (Figure 10-8A), 12C-rich organic 
carbon transferred from the land to the deep ocean and 
converted to inorganic form should have made the 8 13 C 
value of the inorganic carbon in the ocean slightly more 
negative. These lower 813 C values should correlate with 
the more positive 8 18 0 values resulting from more 
glacial ice and colder deep-ocean temperatures. The 
opposite pattern should have occurred during inter-
glacial times (Figure 10-8B), with more positive 813 C 
values because of the return of the negative carbon to 
the land and more negative 8180 values because of the 
melting of 160-rich ice. 

A Glacial climate 

B Interglacial climate 

FIGURE 10-8 Glacial transfers of U( and 160 (A) During 
glaciations, 12C-enriched organic matter is transferred from the 
land to the ocean at the same time that 160-enriched water 
vapor is extracted from the ocean and stored in ice sheets. 
(B) During interglaciations, 12C-rich carbon returns to the land 
as 160-rich water flows back into the ocean. 

We can use a mass balance calculation to estimate 
the effect of adding very negative (12C-enriched) carbon 
to the deep sea during maximum glaciations: 

(38,000) (0%0) + (530) (-25%0) = (38,530) (x) 
Llorganic Mean e added Mean GI<lcial inorganic Mean 

si l eC in ocean from land 81;e carbon total sile 

where x is the 8 13 C value of glacial inorganic carbon in 
the ocean and the sizes of the carbon reservoirs shown 
are in billions of tons of carbon. Solving for x, we find 
that the mean 8 13 C value of inorganic carbon in the 
glacial ocean should have shifted from to -0.34%0 
because of the addition of '2C-rich carbon transferred 
from the land. 

This estimated -0.34%0 shift has been tested by 
comparing it to 81.'C values in the CaC03 shells of 
glacial-age benthic foraminifera in cores distributed 
across the world ocean over a range of water depths. 
The measurements show the 8 l3 C composition of the 
deep waters region by region . 'iVith all these analyses 
combined into a global average value, the estimated 
8J3 C change for the entire ocean is -0.3 5%0 to -0.4%0. 
In view of the uncertainties involved, the good agree-
ment between the two methods indicates that carbon 
isotopes are useful tracers of past carbon shifts among 
Earth's reservoirs. 

This evidence suggests that we should also be able 
to trace carbon transfers during earlier glacial cycles 
using 81.lC changes measured in the shells of benthic 
foraminifera. Because the Pacific contains by far the 
largest volume of water of Earth's oceans, scientists 
have used changes in its deep-water 813 C values through 
time as the best single "quick" index of average 811 C 
changes in the global ocean. The longer-term 8u C 
record in Figure 10-9 shows the basic relationship 
expected from the transfers shown in Figure 10-8: large 
amounts of terrestrial carbon with negative (-25%0) 
8 13 C values were transferred into the ocean every time 
ice sheets grew, and then were returned to the land 
when the ice melted. 

The most negative 8 13 C values are spaced at inter-
vals close to 100,000 years during the last 0.9 Myr and 
at cycles of 41,000 years prior to 0.9 ago. Although 
the correlation between the two signals is far from per-
fect, time series analysis confirms that the 811 C (carbon 
transfer) and 8 1HO (ice volume) signals have varied at 
the same periods and with the same approximate timing 
over millions of years. 

On closer inspection, many of the 8 13 C variations 
shown in Figure 10-9 exceed the -0.35 to -0.4%0 shift 
that can easily be attributed to transfers of carbon from 
land to sea. This unexpectedly large 813 C response tells 
us that additional factors must have been affecting 
oceanic 8 13 C values through time. The source of these 
variations is not known. 
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FIGURE 10-9 Carbon transfer during glaciations A 
sediment core from the deep Pacific Ocean shows more 
negative 813c values during glaciations (8180 maxima), 
mainly because 12C-enriched carbon is transferred from 
the land into the ocean. (Adapted from D. W. Oppo et aI., 
"A 813c Record of Upper North Atlantic Deep Water 
During the Past 2.6 Million Years," Paleoceanography 10 
[1995]: 373-94.) 

How Did the Carbon Get into the 
Deep Ocean? 
The answer to this question is complicated and not 
yet resolved. Scientists are actively investigating several 
factors that seem likely to have played a role in this 
transfer. 

10- 6 Increased CO2 Solubility in Seawater 

Changes in the average temperature of the ocean dur-
ing glaciations would have altered the chemical solubil-
ity of CO, in seawater and thereby affected the amount 
of CO ) left in the atmosphere. Because CO, dissolves 
more readily in colder seawater, atmospheric CO, levels 
will drop by -10 ppm for each 1°C of ocean cooling. 
As we will see in Chapter 12, surface-ocean tempera-
tures in the tropics cooled by an estimated average of 
2 ° -4 ° C during the last glacial maximum 20,000 years 
ago and by larger amounts in many high-latitude 
regions. The much larger volume of water in the deep 
ocean cooled by an average of 2 °_3 DC. As a result of 

this cooling, the atmospheric CO concentration should2 
have fallen by -20-30 ppm because of increased CO2 
solubility. 

The altered salinity of the glacial ocean would also 
have affected atmospheric CO, but in the opposite 
direction. C0 7 dissolves more e;sily in seawater with a 
lower salinity, -but the average glacial ocean was saltier 
than it is today because of the amount of freshwater 
taken from the ocean and stored in ice sheets. Although 
some high-latitude ocean surfaces (such as the North 
Atlantic) became less salty during glaciations, the aver-
age salinity of the entire ocean increased by about 
1.1%0, enough to cause an estimated glacial CO2 increase 
of 11 ppm. 

The II-ppm CO ) increase caused by higher salinity 
would have offset under half of the 20-30 ppm 
decrease caused by ocean cooling for a net CO, drop of 
-14 ppm. Most of the observed CO, decrease 0£90 ppm 
must have occurred by means of otl;er mechanisms. 

10-7 Biological Transfer from Surface Waters 

One way to move carbon from surface to deep waters is 
through biological activity. Photosynthesis occurs in 
sunlit surface waters where sufficient nutrients (phos-
phorus and nitrogen) are available to stimulate grow-m of 
marine phytoplankton (Figure 10-10). CO2 is extracted 

1

FIGURE 10-10 Photosynthesis in the ocean Sunlight that 
penetrates the su rface layers of the ocean causes 
photosynthesis in microscopic marine plankton . After the 
plankton die, their organic tissue sinks to the seafloor and is 
oxidized to nutrient form . Upwelling returns the nutrients 
(including organic carbon) to the ocean surface. 
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BOX 10-1 A CLOSER LOOK AT CLIMATE SCIENCE 

Using (313C to Measure Carbon Pumping 

As photosynthesis sends carbon to the deep ocean, it 
also preferentially removes the 12( isotope from surface 

waters and sends it to the seafloor in dead organic matter. 
Fractionation and removal of 12(-rich carbon leaves the 
inorganic carbon in surface waters enriched in He, and inor-
ganic Sl3( values become more positive, ranging as high as 
t 1 to t2%o.ln the deep ocean, where organic carbon is oxi-
dized back to inorganic form, the deep waters become 
enriched in 12(, and the S13( values become more negative. 

These opposing S13( trends provide a way to measure 
the strength of the ocean carbon pump: by analyzing 
changes in carbon isotopic values in foraminifera. The 
shells of planktic foraminifera record changes in surface-
water SH( values through time, while the shells of benthic 
foraminifera record ongoing changes in deep-water 813 ( 
values. The changing difference between these two trends 
through time is a monitor of the changing strength of 
the carbon pump. If nutrient delivery to surface waters 
increased during glacial times, productivity and carbon 
pumping should also have increased. The result should 
have been an increase in the difference between the 813 ( 
values of surface and deep waters: more positive values in 
surface waters and more negative values below. 

from surface waters and incorporated in organic tissue 
some of which sinks to the deep ocean: 

+ H 20 CH]O + 0 2 
Tf the rate of photosynthesis increases, CO) concentra-
tions in surface waters will decrease becau;e of greater 
dmvnward export of carbon in dead organic matter. 
To increase this transfer, sometimes referred to as the 
carbon pump, more nutrients must become available 
to the plant plankton in surface waters to stimulate 
greater productivity. If greater productivity occurred 
during glacial times, the increased downward transfer of 
organic carbon would have reduced CO2 values in sur-
face waters and in the overlying atmosphere. One way 
to track past changes in the carbon pump is to use 
paired 813C measurements of foraminifera that lived in 
surface and deep waters (Box 10-1). 

Nlost ocean surface waters have very small amounts 
of nutrients, \vhich are quickly consumed by planktic 
organisms. As a result, annual productivity in many 
mid-ocean regions is very low in the current interglacial 
climate (Fig-ure 10-11). Because a range of evidence 

Glacial carbon pump 

Surface water 
More 813C values more (0 

I 
More 12C-enriched Greater 813C 

organic carbon contrast 
sinking ! 

Deep water 
813C values more 0 

Measuring changes in the ocean carbon pump Greater 
photosynthesis in surface waters dur ing glaciations would 
pump more organ ic carbon to the deep sea and reduce 
atmospheric CO2 levels. Past changes in this process can be 
measured by the increased difference between 13C-enriched 
carbon (higher 013C values) in the shells of planktic 
foraminifera living in surface waters and 12 C-enriched carbon 
(lower 813c values) in the shells of benthic foraminifera living 
on the deep ocean floor. 

indicates that many low-productivity regions remained 
nutrient-depleted during glaciations, increased carbon 
pumping could not have occurred in these regions. 

In contrast, the deep ocean is loaded with nutri-
ents because the nitrogen and phosphorus ;:ll1d carbon 
contained in organic matter falling from surface ,vaters 
are oxidized back to mineral form (see Figure 10-10). 
But these nutrients remain unused in the darkness of 
the deep sea unless they are delivered back to the sur-
face waters by upwelling or other processes to stimulate 
surface productivi ty. 

High productivity occurs today in several kinds 
of regions: coastal areas, where rivers and upwelling 
deliver nutrients; narrow regions of upwelling near the 
equator, especially in the Pacific Ocean; and high lati-
tudes of the North Pacific Ocean and the Southern 
Ocean around Antarctica (see Figure 10-11). Large-
scale changes in biological pumping of carbon to the 
deep sea can occur in these productive regions. 

The high-latitude oceans are particularly promising 
locations for increased carbon pumping because they 
contain large amounts of unused nutrients in the 
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FIGURE 10-11 Annual carbon production in the modern surface ocean Primary produccion 
of carbon (grams per square centimeter per year) is highest in shallow coastal regions, in 
high-latitude oceans (especially the Southern Ocean), and across equatorial upwelling belts, but 
it is lower in central ocean gyres . (Adapted from W. H . Berger et al ., " Ocean Carbon Flux: Global 
Maps of Primary Production and Export Production," in Biogeochemical Cycling and Fluxes between the 
Deep Euphotic Zone and Other Oceanic Realms, National Und ersea Research Program Report 88- 1 
[Asheville, NC: NOAA, 1987]. ) 

current interglacial climate. Solar radiation in these 
areas is relatively weak, and active photosynthesis is 
limited to a relatively brief summer season. As a result, 
photosynthesis does not utilize most of the available 
nutrients, and high concentrations persist even during 
the productive season. This modern excess of nutrients 
means that increased productivity during glacial inter-
vals could have transferred additional carbon to deep 
waters compared to today, leaving surface waters with 
reduced CO] levels. 

Scientists are investjgating several mechanisms that 
might have increased glacial productivity and down-
ward transfer of carbon. One intriguing explanation is 
linked to an increase in delivery of nutrients from the 
continents by stronger glacial winds (Figure 10-12). 
The marine scientist John Nlartin proposed that iron, a 
trace element, is critical to marine life, as it is to 
humans. Because erosion of the land is the main source 
of iron for the oceans, he suggested that ocean regions 
should receive an iron "boost" if extra dust is blown in 
by winds. This concept is called the iron fertilization 
hypothesis. 

Stronger glacial winds blowing from semiarid and 
arid continental areas should have carried greater 
amounts of iron to both coastal and mid-ocean areas 
than they do today, stimulating greater productivity 
mer broad areas. Iron fertilization might have stimu-
lated productivity in two regions with modern excesses 
of nutrients: the high latitudes of the North Pacific 
Ocean, which receive enormous dust influxes from cen-
tral Asia; and the Atlantic sector of the Southern Ocean, 

which receives smaller influxes from the Patagonian tip 
of South America. Extra iron arriving in these two areas 
during glaciations could have stimula ted greater pro-
ductivity and carbon pumping to the deep ocean. 

Martin's hypothesis is still being debated. Oceanic 
field tests have shown that adding iron to surface waters 
can stimulate greater short-term productivity of ocean 
phytoplankton . Estimates of the effect of iron fertiliza-
tion on atmospheric CO] concentrations range all the 
way from negligible (a parts per million) to sizeable 
(several tens of parts per million). \\/hether or not iron 
fertilization stimulated a large enough increase in carbon 

Arid land 

Central ocean Upwelling 
of nutrients 

on ocean 
margin 

FIGURE 10-12 Iron fertilization of ocean surface waters 
Dust rich in trace elements such as iron is blown from conti-
nental interiors to the ocean during glaciati o ns . The addition 
of this and other nutritional supplements stimulates produc-
tivity across broad regions . 
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pumping and glacial productivity to alter atmospheric 
CO) concentrations remains unclear. Some scientists 

suggested that the dust from the land may deliver 
other key elements that stimulate ocean productivity. 

10-8 Changes in Deep-Water Circulation 

Another mechanism for transferring more carbon to the 
deep ocean is to change the pattenl of deep-ocean circu-
lation. Today, most of the water that fills the deeper 
oceans forms in the subpolar North Atlantic Ocean or in 
the Soutllern Ocean (companion Web site, pp. 24-25). 
North Atlantic Deep Water flows southward through the 
Atlantic basin, while colder and denser Antarctic Bottom 
Water fills tlle much larger volume in tile Pacific and 
Indian Oceans. 

Evidence from 813C measurements in bottom-
dwelling foraminifera indicates that the circulation pat-
tenl during glacial times was different. We saw earlier that 
the average 813C composition of the entire ocean became 
more negative during glacial times, but in tllis case, our 
focus is on regional 811C va'riations in the ocean. Varying 
degrees of photosynthesis (see Box 10-1) in different 
polar areas of the ocean give inorganic carbon distinc-
tively different 8I3C values in north polar versus south 
polar areas. As a result, the deep waters that fonn from 
surface waters in these regions begin their dO\\'11ward trip 
with distinctively different 813C values (Figure 10-13). 

Atlantic 
Ocean 
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FIGURE 10-13 Modern deep-ocean 813C patterns In 
today's ocean, photosynthesis and carbon isotope 
fractionation drive 8 13c values higher in surface waters 
compared to deep waters. (Adapted from C. D. Charles and R. 
G. Fairbanks, "Evidence from Southern Ocean Sediments for the 
Effect of North Atlantic Deepwater Flux on Climate," Nature 355 
[1992]: 416-19.) 

At one extreme are tile relatively positive 8 13 C values 
(> 0.8%0) in the North Atlantic Ocean near 2000-4000 m 
depth. These values are positive because North Atlantic 
Deep 'Vater is formed from surface waters that have 
been greatly enriched in 13C by photosynthesis (see 
Box 10-1). A plume of positive 8 11 C values at depths of 
2000-4000 m defines the core of this southward flow 
(Figure 1 0-14A). 

In contrast, the waters that form in the Antarctic 
region and flow to a wide range of depths have 81l C val-
ues lower than 0.5%0. Because photosynthetic fraction-
ation of carbon isotopes in the Southern Ocean is 
incomplete, extremely positive 81lC values do not develop 
in the surface waters that feed the deeper flow. The 
contrast between the low-8l.lC water from tile Antarctic 
and the high-81.lC water from the North Atlantic makes 
them relatively easy to trace. 
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FIGURE 10-14 Change in deep Atlantic circulation during 
glaciation In contrast to (A) the modern distribution of 8 13c 
in the Atlantic Ocean, (B) the axis ofhigh-813 C water formed 
in the north flowed south at shallower levels during the last 
glacial maximum. (Modified from J.-c. Duplessy and E. Maier-
Reimer, "Global Ocean Circulation Changes," in Global Changes in 
the Perspective ofthe Past, ed. J. A. Eddy an d H. Oeschger [N ew York: 
Wiley, 1993].) 
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