




















rapid change, are similar, bul not always identical, to those of the present.
If we can understand the mechanisms that have driven climate change over
the past ~2 Ma, then we may be able to predict future climatic and
ecological changes.

4.3.1 SEA-SURFACE TEMPERATURE

Obtaining accurate and detailed records of past sea-surface temperature
(SST) is essential for understanding how Earth’s climaie has operated in
the past, because SST drives atmospheric circulation, generating winds and
weather, and it influences evaporation, regulating the water cycle and
precipitation patterns. Furthermore, it affects seawater density which, in
turn, determines patterns of deep-water circulation.

The most widely used proxy for SST is that which was mentioned at the
start of this Chapter: the oxygen-isotope composition of the calcium
carbonate tesis of planktonic foraminiferans (Figure 4.2). Foraminiferans
incorporate different proportions of 160 and 'O according to the
temperature of the seawater in which they grow: the lower the

temperature, the higher the #0O/'%0 ratio in the calcium carbonate sccreted.
Although all organisms secreting calcium carbonate produce CaCO3 with
higher '#0/'%0 in cold than warm water, the aciual ratio for a particular
temperature depends on the species concerned (see Figure 4.2) (and also on
the 180/160 ratio of the water it is living in).

The ¥O/'0 ratio of remains of foraminiferans is also affected by the
waxing and waning of ice-caps. Water that evaporates from the ocean
eventually condenses as cloud and falls as rain or snow. When seawater
evaporates, water molecules with the lighter oxygen isolope (H,1%0)
evaporate more readily, so atmospheric water vapour is relatively enriched
in the lighter isotope. When water vapour condenscs and is precipitated
back into the ocean, the heavier isotope (H,'®0) condenses preferentially.
Both processes deplete water vapour in the atmosphere in H,'*O relative to
H,'%0. When '80-depleted water vapour is precipitated as snow at high
latitudes, the snow will also be depleted in 'O relative (o the oceans. The
larger the ice-caps, the higher the relative proportion of *O in scawater
and the lower the relative proportion of ‘80 in ice-caps.

Under what conditions, then, will planktonic foraminifcrans have high
BO/100) ratios?

180/160) ratios will be high if the surface scawater is cold, and the amount
of waier held in ice-caps is large.

The amount of 8O in foraminifcran tests is very small, but it can be
measured accurately by mass spectrometry. The result is usually reported
not as a simple ratio, but as a delta (8) value, which 18 determinad by
comparison of the sample with a standard, and results in a value expressed
in parts per thousand (%o ot ‘per mil’):

_ (180/ 16())5;3“-1p.]e - (180/160)standard X ]000

6180 41
(lsO/]éo)standard 4. )

Generally, the standard used nowadays is seawater; Standard Mean Ocean
Water (SMOW), or Vienna Standard Mean Ocean Water (VSMOW),
which superseded SMOW in 1995.






What processes are seen as controlling the periodicity of these climatic
cycles?

They are the cyclical changes in the configuration of the Earth in its
orbit, which result in periodic changes in the amount of solar radiation
reaching the Northern Hemisphere. These cyclical changes arc known as
Milankovitch cycles; therc are three different cycles, superimposed on
onc another, having periods of about 22 000 years, 40 000 years and
110000 years.

These orbital varations alone, however, cannot explain the causes of
glacial periods. One reason is that the pattern of Milankovitch orbital
variations, as recognized in oceanic oxygen-isotope records from the
Quaternary, must have operated throughout most, if not all, of the
Earth’s gcological history. For much of that time, there is no evidence of
any signilicant glaciation. Another reason is that Milankovitch theory
relates the pattern of glacial and interglacial stages to changes in the
amount of solar radiation reaching the Northern Hemisphere, but analysis
of sediment cores from sites throughout the world ocean reveals that this
pattern is in fact global. The mechanism most likely to ‘mix and merge’
climatic signals in both hemispheres is the pattern of deep ocean
circulation and the glohal thermohaline conveyor.

Other tools uscd to assess past SST include statistical analysis of the
microfossil assemblage (different species tolerate different ranges of
water temperature), and measurement of Mg/Ca ratios in shells of well-
preserved planktonic foraminiferans (like 81%0, Mg/Ca of a shell varies
with temperature, although it does ror vary with ice volume).

What are the drawbacks of using foraminiferans as palacoclimate
proxics?

Recall that roughly 80% of the ocean floor lics below the CCD.
Foraminiferan tests are composed of calcium carbonate and are likely to
dissolve below the CCD. This mcans that records of environmental
change based on foraminifcrans are often incomplete, An alternative
method lor obtaining past sea-surface temperatures, this time (rom
organic remains of coccolithophores, is described in Box 4.1.

4.3.2 OCEAN CIRGULATION

Along with surface currents, the pattern of thermohaline circulation is an
important factor in Earth’s climate because its overall effect is to
transport vast quantities of heat poleward into high latitudes. The
thermohaline circulation involves the formation of North Atlantic Deep
Water in the Greenland (and Labrador) Seas, its flow southward in the
western Atlantic, round southern Africa (where it is joined by Antarctic
Bottom Waiter) and then into the Indian and Pacific Oceans, and its
subsequent return to the surface through upwelling (Figure 2.23). As you
read in Chapter 2, this pattern is reflected in the concentration of nutrient
clements in bottom seawater: concentrations arc highest in the oldest
waters in the deep northern Pacific, and lowest in newly formed deep
water in the northern Atlantic (Figure 2.22), If deep-water circulation
was diffcrent in the past, we might expect to sce a different distribution
of the nutrient elements.
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BOX 4.1 MOLECULAR INDICATORS OF ENVIRONMENTAL CHANGE

Alkenoncs (a type of ketone) arc a class of organic
molecules found in almost all marine sediments from
the present day back to at least 140 Ma ago. They are
important constituents of the membranes of
coccolithophores, such as Emiliania huxleyi (Figure
1.5). It tarns out that coccolithophores alter the
number of double bonds in their alkenone constituents,
depending on the temperaiure of the water that they
are growing in. Careful laboratory experiments show
that the relative abundance of alkenones with 37
carbon atoms and two carbon—carbon double bonds
increases at higher temperatures, while the relative
abundance of alkenones with 37 carbon atoms and
three carbon—carbon double bonds increases at lower
lemperatures. Expressed in simple terms: more double
bonds means cooler waters. The so-called alkenone
unsaturation index, UX;; (where U is for
unsaturation, i.e. the presence of double bonds; the
superscript K is for ketone; and the subscript 37 is for
the number of carbon atoms), is given by:

[C372)
[Ci72] +[Ca74]

where [C37.4} and [C37.5] refer to the concentration of
alkenones with two and three double bonds,
respectively. The relationship between UX4; and
temperature (T, °C) is as follows:

Uk, = (4.2)

UKy = 0.034T + 0.039 (43)

QUESTION 4.5 At what time of vear would yvou expect
coccolithophore productivity to be highest at temperate
latitudes, and what arc the implications for
measurcment of sca-surface tlemperature using the
alkenone unsaturation index?

Figure 4.12 compares records of SST derived from the
U¥;; index and on the basis of the distribution and
relative abundance of different species of planktonic
foraminiferans for a core recovered from the eastern

North Atlantic. Records derived from the U¥,,
index are generally in good agreement with those
derived from warm (August) foraminiferal
assemblages between 28 000 and 8000 years ago,
which suggests that maximum coccolithophore
production occurred in the summer months in the
glacial ocean. The relationship between these two
proxics breaks down for sediments deposited
during the last 8000 vears. This may be linked to
a switch in the seasonal timing of maximum
coccolithophore productivity from mid-summer
in the glacial ocean to late spring—early summer
in the modern ocean.
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Figure 4.12 A comparison of planktonic
foraminiferal SST estimates for August {orange
circles, right) and February (blue circles, left), with
the U7 (black squares) palaeotemperature index.

The nutrient elements (principally niirogen and phosphorus, in the form
of nitrate and phosphate) are incorporated into the soft tissues of
biogenic material and are therefore not well preserved in sediments. For
this reason, we need to find a nutrient proxy; that is, something that
mimics the behaviour of the nutrients, and is preserved in the
sedimentary record. Cadmium is one such proxy. As with nitrate and
phosphate, surface waters have the lowest concentration of dissolved
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4.3.3 THE CARBONATE SYSTEM

The oceans contain by far the largest reservoir of carbon that can be
transferred to and from the atmosphere as CO,, so any change in the way
the marinc carbonatc system operatcs has the potential to trigger a change
in Earth’s climate. As you have already seen, CO, does not simply dissolve
in scawaitcr but reacts with it to form dissolved CO;, hydrogen carbonate
and carbonate ions (Figure 3.3). The relative proportion of each of these
varics with the pH of scawater (Figure 3.4). Meanwhile, the carbonate
system is perturbed by biclogical processes, including photosynthesis and
respiration, and the formation of skeletal carbonate. The operation of the
carhon cycle in seawater is affected by all of these variables; finding
suitable proxies for them in the sedimentary record, however, is not an easy
task.

One way 1o track changes in the carbonate ion concentration of deep water
is lo reconstruct past depths of the CCD by determining the variation in the
calcium carbonate content of sediment cores. As you saw in Section 3.2.1,
the tendency for calcium carbonate dissolution is dictated by deep water
[CO4%7]; CaCO, dissolves if seawater is undersaturated with respect 1o
CO;%. If the carbonate content of the sediments is 20% or less, then the
overlying waters must be below the depth of the CCD.

Firm evidence exists for glacial to interglacial changes in the depth of the
CCD. Cores from the tropical Pacific and Indian Ocean reveal that during
glacial times the CCD shifted to greater depth. For the Atlantic, the change
was in the opposite direction, and dissolution was more intense during
glacial times. As the Pacific and Indian Occans together cover a much
larger area than the Atlantic, on a global scale the average CO52~
concenlration of deep water generally appears to have been somewhat
higher during glacial times.

Whalt docs this mean for levels of dissolved. and therelore atmospheric,
CO5?

Higher [CO4>"] means lowcr dissolved [CO,] and, in turn, lower
atmospheric concenltrations of CO,. [ce core data show that levels of
atmospheric CO, were indeed lower during glacial times, by some 90
p-p-m. (Figure 4.8). So the global average of the change in the depth of the
CCD is in the right dircction, but it tumns out that it can only account for
~20% of the measured change in the concentration of atmospheric CO,.

The depth ol the CCD may, however, be a misleading index of deep ocean
[CO3%7]. Release of CO, by bacterial respiration of organic carbon in
sediments may rcact with CaCOj in shells to produce hydrogen carbonate
ions:

H,0 + COz(aq) + CaCO4(s) — Ca?*(aq) + HCO4(ag)

The result is that sea-floor dissolution of calcite is to some extent driven by
the amount of CO; released by respiration into sediment pore waters, as
well as by bottom water [CO;27]. Proxies that are thought to be sensitive o
bottom water [CO4%"] alone have more recently been developed, such as the
amount of foraminiferal fragmentation (see Question 4.7}, and variations in
the weight of foraminiferal tests of specified species and dimensions. These
techniques are still being researched but, so far, the perfect proxy for deep
water [CO42-] remains elusive.









3 The most widely used proxy for sea-surlace temperature is the oxygen-
isotope ratio (usually expressed as 3'%0) of planktonic foraminiferans.
Foraminiferans incorporate proportionally more O into their calcium
carbonate shells at low temperatures, and more '°0 at high temperatures.
Planktonic foraminiferal 8'*0 is not the perfect proxy, however. Oxygen-
isotope ratios are also affected by the '80/190 ratio of the water in which
the foraminifcrans lived; this vanies with ice volume, and hence sea-level,
Other proxies that are useful for determining past sea-surface temperatures
inciude planktonic [oraminiferal Mg/Ca, and the alkenone unsaturation
index (UX37).

4  Proxics for the concentrations of the nutrient elements in the deep sea
can be used 1o trace changes in the rate of formation of deep waler, and the
pattern of thermohaline circulation. One such proxy is the Cd concentration
in shells of benthic foraminiferans: Cd mimics phosphate in the deep
ocean. Another proxy is the carbon-isotope ratio of shells of benthic
foraminiferans. Photosynthesizing organisms take up 2C in preference 1o
13C, so surface waters are relatively depleted in '2C. This 2C is returned to
scawater by respiration at depth. Therefore the older the water mass, the
more 2C it contains, and the lower its 8!3*C value.

5 Rcconstructing past changes in the marine carbonate system is central
to understanding the causes of climate change. Deep-water carbonate ion
concentration can be estimated from past levels of the CCD, and by
analysis of microfossil fragmentation.

6 Changes in biological production can be reconstructed from analyses
of Cd in the shells of planktonic foraminiferans: concentrations of Cd
(phosphate) in surface waters are low if photosynthetic activity is high, so
the proportion of Cd incorporated into the shell decreases.

7  While sediment proxies have provided an abundance of information
for reconstructing past climale, they may yield conflicting information.
There are a number of reasons for this: our understanding of the
parameters that control proxy relationships is incomplete; the chemical
signature of microfossils may be altered upon burial; and some proxics
require better calibration. Palaeoceanographers arc working hard io resolve
these conflicts, and to develop new proxies,

Now try the following questions to consolidate your understanding of this
Chapter.

QUESTION 4.9 Planktonic [oraminiterans preserved in sediments aged
~220 000 years have a 3O value of —0.6%.. Explain whether sca-surlace
lemperatures were higher or lower at that time than they are today.

QUESTION 4.10  Results of the analysis ol alkenones from within sediments
from the Mediterranean are presented in Table 4.1,

(ay Usc Equations 4.2 and 4.3 1o complete the Table. The temperature of
the topmost [our samples has heen calculated for you: begin by checking
that you get the same answers a$ ours.

{b) Plot the sca-surface temperature recovd on Figure 4.20. Is your record
consistent with the planktonic loraminiferal oxygen-isotope rccord shown
in Figure 4.15(a)?






