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Abstract—The §'*C of organic matter bound within the crystal lattice of foraminiferal calcite tests may
provide a potential tracer of the isotopic composition of the surface water primary photosynthate. Using
§'*C of the organic matter extracted from the crystal lattice and the calcite test, it is theoretically possible
to estimate the paleo-surface water pCO,. We have tailored this technique initially for the subpolar
planktonic foraminifera species Globigerina bulloides. Initial surface water pCO, estimates from deep-
sea core BOFS 5K (50°41.3'N, 21°51.9'W, water depth 3547 m) indicate that the northeast Atlantic
Ocean may have been a greater sink for CO, during the last glacial than during the Holocene. Greatly
reduced benthic foraminifera abundances, especially phytodetritus feeders, in BOFS 5K during the last
glacial indicates low surface productivity. This rules out a productivity-driven CO, sink. The enhanced
glacial CO, sink must, therefore, have results from a southwards shift of the centre of deep water

formation.

1. INTRODUCTION

Past fluctuations in atmospheric CO, are an essential concern
of paleoclimatic studies because of their relevance to under-
standing the anthropogenic-induced greenhouse effect. Ice
core records have demonstrated that atmospheric CO, was
at least 80 ppm lower during the last glacial than in preindus-
trial times (Barnola et al., 1987). Deep-sea sediments pro-
vide an insight into the global carbon cycle as they contain
over 60 times more carbon than the preindustrial atmosphere
(Sundquist, 1985). It has been proposed that the ocean sys-
tem may drive changes in atmospheric CO, (Broecker and
Peng, 1982, 1989). It is the aim of this study to improve on
a method of estimating the surface water dissolved CO,
content, using carbon isotope measurements of the organic
and calcite components of planktonic foraminiferal tests.
The deep-sea sedimentary record has been used not only
to estimate the changes in atmospheric CO, (Shackleton and
Pisias, 1985; Jasper and Hayes, 1990), but also to investigate
possible driving forces, such as changes in productivity,
ocean chemistry, and/or circulation. The interpretation of
carbon isotopic analyses of foraminifera calcite tests is lim-
ited by the difficulty to deconvolve the effects of surface
water productivity, upwelling, circulation, and global carbon
storage. Alternative approaches using the analysis of carbon
isotopes of organic matter have been developed to further
understand the changes in the oceanic carbon cycle. Sackett
(1974) and Rau et al. (1989) demonstrated a strong link
between the amount of dissolved CO, in surface waters and
the carbon isotopic characteristics of phytoplankton (Fig.
1). Organic matter isotopic records, therefore, enable the
reconstruction of surface water pCO, (e.g., Sackett et al.,

* Present address: Environmental Change Research Centre, De-
partment of Geography, University College London, London, WC1H
0AP, UK.

¥ Present address: Department of Geology and Geophysics, Yale
University, New Haven, CT 06520-8109, USA, and Department of
Earth and Environmental Sciences, Wesleyan University, Middle-
town, CT 06459-0139, USA.

5089

1968; Fontugne and Duplessy, 1986; Jasper and Gagosian,
1990; Hayes et al., 1990; Hayes, 1993; Jasper et al., 1995).
There are at present three main approaches to measuring
changes in the oceanic organic carbon cycle, (1) analysis of
bulk organic matter (Fontugne, 1978), (2) analysis of spe-
cific groups of organic molecules or ‘‘biomarkers’’ (Jasper
and Hayes, 1990; Hayes et al., 1990; Hayes, 1993), and (3)
extraction of organic matter contained in tests of foramini-
fera or diatoms (Stott, 1992; Maslin, 1993; Shemesh et al.,
1993).

The first of these involves measuring the '*C: "*C ratio of
all the organic matter extracted from a core sample (Fon-
tugne, 1978; Chasselet et al., 1981; Miiller et al., 1983; Fon-
tugne and Duplessy, 1978, 1986; Sarnthein et al., 1988; Jas-
per and Gagosian, 1990). This extraction is done by decar-
bonating the sample with acid. Burning the sample then
liberates the carbon dioxide which is analysed in a mass-
spectrometer (Fontugne and Duplessy, 1978). However, the
interpretation of bulk organic matter 6'*C data is limited,
because the organic matter may be a mixture of terrestrial
and marine components and may have been affected by sur-
face water conditions and fractionation during deposition
and diagenesis.

The second approach to understanding the oceanic carbon
cycle has been based on isolating individual organic molecules
(i.e., biomarkers) from the sediment. This circumvents the
problem of the unknown origin of the bulk organic matter,
because the biomarkers are selected on their restricted occur-
rence. The role and the effects of marine phytoplankton on
pCO; in the surface water and thus, atmospheric CO, can be
studied directly (Shackleton, 1990; Jasper and Hayes, 1990).
If the right biomarkers are chosen, terrestrial and marine envi-
ronments can be studied, because, for instance, the source
region of both aeolian and other terrestrial organic matter can
be determined, along with paleoclimatic data such as wind
direction, wind intensity, and sea surface temperatures ( Bras-
sell, 1993; Killops and Killops, 1993 ). Biomarker study, how-
ever, requires a sophisticated combination of equipment and



5090 M. A. Maslin et al.

Plankton §!3 C(%o)
CO2 (aq) (M)

T
-2 2 6 10 14 18 22 26 30

(b)

400

300

250+

Surface water p CO; (uatm)

200

Surface water temperature (°C)

Fic. 1. (a) Planktonic §'*C and dissolved CO, as a function of
sea surface temperature (SST) in the South Atlantic, Southern
Ocean, and the Weddell Sea, from data from a number of sources.
Shaded region is the range of dissolved CO, in the surface waters
as a function of SST calculated from pCO, data shown in (b). The
dashed line represents surface water equilibrium values under an
atmospheric pCO, of 340 ppm. The apparent relationship between
planktonic §°C and dissolved CO, is that the extent of fractionation
is linked to the availability of CO,. In warm waters, because of the
inverse relationship between temperature and CO, solubility, the
availability of CO, is limited (Kroopnick, 1974) and there is very
little fractionation, typical values being —13%ec. In colder waters,
solubility is higher and there is a net CO, invasion; isotopic fraction-
ation is greater as the competition for 12CQ, (which is ‘‘cheap’ in
energy costs for phytoplankton to incorporate) is reduced because
of the increased abundance of CO,, typical values may be up to
—32%o. Redrawn from Rau et al. (1989) (b) Comparison of surface
water pCO, at ambient temperature with SST in the South Atlantic,
Southern Ocean, and the Weddell Sea. Redrawn from Rau et al.
(1989)

relies on the assumption that there is no diagenesis of the
individual molecules. Moreover, there can be difficulties com-
paring molecular results and those of the larger size fractions
in the sediment (e.g., foraminifera stable isotopes) because
of differential bioturbation (McCave, 1995).

A third approach has been to extract organic matter from
within the walls of diatoms (Shemesh et al., 1993; Singer
and Shemesh, 1995) or planktonic foraminifera (Stott, 1992;
Maslin, 1993). This approach has the advantage that the
organic matter within the test is protected from diagenesis
(Stott, 1992; Shemesh et al., 1993; Singer and Shemesh,
1995). The measurements can be directly related to comple-
mentary measurements such as 6'®0 of diatoms or 6'®0 and
6"C of foraminifera, without the problem of differential
bioturbation rates (McCave, 1995).

In this study, we have developed the extraction and mea-
surement of the carbon isotopic composition of the organic
component of planktonic foraminiferal tests based on the
method outlined by Stott (1992). We have assumed that the
§"3C of this organic matter reflects changes in the §'"°C of
the phytoplankton ingested by the foraminifera (DeNiro and
Epstein, 1976; Rau et al., 1989). We have, thus, been able
to estimate the dissolved CO, content for the surface waters
of the northeast Atlantic Ocean. An advantage of this method
is that it is much simpler than the biomarker techniques,
requiring only minor alterations, i.e., addition of a cracker,
to a standard mass-spectrometer.

2. NATURE AND FORMATION OF THE ORGANIC
MATTER WITHIN THE CRYSTAL LATTICE
OF THE FORAMINIFERA CALCITE TEST

To be able to extract the organic matter in the crystal lattice of
foraminifera and interpret the measurements, we must understand
the nature and formation of this organic matter. The formation occurs
in two stages: the absorption of organic matter into the cytoplasm,
and the building of new chambers with an organic matrix. There are
two possible major contributors to the organic matter which is ab-
sorbed in to the cytoplasm: food and from symbionts photosynthetic
products (Fig. 2). The foraminifera species Globigerina bulloides
and Neogloboquadrina pachyderma (s) which have been used in
this study have not been documented as utilizing symbionts (Hem-
leben et al., 1988); thus, diet is the primary control on the type of
carbon incorporated into the test. This assumption can not be made
when bulk foraminifera samples have been used, as they may include
species which do utilize symbionts. The foraminiferal diet is species-
dependent (e.g., Anderson et al., 1979; Spindler et al., 1984; Hem-
leben et al.,, 1988). Hemleben et al. (1988) divided foraminifera
into two groups using the convention of Murray (1887) spinose
(e.g., Globigerina bulloides) and nonspinose (e.g., Neoglobogua-
drina pachyderma), based on the three-dimensional microstructure
and ultra-structure features of the test/shell. From observation and
examination of the digestive vacuoles of captured and laboratory-
grown foraminifera, it has been determined that foraminifera are
omnivorous, although a clear preference for a diet of ‘‘animals’
exists among the spinose species (Anderson et al., 1979; Spindler
et al., 1984), whereas nonspinose species are largely herbivorous
(Anderson et al., 1979; Hemleben and Auras, 1984; Hemleben et
al., 1985). This generalisation is true for the nonspinose N. pachy-
derma (), as evidence from transmission electron microscopy of
the contents of their food vacuoles showed that the dominant prey
was phytoplankton, i.e., diatoms and eukaryotic algae ( Anderson et
al., 1979). G. bulloides has been shown to have a more varied diet
including both zooplankton and phytoplankton (Lee et al.,, 1965).
The omnivorous diet could cause more noise in the §'>C record as
the photosynthesis signal will have passed through one or more
stages in the food chain, and each additional step will have had its
own fractionation effect on the carbon (Sackett, 1974), see Figs. 2
and 3.

Once the food is absorbed into the food vacuole and broken down
it has three possible fates: (1) it may be oxidised by respiration to
release energy, (2) it may be used to build larger chambers and to
expand the cytoplasm, and (3) it may be excreted as waste from
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Fic. 2. Simplification of the possible origins of carbon incorporated in to both the calcite and organic matter parts

of the foraminifera)l test.

the foraminifera. The key process is the transference of organic
matter within the cell’s cytoplasm from the food vacuole to the test
structure, but very little is known of this process. It has also never
been confirmed whether ingested food is the sole contributor to
the organic matter of the wall structure, or whether carbon dioxide
absorbed from the surrounding seawater primarily to produce
CaCOQ,, is also incorporated. Foraminifera in the sediment are pre-
dominantly at the adult or terminal stage (Brummer, 1987), and it
is the processes at these stages which we are most concerned about.
Chamber formation is very similar in spinose and nonspinose species
(B¢, 1985; Hemleben et al., 1985, 1988) and the structure of the
test wall as envisaged by Bé (1980) has been redrawn in Fig. 4.
Confirmation of the proteinaceous composition of organic matter
in foraminifera calcite tests has been found by many researchers
(Lee et al., 1965; King and Hare, 1972; Robbins, 1987, Robbins
and Healy-Williams, 1990; Robbins and Brew, 1990). The relative
abundance of certain amino acids in the hydrolysed test has, more-
over, provided evidence for a classification system. Using the Q-
mode factor analysis, King and Hare (1972) classified sixteen spe-
cies into three factorial groups, those rich in: (1) alanine, proline,
and valine, (2) asparic acid and threonine, and (3) glycine, serine,
and glutamic acid. Robbins and Brew (1990) extracted protein and
amino acids from planktonic foraminifera from two samples dated
2-4 kyrs P and 300 kyrs Bp, confirming the range of amino acids
and species diversity of King and Hare (1972). Robbins and Brew
(1990) also found that most of the polypeptides were present in
both samples, with the loss of only a few of the more soluble acidic
polypeptides in the older sample. The approximate weight of the
two major fossil proteins ranged from 50,000-70,000 daltons. This
suggest that the proteinaceous material in the crystal lattice is unaf-
fected by diagenesis, and that the molecules are large enough to be

recoverable. They have also shown as do King and Hare (1972)
that each species has a different set of proteins. This may mean that
they have different 6'3C records as the different protein structures
may cause different amounts of fractionation.

3. EXPERIMENTAL METHODS

The major problems with extracting organic matter from the crys-
tal lattice which must be eliminated or addressed are:

1) Preventing contamination of the sample from organic matter
within the sediment and remains of the cytoplasm which will have
been affected by diagenesis, leaving the primary organic membrane,
inner organic layer, outer organic layer, and inner pore lining (see
Fig. 4) to be sampled. In addition, as the amount of organic matter
within the crystal lattice of the foraminifera test is very small, the
samples are very sensitive to any organic contamination and are thus
difficult to handle.

2) Removal of the tightly bound calcium carbonate crystal lattice,
which has a substantially different 5'C values (over 20%o heavier).

3) Releasing the carbon bound in the proteins/amino acids and
analysing it in the mass spectrometer.

4) Estimation of the amount of hydrolyzation of proteins/amino
acids due to aging and the implications for the carbon isotopic re-
sults.

Samples consisted of weighed bulk foraminiferal material or
picked set numbers of individual foraminifera of a particular species
(e.g., 50 G. bulloides). The samples were treated with bleach (5
mL of NaOCl,,)) for 3 h to remove organic matter contamination
on the outer and inner surfaces of the tests. The NaOCl,,, was then
pipetted off and the samples rinsed in distilled water. The calcite
test was removed by adding 3 mL of 20% HCl,,. The samples
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FiG. 3. Mass-spectrometer: Preparation and analysis of organic matter §"°C.

were then placed in an ultrasonic bath for 5 min to aid in the removal
of the liberated CO, from solution. The acidified sample solution
was then dialysed through 500 Molecular Weight Cut Off (MWCO)
tubing to exchange the remaining acid for distilled water. Before
using the dialysis tubing it is rinsed continuously both inside and
outside, with distilled water overnight to remove trace amounts of
cellulose, glycerene, and sulphur compounds. Once the pH of the
distilled water reservoir remains unchanged for more than three
hours the sample solution was transferred into Chromic acid washed
Pyrex sample tubes (diameter 9 mm, length 15 cm) and centrifuged
at 10,000 rpm for 5 h. The sample was frozen overnight and dried
in a vacuum oven at room temperature (25°C), leaving the organic
residue.

Copper oxide (to react with the organic carbon to produce CO,),
Ag wire (to remove possible halogens), and Cu (to remove any
NO, products) were added to the dry organic residue (Fig. 3). The
glass sample tubes were then vacuum sealed, and baked at 450°C.
The sealed sample tubes were then broken in a vacuum line using
a stainless steel ‘‘cracker’’. Water condensed on the spiral cold trap,
liquid nitrogen was placed round the U-trap to freeze out the carbon
dioxide, and the noncondensible gases are pumped off. The carbon
dioxide was transferred into the inlet system of a V. G. Isotech SIRA
series II mass spectrometer where it is calibrated against a carbon
dioxide reference gas which was continually calibrated to PDB using
the NBS oxalic acid standard (see Fig. 3). Over 450 individual
experiments were made in the development of this method. More
details of the development process can be found in Maslin (1993).

4. DEVELOPMENT OF THE ORGANIC 5”C METHOD

The most significant problems in developing this method
were retaining the organic sample and preventing contamina-

tion. It was found that the major control on the recovery of
the organic matter is the molecular weight cut off (MWCO)
of the dialysis tubing (Craig and Chen, 1969). Robbins and
Brew (1990) showed that using dialysis tubing of 6000—
8000 MWCO caused the loss of up to a third of the proteine-
ous material in planktonic foraminifera and that this loss
was not equally divided between the different amino acid
groups, for example, 86% of aspartic acid was lost, while
glycine actually showed a slight increase after dialysis. Ini-
tially, a MWCO of 3500 was used, but after erratic results
the fractionation of the 3500 MWCO dialysis tubing was
tested with a wheat flour standard and found to be 0.51%o
* 0.11%0 (N = 20). Because of these findings the MWCO
of the dialysis tubing was reduced to 500. Amino acids mo-
lecular weights vary from 100-1000 (Norman and Wad-
dington, 1983); the lower weights. are unlikely to occur,
as our samples were not completely. hydrolysed. The 500
MWCO, therefore, retained most of the organic matter while
allowing relatively rapid dialysis of any excess acid, the
calcium chloride, and any bicarbonate which may have
formed. When the 500 MWCO dialysis tubing was tested
with the wheat flour standard the reproducibility was reduced
t0 0.17 + 0.11%o0 (N = 20). To reduce the risk of contamina-
tion plastic gloves were worn when handling the samples,
all the glassware was washed in Decon 90 (a strong surface
active agent), and the sample gas was mass-scanned in the
mass-spectrometer between 28-and 55. Contamination was
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FiG. 4. Schematic block diagram and cross-section structures of
pores in Spinouse planktonic foraminifera (redrawn from Be et al.,
1980). CM = copepod muscle within the digestive vacuole, CY
= cytoplasm, GC = Golgi complex, ICL = inner calcite layer, IOL
= inner organic layer, IPL = inner pore lining, M = mitochondrium,
MP = micropore, OCL = outer calcite layer, OL = outer organic
layer, OPL = outer pore lining, POM = primary organic membrane,
and PP = pore plate. The organic parts in bold are those which the
extraction method aims to separate and analysis.

found in some samples between 44—46 of the mass spectra.
This was due to NO, products and these were removed by
adding Cu to the sample tubes before sealing. Occasionally,
samples were up to 4%o lighter than the reproducible samples
but no source of contamination has yet been found to account
for this.

Problems also arose when deacidifying the samples, which
is essential for the protection of the mass-spectrometer, this
was exacerbated by reducing the MWCO to 500. The rate
and efficiency of the dialyses were investigated by measuring
the changes in pH both in the dialysis tubing and in the
surrounding distilled water reservoir. As the most extreme
case, acid (20% HCl,,) was placed into all ten of the dialysis
tubes. In one of the ten acid samples a Russel fine pH probe
(CMAWL-R-2893/1) was placed and sealed, while a What-
man pH p-sensor was placed into the surrounding 1.5 L
distilled water reservoir. The sensors were calibrated using
buffer solutions of pH 4 and 7. It was found that regular
(every hour) changes of the distilled water reservoir most
important, maintaining a strong gradient, and at least eight
changes were made before the samples are left overnight.
The samples were only removed once the pH of the distilled
water reservoir remain constant for over 3 h.

We also tested the use of both quartz or Pyrex glass sample

tubes. Quartz has the advantage of a higher melting point,
which allows the samples to be heated to 850°C, ensuring
all the organic matter decomposes, while Pyrex is limited to
450°C. However, we found that quartz was more porous to
gases than Pyrex, which caused additional fractionation
when samples were left for more than 24 h. The advantages
of Pyrex is that it is easier to manipulate, due to its lower
melting point; it is also cheaper. Experiments using reference
gas has shown that there is little fractionation of §°C in
either quartz or Pyrex glass tubes. Using the mass spectra
scan showed that there are more contaminates between
masses 38—43, associated with water, in quartz tubes than
Pyrex; thus, for our methodology, Pyrex tubes were used.

5. DISCUSSION

Deep-sea core BOFS 5K (McCave, 1990) was recovered
from the East Thulean Rise in the North East Atlantic
(50°41.3'N, 21°51.9'W, water depth 3547 m). The BOFS
5K organic G. bulloides 6'*C and calcite test '*O and 6'*C
of G. bulloides and N. pachyderma (s) records are shown
in Fig. 5. The mean value for the whole of the G. bulloides
organic §'*C record is —26.7%c, with an overall range of
1.3%o0 and with individual standard deviations for five repli-
cates ranging from +0.1%c to =0.45%0 (compared to the
reproducibility of foraminifera calcite test § *C of +0.09%o).
The BOFS organic §'*C record and the calcite 4 "°C record
of G. bulloides (Fig. 5) appear to vary independently. This
suggests that there is no significant link between the meta-
bolic systems absorbing dissolved CO, from the surrounding
waters to construct the calcite test and the digestion of food
to provide the framework for the test.

One major problem with the BOFS 5K foraminiferal or-
ganic 8 "°C record is whether or not the organic matter recov-
ered has been affected by diagenesis, in particular, progres-
sive hydrolyzation of the proteins with increasing age of
the samples. Robbins and Brew (1990) have shown that
planktonic foraminifera protein and amino acids were very
similar in samples dated as 2—4 kyrs BP and 300 kyrs BP.
Robbins and Brew (1990) also found that most of the poly-
peptides were present in both samples, with the loss of only
a few of the more soluble acidic polypeptides in the older
sample. However, significant hydrolysis of amino acids re-
covered from deep-sea sediments and foraminifera test has
been shown (Bada and Man, 1980; Miiller, 1984; J. L. Bada,
pers. commun., 1995). Bada and Man ( 1980) demonstrated
that the approximately hydrolysis half-life in calcareous rich
sediments was 1—2 million years. Despite being much longer
than the timescale investigated in this study, hydrolysis could
still be an important factor, as even a small amount may
have a significant influence on the 6'°C value. To estimate
whether there was any hydrolysis and thus, loss of the lighter
organic molecules, either from the lattice itself or during
the extraction process, the BOFS 5K organic samples were
weighed and the resultant CO, gas pressures in the mass-
spectrometer measured. Both these estimates confirmed that
very similar yields were obtained for each sample, moreover
there was no trend in these estimates with increasing age of
the sample (Maslin, 1993). This, however, does not remove
the fact that there could be significant fractionation during
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FiG. 5. Comparison of the G. bulloides 5'*0 and 6"C of the calcite test and §°C of the organic matter extracted
from within the calcite test records for BOFS 5K (50°41.3'N, 21°51.9'W, water depth 3547 m). Experimental error
bars on the organic §"C record were calculated as = one standard deviation from five replicate experiments. NBS
Oxalic acid (Ethanedioxic acid HO,C-CO,H) was used to calibrate the mass spectrometer, but, due to its very low
molecular weight, it was heavily fractionated by both the dialysis and the evaporation stages (Maslin, 1993). Ordinary
pure wheat flour was found to be an excellent alternative standard to test the method having a §'>C signal of —25.21
+ 0.06%o, it has the added advantage of being similar in both composition and §*C value to the foraminifera organic

matter.

peptide bond hydrolysis, but no major loss of organic mate-
rial.

Another approach to try and validate the BOFS 5K down
core record, is by comparing the results with core top data
and other organic 6 °C proxies. The core top data was mea-
sured on box core samples, dated between 0-500 y, from
five BOFS cores in a rough profile along 20°W ranging from
50-60°N (Maslin, 1993). The range of these results are
shown in Fig. 5; however, there was no obvious North-South
pattern, due to the pervasive effect of the northeast Atlantic
Ocean spring productivity blooms. It is interesting and im-
portant to note that most of the BOFS 5K Holocene results
have similar values to the box core results.

The second comparison which is possible is with the work
of Singer and Shemesh (1995); they found in the Southern
Ocean glacial diatom organic §"C values of —26.5%¢, com-
pared to an glacial average of —26.4%. for BOFS 5K. Their
core locations (about 52°S and 63°S) had a very similar
glacial SST to that of BOFS 5K (50°N) (CLIMAP Group,
1982), the closeness of the organic results may suggest that
the surface water productivity and pCO, conditions may have
been similar in the Southern Ocean and the North Atlantic
during the last glacial.

These comparisons do suggest that the organic values ob-
tained for BOFS 5K are consistent with other work. They
do not, however, remove the possibility that the organic



Isotope composition of C in organic matter of foram shells 5095

A/l Zp (%)

-17 -16 -15 -14 -13

B/ Surface water dissolved
CO2 (pmol/1)

6.5 70 75 80 85 9.0

D/ Deviation from present
dissolved CO2 (umol/l)
caused by changes in SST

160 180 200 220240260280 -1 0 1 2 3 4 5 6 7

l ‘ 1 1 L ) 1 PR Lot

C / Vostok atmospheric
CO2 (ppm)

2500 7

5000

7500 -

10000 §

12500 -

15000 -

Age / yrs BP

17500 §

20000

22500 -

25000 -

27500 -

30000

Fic. 6. Comparison of the (A) the isotopic effect of fixation of CO, (Zp) and (B) the calculated surface water
dissolved CO, of BOFS 5K with the (C) Vostok atmospheric CO, record (Barnola et al., 1987) for the last 30,000
years. Note that open circles indicate when the calcite §°C values of G. bulloides were used in the calculation of Zp
and dissolved CO, while closed squares indicate the use of N. pachyderma(s ) calcite §"°C (see text).

matter within the foraminifera crystal lattice could have been
altered as the foraminifera test sinks from the surface. Work
done comparing & "°C of specific biomarker compounds in
E. huxleyi in cultures, surface sediment, and surface waters
to water column particular organic matter suggests there is
a fractionation affect; however, it is constant. Therefore, it
is possible to assume that the organic matter within the much
thicker test walls of planktonic foraminifera may also be
protected from water column diagenetic affects. To confirm
this, however, organic § *C results using the method out line
above are required on foraminifera recovered from plankton
tows and this could then be compared to the 6"C of the
primary photosynthate.

Assuming the organic §*C record does represent the iso-
topic composition of the surface water primary photosyn-
thate, it is possible to estimate the surface water dissolved
CO, content from the organic and calcite 6'3C. Jasper and
Hayes (1990), by utilizing the theoretical models linking
isotopic fractionation associated with photosynthetic fixation
of carbon and the surface water pCO, calculated by Popp et
al. (1989) and Hayes et al. (1990), were able to estimate
the surface water pCO,. Two empirical relationships linking
the two factors have been suggested;

alog C+ b Popp et al (1989) ¢}

1l

€p
or

€& = a + b/C, Jasper et al. (1995), (2)

where ¢, is the isotopic effect (%0) associated with the fixa-

tion of carbon, C is the surface water concentration of dis-
solved CO, (uM), C. is the surface water concentration of
dissolved CO, (M) (where the e specifies the concentration
external to a photosynthetic cell), and a and b are constants.
The constants a and b are representative of the physiological,
ecological, and environmental factors which influence the
€,-CO, relationship. Equation 2 of Jasper et al. (1995) and
their prescribed constants were also used to calculate the
BOFS 5K pCO,, but very little difference was found between
the two solutions.

Farquhar et al. (1982) and Popp et al. (1989) derive an-
other estimate of the e, by assuming the processes involved
in photosynthetic fixation of carbon are: (1) the transport of
inorganic carbon to C-fixing enzymes ( ‘‘mass-transport’” )
and (2) the formation of chemical bonds (‘‘fixation”’). By
assuming a steady state, mass-balancing allows the determi-
nation of the following equation;

€, = ([(ép + 1000)/(6, + 1000)] — 1) 1000, (3)

where 65 is the isotopic composition of the total biomass of
the primary photosynthate and 6, is the isotopic composition
of the dissolved CO,.

Jasper and Hayes (1990) assumed that in surface waters
the dissolved CO, is depleted in ’C relative to the TDC by
8.8%¢ (T = 24°C, pH = 8.2). They measured the isotopic
composition of the calcite test of the planktonic foraminifera
Globigerinoides ruber and assumed that it was depleted in
C by an average of 0.5%c in comparison to the TDC. So
the isotopic composition of the §, is estimated by correcting
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Fic. 7. The comparison of the ‘‘estimated’’ and ‘‘predicted’’ surface water dissolved carbon dioxide at the BOFS
5K site (50°41.3'N, 21°51.9'W, water depth 3547 m). (A) Changes in amount of carbon dioxide dissolved in the
surface water at BOFS 5K due to changing sea surface temperatures. The error bars are calculated assuming an error
range of =1°C in the EPOCH SIMMAX SST estimates (Pflaumann et al.,, 1992; Maslin, 1993). (B) (a) + (b)
Dissolved CO, estimates calculated from the foraminifera calcite and organic 6"*C records. Note that open circles
indicate when the calcite §"°C values of G. bulloides were used to calculate dissolved CO,, while closed squares
indicate the use of N. pachyderma(s) calcite §C. (c) Predicted dissolved CO, for the BOFS 5K site for the last
30,000 years based on the Vostok atmospheric CO, record and the EPOCH SIMMAX SST estimates of BOFS 5K.
(C) The difference between the isotopically estimated dissolved CO, record and that predicted by the Vostok atmo-
spheric CO, and BOFS 5K EPOCH SIMMAX SST records. Note error bars are calculated as the sum total of the
errors on both the estimated and predicted dissolved CO, records.

the G. ruber §"°C record (8g.ume) by a factor of —8.3%e.
This correction has been revised to a variable one by Jasper
et al. (1995) to take into account the temperature effect on
the calcite-CO, and the vital effects of the individual species.
Jasper and Hayes (1990) determined the §, by using a gas
chromatograph/mass-spectroscopy technique to determine
the isotopic composition of Cs; alkadienones (857.,). Having
analysed the isotopic composition of the total algal cell mate-
rial and that of the isolated alkenones they estimated that
there was a correction of 3.8%¢ between the 837, and the
isotopic ratio of the primary photosynthate, represented by
the total algal cell material. This assumes a constant isotopic
relationship between the algal cell material and the alken-
ones. It also assumes that the total algal cell material repre-
sents the total biomass of the primary photosythate.

The major problem with using the Popp et al. (1989) and
Hayes et al. (1990) equations is the determination of the
constants quantifying three very different effects: physiologi-
cal, ecological, and environmental changes. Jasper and Hayes
(1990) determined the constants a and b in Eqn. 1, using two

approaches. They first used the Vostok ice core record of
atmospheric CO, (Barnola et al., 1987) to estimate values of
C, assuming there was equilibrium with the atmosphere at
25°C during the Holocene and at 23°C during the glacial
interval. A regression of ¢, on log C gave the estimate of the
constants ¢ = —32.9 and b = 14.3. This approach precludes
an independent record of atmospheric and surface water CO,,
and there is also the problem of comparing the Vostok ice
core and marine records, as there can be errors in the dating
of up to +2,000 y. For the second approach they used data
reported by Sackett (1974) and Rau et al. (1989) for lacus-
trine and marine phytoplankton §“C and temperature (Fig.
1). From this Jasper and Hayes ( 1990) estimated that a varied
between —17 and —21; they used a = —20 which favoured
marine systems. Using both of these estimates Jasper and
Hayes (1990) estimated the surface water pCO, and atmo-
spheric CO,, and achieved records similar to the Vostok ice
core record of atmospheric CO,. See Jasper et al. (1995) for
a description of how they estimated the constants a and b for
Eqn. 2 (a = —27%o¢ and b = —130%0 pM).
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The isotopic effect associated with the fixation of carbon
(ep) can be calculated using the §°C of the foraminifera
organic matter to represent changes in the isotopic composi-
tion of the total biomass of primary photosynthate (5,) and
the calcite 6'>C to represent the isotopic composition of the
total dissolved CO, (8,) (see Eqn. 3). Two estimates of ep
were calculated, using the calcite §°C of G. bulloides and
N. pachyderma (s). This is because it has been shown that
the calcite §"°C record of G. bulloides may not reflect the
average isotopic composition of the surface water as the
63C can be affected by upwelling and blooms (Ganssen,
1983; Ganssen and Sarnthein, 1983; Reynolds and Thunell,
1985), whereas the deeper-living, earlier-blooming N.
pachyderma (s) seems to be less influenced by rapid changes
in surface water productivity (Duplessy et al., 1988; Maslin,
1993). The difference in the calcite §'°C of G. bulloides
and N. pachyderma (s) is small during the last glacial
(<0.4%0), due to the cessation of the spring blooms. How-
ever, the difference in the records is very apparent in the
Holocene sections, and causes a maximum difference in the
dissolved CQ, values of 1 umol/L. We calibrated the calcite
§'C to 8, by using (1) the equations defining the tempera-
ture-dependent fractionation of Jasper et al. (1995) by using
the Simmax sea surface temperatures estimates (Maslin et
al., 1995) and (2) the vital effects of G. bulliodes estimated
by Ganssen (1983 ). Unfortunately, we do not have a calibra-
tion of & in modern waters; therefore, the organic §'*C
record was adjusted by a factor of +3.8%o (Jasper and Hayes,
1990; Jasper et al., 1995). To calculate the surface water
dissolved CO, content from the ¢p the constants a and b in
Egn. 1 have to be estimated. In our calculations we used a
= —20 and b = 2.5, from the study of Rau et al. (1989),
which was made over a wide range of SSTs and are, there-
fore, more comparative with BOFS 5K ‘‘temperate’’ loca-
tion than that of the tropical study of Jasper and Hayes
(1990). Using Eqn. 2 (Jasper et al.,, 1995) we used the
constants @ = —27%c and b = —130%0 uM. When the €p
and the surface water dissolved CO, were calculated using
both Eqns. 1 and 2, very little difference between the two
solutions. The ¢p and the surface water dissolved CO, shown
against age with 1 s.d. error bars in Figs. 5-7 are from the
original solution using Eqn. 1.

Jasper and Hayes ( 1990) and Jasper et al. (1995) demon-
strated that surface water pCO, can be estimated from fora-
minifera calcite 6'"*C and organic estimates of the photosyn-
thate 6 '*C. However, the estimation of pCO, from foraminif-
eral organic matter 6 *C should be viewed with caution: first,
because of the problems of calibrating foraminiferal organic
matter §"°C and calcite § °C to pCO,, and second, Laws et
al. (1995) have indicated from laboratory culture experi-
ments that, at least in diatoms, the growth rate, as well as
the ¢p are required to accurately estimate ancient pCO,. It
is not yet known whether this is also true of foraminifera
and if so, we at present have no way of estimating fossil
growth rates. We, however, believe that taking into account
these drawbacks, general conclusions can be drawn from our
foraminifera based estimates of paleo-pCO,.

To predict the surface water dissolved CO, at the BOFS
5K site both the change in the atmospheric CO, and the SST
must be considered. The atmospheric CO, and the surface

water dissolved CO,, assuming equilibrium conditions are
linked by the constant @ (Weiss, 1974; Broecker and Peng,
1982, page 150).

pCO, = [CO,)/a (4)

when pCO, = atmospheric CO, content (ppm) and [CO,]
= surface water dissolved CO, content (umol/L).

Weiss (1974 ) measured a and found that it was tempera-
ture dependent. Using the results of Weiss (1974 ) the rela-
tionship between temperature and a was estimated (Maslin,
1993)

a=624X 1072211 X107 T+ 295 % 107° T? (5)

when T = temperature (°C).

Because of the large glacial-interglacial shifts in SST at
BOFS 5K, its effect on dissolved CO, is significant. Using
the EPOCH SIMMAX (Pflaumann et al., 1996 ) summer sea-
surface temperature (SST) estimates of BOFS 5K (Maslin,
1993; Maslin et al., 1995), o was calculated using Eqn. 5 and
applied to the Vostok atmospheric pCO, (Fig. 6C; Barnola et
al., 1987) to obtain an estimate of the ‘‘predicted’’ surface
water dissolved CO, for the last 30 ka at the BOFS 5K site.
The magnitude of the SST effect on dissolved pCO, is shown
in Fig. 6D. Figure 7B shows the comparison of the ‘esti-
mated”’ surface water pCO, from the & '*C records with the
‘‘predicted’” surface water dissolved CO,. A gaussian inter-
polation using weighted duplicates (sample spacing of 2,000
yrs and a window size of 4,000 y) was performed so that
the two chronologies were compatible.

Figure 7C shows the difference between the isotopically
estimated dissolved CO; and the prediction dissolved CO,,
based on the Vostok ice core and the SST records. Because
of the problems of calibrating the BOFS 5K isotope estimate
it is not known how large the present-day offset is between
the predicted and the estimated dissolved CO, contents. The
results of Tans et al. (1990) do suggest that at present the
northeast Atlantic Ocean is a sink of CO, but the exact scale
of draw-down is still not known. The comparison between
the predicted and estimated dissolved CO, content suggests
that the difference was greatest during the Last Glacial Maxi-
mum (LGM). The largest change occurs between 18,000
and 14,000 y BP, when there is a reduction of the difference
between the prediction and the estimate of between 1 and
1.5 pymol/L. These results suggest that during the last glacial
in the northeast Atlantic Ocean may have been a stronger
“*sink’” for atmospheric CO, than at the present-day. Surface
water sinks are usually caused by high surface water produc-
tivity or areas of deep water formation (Tans et al., 1990;
Siegenthaler and Sarmiento, 1993).

Figure 7 also shows the comparison of the CO, estimates
with the relative abundance of lithic fragments in BOFS 5K
deposited primarily by ice-rafting. From this record it is
possible to identify the Heinrich events (Bond et al., 1992;
Maslin, 1993; Maslin et al., 1995). Because of the extremely
low absolute abundances of planktonic foraminifera in the
Heinrich layers in BOES 5K (Maslin, 1993) it has not yet
been possible to obtain reliable organic 6'>C measurements.

Sancetta (1992), having studied the modern and fossil
assemblages of diatoms, suggested that there was enhanced
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productivity in the north Atlantic Ocean during the last gla-
cial possible due to nutrient input from icebergs. However,
this runs counter to most other evidence that suggests that at
least the northeast Atlantic Ocean had very low productivity
during the last glacial (e.g., Bond et al., 1992; Maslin, 1993;
Thomas et al., 1995; Jasper et al., 1996). Figure 7D shows
the absolute abundance of benthic foraminifera in the BOFS
5K sediment; the most striking feature is the extremely low
abundances during the last glacial. This is primarily caused
by the drastic reduction in the numbers of the phytodetritus
feeding benthics (Fig. 7D; Thomas et al., 1995) which thrive
when there are huge spring blooms in the northeast Atlantic
Ocean (Gooday, 1988; Gooday and Turley, 1990; Gooday
et al., 1992). This suggests that high surface water productiv-
ity of the northeast Atlantic Ocean, which is primarily driven
by the spring blooms, ceased almost completely during the
last glacial (Thomas et al.,, 1995). Therefore, we suggest
that the enhanced down-draw observed at BOFS 5K is due
to glacial deep water formation in the northeast Atlantic
Ocean. It has been suggested that during the last glacial,
because of extensive sea ice in the Nordic Seas, deep water
formation occurred further south (Duplessy et al., 1988; Lab-
eyrie et al., 1992; Sarnthein et al., 1994; Seidov and Maslin,
1996). This is supported by results from the northeast Atlan-
tic Ocean showing the similarity between the deep-living
planktonic foraminifera N. pachyderma (s) calcite §'°C and
benthic foraminifera calcite §'°C, suggesting a link between
the surface and deep waters (Duplessy et al., 1988, Curry
et al., 1988; Jansen and Veum, 1990; Maslin, 1993; BOFS,
unpub. data).

6. CONCLUSIONS

This study has shown that it is possible to extract organic
matter from within foraminifera tests and to obtain reason-
able 6 "*C reproducibility. The foraminifera organic §'*C val-
ues obtained from North East Atlantic core tops are very
similar to the Holocene values of BOFS 5K and the glacial
values of BOFS 5K are similar to the glacial diatom organic
53C of Singer and Shemesh (1995). This comparative evi-
dence, and the fact that the yields of organic matter from
each BOFS 5K samples were similar, leads us to believe
that the foraminifera organic §'*C record is reliable estimate
of the isotopic composition of the surface water primary
photosynthate. We were able to estimate the surface water
dissolved CO, using the method of Jasper and Hayes (1990).
This method is still in the development stage and key areas
that need to be improved are:

1) Modern calibration (e.g., from plankton tows) of the
organic §"°C of each foraminifera species to the isotopic
composition of the total biomass of the primary photosyn-
thate (6,) would remove the reliance and possible bias of
the Jasper and Hayes (1990) calibration.

2) SST has a significant effect on the dissolved CO, con-
tent of the surface waters, thus, reliable SST estimates are
essential if conclusions are to be drawn from about glacial-
interglacial changes in dissolved CO, in temperate and sub-
polar regions. It is also important to test this method in
tropical regions where the glacial-interglacial variation in
SST is minimal.

The initial results of this method are encouraging, sug-
gesting North East Atlantic during the last glacial may have
been a stronger ‘‘sink’’ of CO, than during the Holocene
and this may be due to southward migration of deep water
formation.
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