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Isotopic variability in planktonic foraminifera of different shell sizes

A light microscope image of a plankton pump sample (P33-GO) 
this sample was collected using the deckwash pump of the R/V 
Tyro from the upper 5m of the Mediterranean in 1984. The 
sample is a mixture of planktonic foraminifera, dinoflagellates 
and organic matter. 
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4.
Is size dependent isotopic variability 

in planktonic foraminifera constant 

over a Glacial - Interglacial cycle?
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Oxygen (δ18O) and carbon (δ13C) isotope ratios of fossil plankton-
ic foraminifer shells are an indispensible tool in palaeoceanographic 
research for reconstructions of global ice volume, [sub-]surface wa-
ter temperatures, oceanic circulation, nutrient content, air-sea gas 
exchange and the biosphere carbon storage. The δ13C of foraminifer-
al calcite is known to vary as a function of metabolic processes whilst 
the δ18O of foraminiferal calcite is known to fluctuate as a function 
of the ambient environment (e.g. temperature, seawater isotope ratio 
and pH). Both suffer from species specific effects, or ‘vital effects’, 
a collective noun for a suite of physiological and metabolic induced 
variability which hamper precise quantitative reconstruction of past 
ocean parameters. Correction for potential isotopic offsets from the 
equilibrium or expected value is paramount, as too is the ability to 
define a comparable life-stage for each species that allows direct com-
parison between species. To minimise the influence of shell size upon 
the isotopic signal researchers utilise ‘a narrow sieve size fraction’. 
However studies empirically testing this have been divisive. In this 
paper we utilise individual specimen isotope analysis on sediments 
from a mid-latitude North Atlantic Ocean piston-core covering the 
time interval from  200Ka to 250ka. Through this methodology we 
show with shells of G. inflata and G. truncatulinoides, that offsets be-
tween specimens in successive size fractions of the same species are 
not constant for intermediate and deep dwellers. For δ18O, smaller 
sized globorotalids it is hypothesised that this may reflect a shallower 
habitat in an early ontogenetic stage. The ability to relate the stable 
isotope signal of different size fractions to distinct dwelling depth 
habitats may provide new insights into stratification of the oceans.

Is isotopic variability in planktonic 
foraminifera of different shell size 

constant over a Glacial - Interglacial 
cycle?

Brett Metcalfe, Wouter Feldmeijer, Meike de Vringer, Geert-Jan 
Brummer, Frank J.C. Peeters and Gerald M. Ganssen. 
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4.1 Introduction
4.1.1 Rationale
A series of biogeochemical and physical proxies exist to determine the 
mechanisms of short-term and long-term climate change from archives 
such as deep sea sediments. Notably amongst these is the isotopic compo-
sition of planktonic foraminifera because of the large continuous flux of 
shells to the ocean floor and their near-global occurrence. Fundamentally 
the inherent weakness within these proxy archives is that they are neither 
the original nor the unaltered signal. Therefore, quantifying the limita-
tions and potential artefacts are imperative for drawing robust conclu-
sions. Oxygen (δ18O) and carbon (δ13C) isotope ratios of fossil planktonic 
foraminifer shells are an indispensible tool [Waelbroeck et al., 2005a] 
in palaeoceanographic research for reconstructions of global ice volume 
[Shackleton, 1987; Shackleton and Opdyke, 1973], oceanic circulation, 
and [sub-]surface  water temperatures [Broecker, 1986], nutrient content, 
productivity, air-sea gas exchange [Oppo and Fairbanks, 1989; Charles 
and Fairbanks, 1990], the partition between terrestrial and marine car-
bon reservoirs, i.e. biosphere carbon storage [Shackleton, 1977] and the 
strength of the biological pump. The oxygen isotopic composition of fo-
raminiferal calcite can be utilised to reconstruct past water temperatures, 
as defined by a series of species specific temperature equations routinely 
expressed as quadratic or linear approximations [Bemis et al., 1998; Ep-
stein et al., 1953]. When compared with the expected value for inorgani-
cally precipitated calcite [Kim and O’Neil, 1997; McCrea, 1950; O’Neil 
et al., 1969] some species show a near to constant offset [Elderfield et 
al., 2002; Kozdon et al., 2009; Richey et al., 2011]. This deviation from 
equilibrium values, more commonly referred to as the isotopic offset or 
‘vital effect’ (δ18Ove) reflects metabolic processes and rates during on-
togeny, due to respiration of the host or photosynthetic symbionts, or the 
potential scavenging or micro-environmental effect of the photosynthetic 
product. Various previous studies have shown that in order to restrict the 
potential influence of metabolic effects specimens for analysis should 
be constrained to a similar size and shape [Berger et al., 1978; Billups 
and Spero, 1995; Bouvier-Soumagnac and Duplessy, 1985; Curry and 
Matthews, 1981; Elderfield et al., 2002; Friedrich et al., 2012; Kroon 
and Darling, 1995; Ravelo and Fairbanks, 1992; Ravelo and Fairbanks, 
1995; Shackleton and Vincent, 1978; Weiner, 1975; Williams et al., 1981]. 
 Size reflects an easily measured parameter with a direct relation be-
tween both inherited (genetic) and environmental stimuli (e.g. tempera-
ture, availability of food). In practical terms, throughout its life an organ-
ism will invariably increase in size until either some discrete threshold 
limit is reached due to mechanical (i.e. test construction), physiological 
(i.e. maturation; reproduction) or physical constraints (i.e. abiotic/biotic 
factors) [ Schmidt et al., 2004; Schmidt et al., 2006; Schmidt et al., 2008]. 
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However, the size utilised in conventional isotope analysis of foramin-
ifera (routinely between 250-400 μm) appears to be arbitrary and rarely 
reflects any real or significant biological feature, i.e. representative of the 
living population [Peeters et al., 1999]. Instead it appears to reflect the 
size at greatest diversity [Peeters et al., 1999] with which identification is 
reliable [Bé, 1959; Brummer et al., 1986; Sverdlove and Be, 1985]  and 
with sufficient mass for conventional isotope analysis [Emiliani, 1955]. 
State of the art techniques for sample preparation in combination with an 
improved mass spectrometry technique now allows for measurement of 
single shells down to a few micrograms [Ganssen et al., 2011], or even 
analysis of individual chambers [Kozdon et al., 2009; Vetter et al., 2013]. 
This constitutes an improvement by a factor of 10-1000 compared to the 
early and pioneering studies of Emiliani [1955]  and Shackleton [1965].
 Previous studies testing the relationship between shell size and the 
isotopic signal have shown systematic differences between both oxygen 
and carbon isotopes [Berger et al., 1978; Billups and Spero, 1995; Kroon 
and Darling, 1995]. This represents a logical partitioning between the 
isotopes of the two elements Carbon and Oxygen: Carbon isotopes (δ13C) 
predominately represent biotic processes such as productivity as a func-
tion of metabolic rates and nutrient concentrations; ventilation of oceanic 
water masses. Whereas the oxygen isotope values (δ18O) are primarily 
influenced by abiotic factors such as glacioeustatic/ice volume, local hy-
drographic evaporation/precipitation changes, and temperature. Howev-
er, whilst these studies provide valuable insight, the focus upon a single 
sediment sample, divided into its size fraction components [Elderfield et 
al., 2002; Richey et al., 2011]  provides only a ‘snapshot’ of time that fails 
to address a key prerequisite for palaeoceanographic studies, i.e. that the 
relationships defined are constant through time. Intra and inter specific 
variability in isotopes are commonly explained as a product of bottom 
water processes such as (i) calcification depth changes [Emiliani, 1954]; 
(ii) variations in metabolism through ontogeny [Killingley et al., 1981]; 
(iii) bioturbation and benthic organism interaction [Bard, 2001; Bard et 
al., 1987; Löwemark et al., 2008; Wit et al., 2013] and (iv) dissolution/
recrystalisation [Bonneau et al., 1980]. However, given that the life cycle 
of upper ocean species is probably completed within a few weeks [Bé et 
al., 1977; Berger, 1969a], and that a single chamber is formed over a few 
hours single shell analysis allows us to glimpse at short-term conditions 
in the ocean [Killingley et al., 1981].
 In this paper we will apply multiple individual specimen analysis 
(ISA) to test: (1) Is there a relationship between size and stable isotopes? 
And (2) Does this relationship remain constant through time over large 
perturbations (i.e. Glacial terminations)?

4.1.2 Marine Isotope Stages 8 and 7: Termination III
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 The climate following the Mid-Pleistocene transition attenuated be-
tween six warm ‘interglacial’ periods and seven cold ‘glacial’ periods 
with each glacial-interglacial cycle terminated by a rapid warming event, 
a so called termination [Broecker and van Donk, 1970]. These cycles are 
depicted by a sawtooth pattern in deep sea core oxygen isotope records 
representing the gradual cooling during glacial build-up and abrupt warm-
ing during the termination. Counter intuitively each cycle coincided with 
a unique combination of climatic boundary conditions. For example, the 
penultimate interglacial (marine isotope stage; MIS 5, ca 71-130ka) is 
characterised by insolation changes of lower amplitude than the antepen-
ultimate interglacial (MIS 7, ca 186-245ka). Yet it had a larger change 
in both ice volume and greenhouse gas concentrations [Roucoux et al., 
2008]. 
 In an attempt to ascertain whether size-isotopic trends hold over 
large scale environmental perturbations we utilised the transition from 
Marine Isotope Stage (MIS) 8 to 7 (~244kya). This Termination (TIII) is 
less pronounced than other terminations as the preceding cold stage(MIS 
8) is muted, with only a reported shift of 1.06 ‰ in benthic foraminif-
eral δ18O. MIS 7 is composed of three warm (MIS 7 substages a, c and e) 
and two cold phases (MIS 7 substages b and d) [Roucoux et al., 2006]. 
It is hypothesised by Cheng et al. [2009] that increasing solar insolation 
drove modal shifts in processes such as atmospheric circulation, melt-
water/freshwater discharge, and variability in the meriodinal overturn-
ing circulation. Like Termination I, Termination III also represents a full 
glacial-interglacial cycle with a synonymous abrupt cold Younger Dryas 
like interval that interrupts the Termination [Cheng et al., 2009; Thornal-
ley et al., 2011]. The slow rise in insolation whilst sufficient to result in 
the disintegration of the ice sheets and to cause the subsequent freshwater 
flux was not strong enough to prevent the transient reinvigoration of the 
Atlantic Meridional Overturning Circulation, or AMOC [Carlson, 2008; 
Ruddiman et al., 1990; Thornalley et al., 2011]. Termination III is char-
acterised by relatively high eccentricity and hence by a heightened dif-
ference in the maximum seasonal insolation as defined by the difference 
between the maximum and minimum insolation during the year [Berger 
et al., 2006]. 

4.1.3 Regional oceanography
4.1.3.1 Modern oceanography
 The study material is from a section of JGOFS APNAP core T90-9p 
(45°17.5’N 27°41.3’W; core length = 1028 cm) recovered from the east-
ern flank of the Mid-Atlantic Ridge, close to the anomalously shallow 
region around the Kings Trough the result of cooling of the lithospheric 
plate [Laughton et al., 1975], in the North Atlantic Ocean [Lototskaya 
and Ganssen, 1999; Lototskaya et al., 1998]. The transition from Marine 
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isotope stage (MIS) 8 to 7 (~244kya) corresponds to a core depth of 728-
828cm based upon re-tuning the age model of Lototskaya et al. [1998] 
and Lototskaya and Ganssen [1999] to the planktonic stack of Huybers 
[2007].  The modern oceanographic regime above the core location is 
composed of a cyclonic and anti-cyclonic gyre system which controls and 
maintains the continued existence of the associated water masses (Figure 
4.1). The northern sector of the North Atlantic ocean is characterized by 
the northeastern movement of the warm saline Gulf Stream extension, the 
North Atlantic Current (NAC), and the southward movement of the cold 
East Greenland Current (EGC).The EGC hugs the Greenland coast, pass-
ing through the Denmark Strait into the Labrador Sea, where it forms the 
Labrador Current (LC) that joins the NAC off Newfoundland. At ~51°N, 
the subpolar (or subarctic) front (SF), forms the northern boundary of 
the NAC, separating the Subpolar gyre water from the NAC [Krauss 
and Käse, 1984]. Crossing the Mid-Atlantic Ridge at 52°N the northern 
branch of the NAC continues northwards, bifurcating south of Iceland, 
into the north-west joining the EGC and the Northward moving, through 
the Faroe-Shetland Channel, Norwegian Atlantic current (NoAC). The 
NAC is the major source of eddy kinetic energy for the northern North 
Atlantic, via this the Atlantic inflow, composed of the NoAC. The im-
portance of the strength of the Atlantic inflow is that the NoAC enters 
the Nordic sea before cooling, sinking, returning as the Iceland-Scotland 
and Denmark Straits Overflow Water (ISOW and DSOW, respectively) 
which ultimately forms the North Atlantic Deep water (NADW). This is 
dependent upon the amount of input of freshwater into the Labrador Sea 
[Thornalley et al., 2011].  The NAC extinguishes southwards into a re-
gion of indistinct currents, the North Atlantic Transitional Water (NATW) 
(36-46°N) separated from the regions with stronger currents by fron-
tal zones (44-46°N). Ottens [1992b], in August 1986, that close to this 
frontal zone surface features can be followed down to 800m.  At 40°N, 
40°W the southern branch of the Gulf Stream heads eastward toward the 

Figure 4-1. Location map with main surface ocean currents and general age of bedrock 
geology of the North Atlantic region. Schematic of the North Atlantic ocean displaying 
ocean surface currents: (a) Labrador Current (b) West Greenland Current (c) East Green-
land Current (d) Irmiger Current  (e) North Iceland/Irmiger/Iceland Current (f) East Reyk-
janes Ridge Current/ Irmiger/Iceland Current (g) East Iceland/ Iceland-Faroe) Front (h)  
(i) North Atlantic Current (j) Gulf Stream (k) Azores Current (l) Canary Current (m) North 
Equatorial Current  (n) Antilles Current. Simplified general age of the bedrock geology 
in billions of years (Ga) relating to the the time since last high temperature metamorphic 
phase. Annotations on source regions for ice rafted debris are: C = Churchill Province, S 
= Superior province, G = Grenville orogeny, Ap = Appalachian Orogen, AM = Amitsoq 
Gneiss. Shaded region is an area of enhanced deposition of Ice rafted debris between 50 
and 40 °N, for last glacial cycle, where Heinrich layer thickness is > 10 cm. Base map from 
Ganssen and Kroon [2000] superimposed bedrock geology map redrawn from Knutz et al. 
[2013]. 
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Azores and Madeira as the Azores Current (AC) [Käse et al., 1986], the 
Azores frontal zone (AFZ), or subtropical front, separates the northern 
and southern water masses. To the north of this frontal zone (meandering 
around 34°N) water have a seasonal thermocline and winter convective 
and advective mixing, to the south a permanent thermohaline mixed layer 
and thermocline is established [Käse and Siedler, 1982; Ottens, 1992a].

4.1.3.2 Glacial paleoceanography
The North Atlantic is surrounded by continental ice sheets on three 

sides, in glacial periods these ice sheets are inferred to occur down to the 
40°N on the west and 50°N to the east [McIntyre et al., 1976]. Evidence 
suggests that during glaciations there was no analogue to the mixing of 
water masses, synonymous with the modern Gulf Stream-North Atlantic 
Drift water, via cyclonic and anticyclonic eddies [McIntyre et al., 1976], 
as polar water masses extended as far south as 45°N. Weyl [1968] in-
ferred that during full glaciation a cold counterclockwise gyre inhabit-
ed the North Atlantic Ocean above 45°N, as determined via ash-carried 
in IRD [Ruddiman and Glover, 1972a; 1972b; Ruddiman and McIntyre, 
1973; McIntyre et al., 1976]. The disappearance of the North Atlantic 
drift, Norwegian or Irminger currents and both the subpolar and transi-
tional water masses so compressed that they were effectively eliminated 
affectively reduced northward heat transport [Ruddiman and McIntyre, 
1976]. 
4.2 Species ecology and Methodology Applied

4.2.1 Planktonic Foraminifera

 Analysis consisted of three commonly used species of planktonic 
foraminifera: Globigerina bulloides, Globorotalia inflata and Globorota-
lia truncatulinoides dextral that not only have distinct ecological niches 
but lack symbionts that may alter the isotopic signal. These three species 
are commonly used to reconstruct water column properties from shallow, 
intermediate and deep depths, respectively.

4.2.1.1 Globigerina bulloides

 Globigerina bulloides d’Orbigny is a spinose species of plankton-
ic foraminifera. Contrary to other spinose species G. bulloides is non-
symbiotic, instead grazing on algae which gives the cytoplasm of fresh-
ly caught specimens an olive green-brownish appearance [Bijma et al., 
1999], as opposed to the usual albino white of asymbiotic foraminifera 
[Spero and Lea, 1996]. The species is primarily associated with the tem-
perate to subpolar region [Bé and Tolderlund, 1971; Ganssen and Kroon, 
2000], extending into both polar and upwelling waters, such as off shore 
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Somalia [Ganssen et al., 2011] and Northwest Africa [Ganssen, 1983; 
Ganssen and Sarnthein, 1983], as well as boundary currents in low lati-
tudes [Bé, 1977]. Globigerina bulloides may potentially be asexual [Bé 
and Anderson, 1976a] and considered to be comprised of four genetically 
distinct-cryptic species with potentially unique temperature and salinity 
constraints which may explain its extended distributional range. Given its 
broad distribution and the high abundance it is found in for example Ot-
tens [1992b] encountered 515 specimens/m2 in August 1986 the species 
is considered nutrient-opportunistic [Reynolds and Thunell, 1985]. 
  Hemleben and Spindler [1983] report its preferred the depth habi-
tat between 0-200 m yet both Bé [1977] and Deuser and Ross [1989] 
suggested narrower, shallower depth habitats of 50-100 m and 25-50 m 
respectively. The species depth habitat appears strongly controlled by the 
distribution of particulate food. The Deep Chlorophyll Maximum is often 
associated with high[er] abundance and since this DCM may be found at 
different depths, mostly at the base of the surface mixed layer, one can 
expect this species to follow the food rich waters. Seasonal variability 
in the depth habitat may account for this discrepancy between authors. 
Based upon plankton tow sampling Ottens [1992b] ascribed a greater 
depth [0-100 m] in April than in August [0-50 m]. These depths are in 
general agreement with both Schiebel et al. [1997] and Farmer et al. 
[2011].

4.2.1.2 Globorotalia inflata

 Globorotalia [Globoconella] inflata [d’Orbigny] is a non-spinose 
macroperforate species considered to be a deeper dwelling planktonic 
foraminifera, typically associated with the base of the seasonal thermo-
cline [Cléroux et al., 2008; Cléroux et al., 2007; Ganssen and Kroon, 
2000; Groeneveld and Chiessi, 2011], consuming diatoms [Bé and Hut-
son, 1977]. Globorotalia inflata is associated with subpolar to subtropi-
cal waters [Bé, 1969; Farmer et al., 2011; Ganssen and Sarnthein, 1983; 
Thiede, 1971; Thiede, 1975]. In the South Atlantic G. inflata reaches its 
highest relative abundance in the transitional waters of the subtropical 
and subantarctic regions at water temperatures between 13-19 °C. How-
ever, it has been shown to dominate the lower temperature (2-6 °C) sub-
antarctic region in South Pacific [Bé, 1969]. Calcification, however, oc-
curs from the mixed layer down to water depths of 500-800 m [Hemleben 
and Spindler, 1983; Wilke et al., 2006].  Narrower depth intervals have 
been proposed for both the North Atlantic, at 0-150 m [Ottens, 1992b] 
and 300-400 m [Elderfield and Ganssen, 2000], and the South Atlantic, 
at 50-300 m [Mortyn and Charles, 2003]. Cléroux et al., [2007] inferred, 
from isotopic depth habitat (Tiso), that G. inflata tracks the 0.3-.4 µMol/l 
PO4 cline, likely an explanation for the considerable variability in re-
ported depth habitat. However, Fairbanks et al. [1980] considered, based 
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upon isotopic analysis, that those specimens found below the mixed layer 
to be non-calcifying expatriates from the shallower population. It is likely 
therefore that the considerable depth habitat attributed to this species is 
attributed to this.
 Given the considerably morphological variability between shells 
of G. inflata, i.e. three-four chambers in the final whorl, degree of en-
crustation, and gross morphology (i.e. triangular-rounded), some authors  
have selected for analysis only those specimens that represent the type-
specimen [Groeneveld and Chiessi, 2011]. Deviations and variability in 
the gross morphology may represent water parameters (i.e. temperature, 
strength of the thermocline) [Healy-Williams, 1984] and/or genetically 
distinct subpopulations [Morard et al., 2011]. For this reason specimens 
used in this study fit the general morphotype of G. inflata to obtain the 
maximum range in hydrological parameters. 

4.2.1.3. Globorotalia truncatulinoides

 Globorotalia [Truncorotalia] truncatulinoides [d’Orbigny] is a non-
spinose species with a distinct conical appearance and dimorphic coiling 
direction [dextral and sinistral]. Its morphology, more explicitly the height 
of the conical, has changed temporally and spatially [Lohmann, 1992] with 
different populations having different isotopic compositions [Williams et 
al., 1988] although this may be the result of five cryptic species [Ujiié et 
al., 2010]. Considered to be a deep dwelling, approximately down to ~800 
m or even deeper [Hemleben et al., 1985; Lohmann, 1992; Lohmann and 
Schweitzer, 1990] where they secrete a secondary ‘gametogenetic’ crust. 
[Bé and Ericson, 1963; Hemleben et al., 1985]. In the natural environment 
the species is an omnivore, its abundance tracking prey concentrations, 
Anderson et al. [1979] inferred from feeding experiments that the species 
benefitted from the coccolithophore Emiliani huxleyi, compared to being 
fed solely on diatoms and dinoflaggelates, however survival was longer 
when fed solely on the brine shrimp Artemia nauplii. Given the consider-
able depths it inhabits it likely feeds on detritus settling from the photic 
zone. Fairbanks et al., [1980] found, using plankton tows, that this spe-
cies is enriched isotopically (18O), compared to equilibrium values, when 
found above the thermocline, in equilibrium on the thermocline and de-
pleted below it. This deviation is likely caused by offsets between primary 
and secondary crusts [McKenna and Prell, 2004; Mulitza et al., 1997; 
Vergnaud Grazzini, 1976], although this may be a seasonal-encrusting 
artefact [Spear et al., 2011]. An annual vertical migration to shallower 
habitats coincides with a decrease in the stratification of the water column 
with descent occurring prior to its reestablishment that would otherwise 
impede migration to depths that would aid reproduction [Bé and Ericson, 
1963; Deuser and Ross, 1989; Lohmann and Schweitzer, 1990; McKenna 
and Prell, 2004].
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 Their biogeographic distribution is asymmetric between the North 
and South Atlantic populations divided along the Equator, for the North 
Atlantic G. truncatulinoides distribution appears to be bounded by the 
North Atlantic Current (NAC). With dextral coiling populations being 
found at higher temperatures (8-24 °C) and shallower water depths [Ot-
tens, 1992b] than those of the sinistral coiling direction. Between 300 
and 200 kya G. truncatulinoides expanded its biogeographic range into 
colder water masses in the southern ocean [Bé 1969; Kennett, 1970] 

4.2.2 Abundance counts

 Sampling of the sediment core consisted of slicing one cm samples 
of a half core section (approximate volume is 25.13 cm3) at a core depth 
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of 728-828 cm, (200-260 kya). Abundance counts of foraminifera were 
performed at four cm resolution on sediment that was wet sieved over a 
63 μm, dried, and passed over a nest of sieves with mesh sizes: 125 μm; 
212 μm; 250 μm; 300 μm; 355 μm; and 400 μm. The dried residues were 
split into a small representative samples approximately containing two 
hundred particles using an OTTO Microsplitter. Based upon the classifi-
cation of Bé [1977] and Hemleben et al., [1989] only the species G. bul-
loides; G. inflata; G. truncatulinoides and Globigerinoides ruber were 
counted separately. All others were binned into ‘Other Foraminifera’, 
this represents a compromise between speed and efficiency. Counts were 
subsequently converted into numbers per gram by multiplying the abso-
lute number by the split. In order to approximate the size frequency dis-
tribution (SFD) the unequal partitioning of the sieves must be dealt with 
via normalisation of the data into 25 μm intervals [Blanco et al., 1994; 
Peeters et al., 1999]. The normalised abundance (NA) is calculated via 
the equation: 

  NA = (25 μm ∙ Abundance) / USS – LSS   [Eq. 4.1]

 Where USS is the upper sieve size and LSS is the lower sieve size of 
the size interval. Using these normalised counts the average test size was 
calculated using the sieve size class mid-point, as this is least likely to 
be effected during size changes in the population (Figure 4.2), using the 
formula [Peeters et al., 1999]:

 Average size = (∑ NA ∙ √(USS ∙ LSS)) / ∑ NA  [Eq. 4.2]

Sieve size is representative of the intermediate dimension (width in 
apertural view) which is the size least affected by the gross morphology 
of the final chamber.
2.3 Stable isotope geochemistry [δ18O and δ13C]
 Bulk measurements routinely consist of between 8–40 specimens 
which  depending on the species represents ~0.3-1.50 mg of calcium car-
bonate per sample [Waelbroeck et al., 2005a]. In this study specimens 
were analysed singularly (see also Ganssen et al., [2011]) with about 
20 individuals picked from each of four successive size fractions (212-
250 μm; 250-300 μm; 300-355 μm and 355-400 μm) for G. bulloides 
(n =1921), G. inflata (n = 1855) and G. truncatulinoides (n = 1933). 
Analysis was conducted on a Thermo Finnigan Delta+ mass spectrometer 
equipped with a GASBENCH II preparation device. In order to analyse 
individual specimens, ranging in weight between 5-50 μg, samples are 
placed in He-filled 3 ml exetainer vial with a set of glass beads (~2 mm). 
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The beads act into two ways [i] as a heat buffer and [ii] as a preventative 
measure against loss upon on contact with the acid. Beads are cleaned in 
a series of de-ionised water washes. Each sample is digested in concen-
trated phosphoric acid (H3PO4) at a temperature of 45 °C. Isotope values 
are reported as δ18O and δ13C versus Vienna Peedee Belemnite (V-PDB) 
calculated using the standard delta notation (δ) and reported in per mil 
(‰). The reproducibility of routinely analysed laboratory calcium car-
bonate standards is better than 0.15 ‰ (1σ) for both δ18O and δ13C, given 
the heterogeneity of carbonate standards at this critical low concentration 
of material analysed [Ishimura et al., 2008]. This represents ~5 % of the 
measured range and therefore is negligible. 

4.2.4 Statistical analysis
 We follow methodological procedures described in Ganssen et al. 
[2011], in which the individual datasets (multiple analyses of single spec-
imens from one size fraction) are checked for potential outliers (for the 
sake of obtaining relatively robust isotopic ranges) in order to both pro-
duce a robust estimate of the range and a conservative estimate of the 
mean. Lower and upper bound were calculated using the first quartile 
(Q1), third quartile (Q3) and the interquartile range (IQR):

   Lower bound = Q1 – 1.5 ∙ IQR   [Eq. 4.3]

  Upper bound = Q1 + 1.5 ∙ IQR    [Eq. 4.4]
This does however remove the extremes in δ18Oc – and potential 

minima and maxima in temperature – yet in order to compare size frac-
tions using a t-based confidence interval the calculated mean must be 
robust. Whilst no dataset fits the normal distribution, distributions that 
approximate the normal distribution are considered to be unimodal with 
the measures of central tendency (mean, median and mode) equal and 
located at the centre of the curve. This measure of normality is used to 
generate confidence intervals on the mean, as the sample size is less than 
30 and the population standard deviation is unknown we utilise a t-distri-
bution based confidence interval:
  X – tα/2 ∙ (s/ (√n)) < µ < X + tα/2 ∙ (s/ (√n))   [Eq. 4.5]

Where the degrees of freedom are n – 1 and s is the standard devia-
tion of the population. We compute the 95 % confidence interval on the 
mean
4.3.0 Results
4.3.1 Faunal abundance counts

The abundance of G. inflata and G. truncatulinoides between differ-
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Figure 4- 3. Down core abundance counts. Abundance counts of G.bulloides, G.inflata 
and G. truncatulinoides. 
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Figure 4-4. Calculated average size based upon abundance counts. Average size (Sav) 
of (blue) G.bulloides, (red) G.inflata and (green) G. truncatulinoides calculated through 
Equation 4.2 (Peeters et al., 1999), shown for reference in the top right corner. Dashed 
horizontal lines denote the minima and maxima of the size fractions used in this study. 
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ent size fractions is consistent, in direction of change. The relative abun-
dance of G. inflata is the mirror image of G. bulloides. In the deeper sec-
tion of the core (225-246 kya) there is a break in the pattern of abundance 
of G. bulloides between the size fractions >300 μm and <300 μm, with 
the >300 μm peaking first (Figure 4.3). The average size calculated using 
the abundance counts, based upon equation 2 (Figure 4.4), of G. bulloides 
and G. inflata is fairly constant lying between the 250 µm and 300 µm, 
apart from at 248 kyawhere the size decreases and increases respectively. 
Globorotalia truncatulinoides is more variable, falling between 250 µm 
and 400 µm, although the size variance is more pronounced in the lower 
portion of the core (227-252 kya) during a period of reduced abundance. 
At 248 kya the average size increases to its largest before, at 246 kya, 
decreasing to its smallest (Figure 4.4). 
4.3.2 Oxygen stable isotope values [δ18O]
 The within a sample single specimen dataset (212-400 μm) present-
ed here (Figure 4.5-.6) shows a large (~3 ‰) range in the oxygen isotopes 
values similar to the observations from a number of other studies based on 
single specimen analysis [Ganssen et al., 2011; Killingley et al., 1981]. In 
terms of size fractions it would appear that within the fractions 300-355 
and 355-400 µm isotope values are stable, while between 250 and 300 µm 
is less so. Values are subject to deviations and perturbations in the lower 
portion of the core (~227-252 kya) for G. inflata and G. truncatulinoides. 
Globigerina bulloides however shows no offset between size fractions 
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Figure 4- 5. Raw single specimen oxygen isotope values. Raw oxygen isotopes (δ18O) of 
(upper panel) Globigerina bulloides (middle panel) Globorotalia inflata and (lower panel) 
Globorotalia truncatulinoides dextral. Note that the successive size fractions are offset from 
the actual age of the depth in core for visibility. Size of datapoint represents the size frac-
tion: 212-250 μm, 250-300 μm, 300-355 μm and 355-400 μm (see lower panel for legend).
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Figure 4-6.  Mean with 95% confidence intervals of single specimen oxygen isotopes. 
Down core (T90-9p) mean oxygen isotopes (δ18O) of (upper panel) Globigerina bulloi-
des (middle panel) Globorotalia inflata (lower panel) Globorotalia truncatulinoides dex-
tral within the respective size fractions: 212-250μm (green); 250-300μm (red); 300-355μm 
(blue); and 355-400μm (black). Vertical bar represents the t-test 95% confidence intervals.
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down core (Figure 4.7). For G. truncatulinoides the 212-250 µm oxygen 
isotopes are strongly and consistently offset as defined by F- and T-tests, 
by ~1.00 ‰. The large difference between size fractions between 230 and 
232 kya (784 and 788 cm) that is not visible in smaller specimens could 
be explained by preferential mixing of smaller specimens up and down 
the core. However, this is unlikely given the similarity in oxygen isotope 
values for this size fraction throughout the core and more importantly 
there is an shift in the lower limit by ~1.4 ‰ despite no real change in the 
average value (Figure 4.5). 
 For G. inflata the offset between small and larger sizes ranges be-
tween 0.0 ‰ (9 out of 26 samples) and 1.0 ‰ (Figure 4.6). At 210, 223, 
232-239 and 246 kya specimens of G. inflata in the size range 212-250 µm 
become more enriched in δ18O, overlapping with the values of the larger 
250-300 µm specimens (Figure 4.6). These deviations appear to coincide 
with reduction in the average size (Figure 4.4), however not all reduc-
tions coincide with an isotopic shift. At the species level, and regarding 
the absolute values, the 212-250 µm size fraction of G. truncatulinoides 
(dextral) is ~1 ‰ lighter than G. bulloides of the same size (Figure 4.6).  
Whilst both G. bulloides and G. truncatulinoides show depletion in oxy-
gen isotopes, Δδ18O of 1-2 ‰, our single specimen data for G. inflata ap-
pears to ‘missing’ the abrupt transition from enriched (~3 ‰) to depleted 
(~1.5 ‰) values. This gives an apparent muted response compared to the 
response observed both in the conventional isotope analysis of the >250 
μm size fraction [Lototskaya and Ganssen, 1998] and from the other spe-
cies. The transition can however be observed in the 355-400 μm fraction 
(black line, (Figure 4.6). Given the species ecology we surmise that this 
reflects the ability of G. inflata to calcify at a range of depth habitats and 
thus the signal is diluted by changes in salinity and temperature. 

4.3.3 Carbon stable isotope values (δ13C)
Carbon isotopes range between -2.00 ‰ and +1.50 ‰ (Figure’s 4.8-

.9). The species range, between their maximum and minimum points for 
all samples, from the depleted values of -2.00 and 0.00 ‰ for G. bulloi-
des, a range of -1.50 and +1.20 ‰ for G. inflata and enriched values of 
-1.00 to +1.50 ‰ for G. truncatulinoides. There are only two samples, 
out of 26, where the smallest size fraction of G. bulloides deviates from 
the others at 244 and 246 kya (Figure 4.9). This is concurrent with both a 
sudden depletion in oxygen isotope in the polar species Neogloboquad-

Figure 4-7 (opposite page). Sieve size plotted against mean sample oxygen isotope values. 
Mean oxygen isotope values for each sample, separated into glacial (Blue triangles) and 
interglacial (red diamonds) samples. (upper panel) G. bulloides (middle panel) G. inflata 
(bottom panel) G. truncatulinoides. These are offset for convenience; the down core aver-
age (yellow diamonds) is plotted for each size fraction. 
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Figure 4- 8. Raw single specimen carbon isotope values. Raw carbon isotopes (δ13C) of 
(upper panel) Globigerina bulloides (middle panel) Globorotalia inflata and (lower panel) 
Globorotalia truncatulinoides dextral. Note that the successive size fractions are offset from 
the actual age of the depth in core for visibility. Size of datapoint represents the size frac-
tion: 212-250 μm, 250-300 μm, 300-355 μm and 355-400 μm (see lower panel for legend).
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Figure 4- 9. Mean with 95% confidence intervals of single specimen carbon isotopes. 
Down core (T90-9p) mean carbon isotopes (δ13C) of (upper panel) Globigerina bulloides 
(middle panel) Globorotalia inflata (lower panel) Globorotalia truncatulinoides dextral 
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gen isotope curves plotted for reference.
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rina pachyderma and a reduction in the coiling ratio, as a percentage 
of Neogloboquadrina incompta, for the same core samples [Feldmeijer, 
unpublished]. In comparison only the samples at 246 and 252 kya show 
comparable isotopic values between all size fractions, for the rest 212-
250 µm is depleted. Between 225-236 kya the largest specimens of G. 
inflata, analysed here (355-400 µm), become more enriched in 13C than 
the other size fractions. This section of core covers Termination III. At 
the following intervals: 208, 230, 240 and244-252 kya for G. truncatu-
linoides, the values of the two size fractions 212-250 µm to 250-300 µm 
overlap. Results suggest that this depletion in the 250-300 µm size frac-
tion’s isotopic values. In contrast at 205, 207, 216, and 218 kya the usu-
ally overlapping 300-355 µm to 355-400 µm size fractions deviate, with 
the larger size fraction becoming more enriched (Figure 4.9). 

Small (212-250 µm) specimens of surface and intermediate dwell-
ers have a larger range in mean carbon isotopes than larger specimens 
(Figure 4.10). Potentially this may account for more variability in the 
surface ocean either through changes in productivity or atmospheric car-
bon dioxide. Curiously the relationship between size and 13C is strikingly 
different from the relationship for 18O; the large offset in oxygen from 
212-250 μm and 250-300 μm for G. truncatulinoides is not visible in the 
carbon isotope record. 

Whilst it is not possible to exclude the influence of bioturbation or 
benthic mixing between samples on either stable oxygen or carbon iso-
topes given the sample resolution of 4 cm a simple visual inspection of 
the data reveals that transient events are still visible unlikely in a biotur-
bated record (Figures 4.5 and 4.8). 
4.4 Discussion
4.4.1 Oxygen isotopes

In this paper we applied multiple individual specimen analysis (ISA) 
to test: (1) if there a relationship between size and stable isotopes? And 
(2) if the relationship remains constant through time over large pertur-
bations (i.e. Glacial terminations)? Our results show that larger speci-
mens of both G. inflata and G. truncatulinoides are enriched in 18O com-
pared to smaller specimens, although this relationship is only constant for 
G. truncatulinoides. Specimens of G. bulloides show no variation with 
size, with small and large specimens showing identical trends and values 

Figure 4- 10 (opposite page). Sieve size plotted against mean sample carbon isotope val-
ues. Mean carbon isotope values for each sample, separated into glacial (Blue triangles) 
and interglacial (red diamonds) samples. (upper panel) G. bulloides (middle panel) G. 
inflata (bottom panel) G. truncatulinoides. These are offset for convenience; the down core 
average (yellow diamonds) is plotted for each size fraction. 



146

Chapter Four

across Termination III. Berger [1979] considered four possible explana-
tions for an enrichment in oxygen isotope composition with increasing 
size: (i) size is related to physical parameters, i.e. temperature [Schmidt 
et al., 2006] and thus larger specimens relate to optimum conditions [Bé 
and Lott, 1964; Bé et al., 1966; Berger, 1971]; (ii) the degree of disequi-
librium in calcifications varies with growth [Vergnaud-Grazzini, 1976], 
and or physical parameters (i.e. temperature); (iii) growth related depth 
change - with smaller individuals being found in greater concentrations 
closer to the surface - the implication being that small shells are prema-
turely terminated individuals  [Emiliani 1954; 1971]; (iv) adults that sink 
but do not reproduce continue to calcify giving a more enriched signal. 
The oxygen isotope data presented in this paper will be discussed with 
respect to these four possibilities in the following sections.
4.4.2 Size, growth and disequilibria

Currently it is unknown what factors govern the biomineralisation 
process in planktonic foraminifera with many studies making no distinc-
tion between this process and inorganic precipitation. Weinkauf et al. 
[2013] considered that there is some implied trade-off, with respect to 
resource allocation, between production of biomass and biomineralisa-
tion, an implicit assumption of the optimum growth hypothesis of de Vil-
liers [2004] which is consistent with size reflecting optimum ecological 
conditions [Schmidt et al., 2004]. It is plausible however that if sufficient 
conditions are not met growth does not occur. Schmidt et al. [2006] con-
sidered that optimum conditions for planktonic organisms can either lead 
to rapid reproduction and therefore small body size, or fast growth rates 
and hence larger sizes. Hecht [1976] demonstrated with North Atlantic 
core tops the latter, that species of planktonic foraminifera obtain their 
maximum size in waters with ambient waters that are considered optimal 
for that species, decreasing in size away from this point. With pelagic 
organisms recognising this is complicated by the fact that optimal condi-
tions can occur both horizontally (geographically) and vertically (water 
depth). Despite this, as environmental conditions change through time 
organisms can either adapt to new conditions (i.e plasticity – ecopheno-
types) or track its preferred habitat leading to a change in body size, the 

Figure 4- 11. Estimated carbonate ion concentration based on shell weight of plank-
tonic foraminifera. (a) Events determined by grainsize analysis (dilution = IRD events) 
(b) Composite shell weight record obtained by weighing four size fractions of G. bulloides 
(see Chapter Four) was used to (c) estimate the carbonate ion concentration based upon 
the tangible evidence of a link between the two [Barker and Elderfield, 2002]. (d) Atmo-
spheric carbon dioxide concentration of Vostok Ice Core on the timescale of Ruddiman 
and Raymo [2003]. (e) Estimated oxygen isotopic offset and inferred temperature offset 
based upon Lea et al. [1999] using the carbonate ion concentration estimated by (b-c). 
Note that this is estimate. (f) Insolation at 45 °N.
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severity of which is dependent upon the location [Malmgren and Kennett, 
1976]. In the modern ocean G. bulloides has its largest size occurring at 
50°N, if one is to consider that a compression or elimination of certain 
transitional water masses occurs during glacial periods (see section 1.3.2) 
then this maximum size should be centered at or to the south of the loca-
tion of the studied core. Whilst our results do show a moderate increase in 
size during the glacial period (234 – 252 kya), there is no variation in iso-
topic composition in this species between size fractions. In comparison 
for both G. inflata and G. truncatulinoides which either show isotopic 
offsets between size fractions and/or changes in average size no pattern 
can be discerned. It is possible that some other parameter i.e. nutrient 
concentration increased during these periods that generated an increase 
in size with no change in hydrological parameters. 

The degree of disequilibrium with respect to oxygen isotopes has 
been reported to vary with growth as a product of physical parameters 
such as temperature [Vergnaud-Grazzini, 1976]. Culture studies have es-
tablished that foraminiferal cell physiology, including enzyme activity, 
increase with temperature which may lead to deviation between the am-
bient and cellular environment as a result of metabolic processes, i.e. 
respiration [Rink et al., 1998]. Peeters [2000] demonstrated that the rela-
tionship between δ18Oc - δ

18Osw and temperature has an apparent sigmoi-
dal shape with a different relationship occurring at extremes. Opposed 
to the ‘normal’ relationship at higher and lower temperatures a levelling 
off occurs resulting in increasingly depleted, at the upper temperature 
tolerance, and enriched, at the lower temperature tolerance, values with 
respect to 18O. Following this smaller individuals could represent those 
that are pre-maturely terminated as opposed to juvenile foraminfera given 
that the transition between juvenile and the neanic stage occurs approxi-
mately between 60-80 µm depending on the species [Brummer et al., 
1986; Hemleben et al., 1989]. Environmental disturbance, i.e. reaching 
the temperature limits of a species likely the lower limit in this instance, 
could lead to mortality and following Peeters [2000] an offset in δ18O. 
However, it is far more likely that if an environment is intolerable for a 
species that species would disappear from the geological record as the 
numbers required to maintain a stable population dwindled discounting 
anything but a mass-rapid mortality event. Temperature also indirectly 
governs the degree of carbonate saturation as the solubility of CO2 in 
water is temperature dependent. As CO2 dissolves into seawater it low-
ers both the carbonate ion concentration ([CO3

2-]) and pH which impacts 
on the fractionation of both carbon and oxygen isotopes. Based upon 
assumptions of the relationship between carbonate ion and shell weight 
[Barker and Elderfield, 2002], a cautious reconstruction would suggest 
that approximately 0.24-0.36 ‰ of the δ18O between samples is the result 
of carbonate chemistry (Figure 4.11). Variation in [CO3

2-] with depth may 
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lead to an offset between successive size fractions as species encounter 
lower [CO3

2-] with depth. Spero et al. [1997] and Bijma et al. [1999] dem-
onstrated that shells of G. bulloides had more enriched values at lower 
[CO3

2-].
A point of note is that during the decent through the water column 

foraminifera add new calcite, their shell’s geochemical composition is 
therefore an integrated history of the hydrology at different water depths 
[Hemleben and Bijma, 1994; Wilke et al., 2006]. As foraminifera do not 
grow continuously rather accretionary through the addition of chambers 
at distinct periods the effect of new chambers on the overall composi-
tion of the shell can be calculated via a mass balance equation [Hemle-
ben and Bijma, 1994]. As calcification depth is dependent upon the local 
hydrographic structure of the water column, i.e thermocline, depth of 
chlorophyll maximum expansion of the calcification depth will generate 
increasing deviation from actual equilibrium values. Especially if a great-
er proportion of the shell is constructed at a specific depth then the shell 
will likely show a value skewed toward this depth of maximum growth. 
This would particularly affect species that have rapid growth or bloom 
and those that have an increased longevity. Shell weight varies through 
time as a function of nutrients, temperature, light and carbonate param-
eters (see discussion in chapter Five). Small specimens of G. bulloides 
have approximately 38 % of the mass of larger specimens, whilst small 
specimens of both G. inflata and G. truncatulinoides have only ~25% of 
the mass of larger specimens. It is plausible that the muted response to the 
Termination seen in some size fractions of G. inflata could be explained 
by the complex integration of competing signals from a depth habitat that 
crosses the thermocline. In contrast G. bulloides which calcifies within 
the upper portion of the water column shows no deviation. This may hold 
true for species that develop a secondary crust. Precipitation of this sec-
ondary calcite crust will overprint the primary calcite crust  as established 
by Kozdon et al. [2009] with secondary ion mass spectrometry (SIMS) 
that the shell wall of the cold water crust forming species N. pachyderma 
is far from heterogenous, with up to 3 ‰ Δδ18O between them. This dif-
ference could potentially relate to calcification at depth or a period in 
which calcification occurs strongly in disequilibrium with the ambient 
environment.
4.4.3 Depth habitat
 Our results show that those species with a narrow depth window (i.e. 
G. bulloides) have no offset between size fractions. Whereas, the average 
offset in δ18O for deeper dwelling globorotalids between the smallest and 
subsequent size fractions, based upon all samples (n = 26) is greater than 
1.0 ‰ (Figure 4.6). This deviation seems to correspond to the vertical 
extent of the depth habitats of the species. Thus, it is more plausible that 
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the size-δ18O relationship seen within the data presented here confirm the 
depth habitat hypothesis of Berger [1979] given the correlation between 
∆δ18O and vertical migration. Emiliani [1954] deduced that the calcifica-
tion of planktonic foraminifera occurred at different water temperatures 
and thus calcification takes place at different depths. The oxygen isotope 
values presented here show that the deeper dweller G. truncatulinoides 
(dextral) has a larger offset between size fractions than the shallower, in-
termediate dweller, G. inflata.
 The depth habitat of planktonic foraminifera has long been relat-
ed to temperature [Emiliani, 1954] although later related to the thermal 
structure i.e. stratification of the water column [McKenna and Prell, 
2004], development of the thermocline, the depth and development of 
the chlorophyll maximum zone, food availability, i.e. phytoplankton  and 
the depth of light penetration [Caron et al., 1981; Hemleben et al., 1989]. 
The vertical structure of the water column is dependent upon the amount 
of incidental light, not withstanding surface ocean processes such as sur-
face layer mixing. The concentration and distribution of phytoplankton, 
the prey of planktonic foraminifera, is governed by the balance between 
light and nutrients when sunlights hits the nutricline, a phytoplankton 
bloom can develop. The euphotic zone, the depth in the ocean in which 
the amount of light does not limit photosynthesis or growth, is a finite 
layer as the amount of light available decreases exponentially with depth. 
Replenishment of nutrients via the decomposition of organisms is depen-
dent upon turbulent processes, i.e. wind stress and internal waves recycle 
nutrients to the ocean surface. In the temperate and polar regions, un-
like the tropical regions, the mixed layer varies seasonally. Convection 
of cooled surface waters combined with wind-driven turbulence results 
in downward mixing during late Fall and Winter leading to a progressive 
deepening of the mixed layer. First proposed by Gran [1931] and later 
quantified by Sverdrup [1953] a Spring (phytoplankton) bloom occurs as 
a response to a destabilisation of the water column. This spring bloom 
migrates poleward during the year although it has been shown that the 
chlorophyll maximum does not keep pace with the shoaling of the mixed 
layer rather it follows the 12°C isotherm, indicative of a temperature de-
pendence [Mann and Lazier, 1991]. 
 If size related oxygen isotopes changes represent changes in depth 
habitat then we can utilise the oxygen isotopes as a palaeo-CTD. Intrigu-
ingly there are a number of instances where the smallest specimens of G. 
inflata obtain similar values as larger specimens (>250 µm) these events 
occur halfway between insolation minima and maxima, apart from at 234-
239 kya. Were it to be a shoaling of the depth habitat then larger values 
would be expected to show similar values to smaller specimens and not 
the other way around. Potentially these events represent transient large 
scale mixing of the upper water column during the period of G. inflata 
calcification. 
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4.4.4 [Δδ18O] Difference between species
 Intriguingly, given their respectively ecologies, the difference be-
tween small specimens (212-250 μm) of the deep-dweller, G. truncatu-
linoides, and surface dweller, G. bulloides, is ~1 ‰ Δδ18O (correspond-
ing to ~4 °C) during some periods, although on average this offset is 
smaller at ~0.5 ‰ or 2 °C (Figure 4.12). Differences in 18O fraction fac-
tors between species confirmed by numerous authors [Curry and Mat-
thews 1981; Duplessy et al., 1981; Fairbanks et al., 1980; Shackleton, 
1974; Shackleon et al.,1973; Vergnaud-Grazzini, 1976; Williams et al., 
1979] cannot explain this deviation. Globorotalia truncatulinoides is 
considered a deeper colder species in comparison with G. bulloides, we 
therefore invoke changes in seasonality and oceanographic conditions to 
explain this discrepancy. This pattern can be accomplished by: (i) calci-
fication in a water mass with a different ambient δ18O; (ii) expatriation of 
more southerly specimens; or (iii) calcification in distinct seasons. Expla-
nation (i) that calcification occurs in a water mass with a different δ18O 
seawater (δ18Osw) is plausible. For instance during sea ice formation sur-
rounding water masses become isotopically depleted as the δ18O of sea 
ice is 2.57 ±0.10 ‰ enriched relative to the isotopic composition of sea 
water [Macdonald et al., 1995]. The formation of which increases sur-
face ocean salinity enough to lead to convection and sinking of this de-
pleted water mass [Rohling and Bigg, 1998; Strain and Tan, 1993]. This 
depleted water mass is replaced by surface waters (to some degree) un-
affected by the freezing process [Rohling and Bigg, 1998] meaning that 
species that calcify during sea ice formation will have a more depleted 
signal. Similarly the core site is situated within the ice rafted debris belt 
[Hodell and Curtis, 2008; Park, 1998] indicating that this area would 
have been affected by meltwater at certain periods of the year. However, 
both of these hypotheses cannot satisfactorily explain the continuation of 
this phenomena in shallower ‘interglacial’ depths of the core. 
Explanation (ii) finds support from observations of Phleger et al. [1953] 
that low latitude faunas are circulated northwards in the western portion 
of the Atlantic basin, whereas high latitudes faunas are displaced south-
wards in the eastern basin, as dictated by the clockwise direction of the 
currents within the North Atlantic gyre. The large difference between the 
fine fractions of G. bulloides and G. truncatulinoides (up to 1.3‰) can-
not be explained by differences in calcification depth alone as it would 
indicate a deeper calcification for G. bulloides. Instead a calcification at 
more southerly and warmer location is plausible. During glacial condi-
tions the biogeography of this species contracts to lower latitudes, the 
boundary of the Polar Front moves southwards connecting with the Iberi-
an margin. Expatriates carried by the proto-gulf stream would have been 
deflected along the polar front [Lototskaya and Ganssen, 1999; Weyl, 
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1978]  into this core-location as deduced by the IRD belt [Berger and 
Jansen, 1995; Ruddiman and McIntyre, 1981]. Cifelli and Smith [1970] 
through releasing drift bodies from eastern North America indicated that 
surface currents could redistribute organisms when they collected these 
same drift bodies in the Azores. It is possible that the more depleted in 
δ18O specimens represent the endemic population, and the more enriched 
specimens are expatriates. Were these expatriates to emigrate into unfa-
vourable conditions it is likely that they would not grow an additional 
chamber in equilibrium with the ambient conditions.
 Whilst explanation (ii) cannot be discounted, explanation (iii) that 
this difference relates to deep-sea sediments being composed of speci-
mens from species that potentially inhabit different seasons [Williams 
et al., 1979] requires no problematic large scale transport. Tolderlund 
and Bé [1971] based upon 4 years of seasonally collected plankton tows 
at weather station Delta (44°00’N, 41°00’W) considered that G. bulloi-
des had a continuous flux throughout the period of November to August. 
Whereas, both G. inflata and G. truncatulinoides are bimodal peaking 
in December and March and December and January respectively. This 
relates to temperatures of between 10-23°C for G. bulloides, 10-23°C 
for G. inflata and 8–22°C G. truncatulinoides. Whilst these temperature 
distributions suggest that G. truncatulinoides occurs in colder waters the 
optimum temperatures of these species are 10-12°C, 10-17°C and 15-
18°C consistent with the idea of calcification in warmer temperatures. G. 
bulloides is most abundant during the spring bloom prior to stratification 
of the water column were G. truncatulinoides to calcify later in the year, 
at the base of the thermocline, then it would explain this offset. 

4.4.5 Carbon isotopes
In comparison with oxygen isotopes the carbon isotope values ap-

pear more erractic though smaller specimens of all species analysed here 
are generally more depleted in 13C than larger specimens. However, both 
the size and direction of this offset appears to be irregular (Figure 4.9 and 
4.13). The δ13C values of planktonic foraminifera are affected by photo-
symbiosis [Spero and DeNiro, 1987], metabolic fractionation i.e. respira-
tion [Berger et al., 1978], diet [DeNiro and Epstein, 1978] and metabolic 
and/or symbiotic influences on the ambient and internal carbon pool (i.e. 
carbonate ion concentration). In order to draw palaeoceanographic con-
clusions we first give a brief state-of-the art compilation of δ13C research 
that is considered a black box. 

As a consequence of the surface photosynthesis and the oxidation of 
organic matter at depth the isotopic composition of dissolved inorganic 
carbon (DIC ≡ ∑CO2) varies vertically. Photosynthesis preferentially fa-
vours 12C therefore the organic matter  produced through this pathway 
has typical δ13C values of  between -20 to -25 ‰. As a result of this the 
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DIC at the surface is enriched with δ13C values approximately ~2 ‰. As 
the isotopically depleted organic matter sinks it is oxidised lowering the 
ambient δ13C value to approximately ~0 ‰. This oxidation reduces the 
dissolved oxygen content. Laboratory experiments have demonstrated 
that symbiotic photosynthetic activity leads to an enrichment in shell δ13C 
as 12C is preferentially removed the magnitude of this affect dependent 
upon irradiance and therefore in the natural environment water depth. 
For asymbiotic species, such as those analysed here, δ13C-size related 
trends cannot be explained by photosymbiosis, or its products. Nor, can 
we assume that the same depth related size- δ18O trends are applicable 
to carbon isotopes, given the vertical structure of δ13C DIC which would 
likely result in a depletion in isotopic values as opposed to an enrichment. 
If species inhabit different depth habitats or migrate into the region (i.e. 
expatriation) it would appear then that the relationship between size and 
carbon isotopes is independent of oceanography, time and location. The 
addition of a secondary crust, or gametogenetic calcite, at depth poten-
tially via absorption and remineralisation of earlier chambers and spines 
during preparations for reproduction may lead to an isotopic offset [Hem-
leben et al., 1989; Schiebel and Hemleben, 1995]. When restricted to 
primary calcite Lohmann [1995]  discerned there was no size- δ13C trend 
however, as noted by Birch et al. [2013] this mechanism would result in 
depleted values not the enriched values observed (Figure’s 4.9 and 4.13). 

Furthermore, the δ13C of test calcite can depend upon the food source, 
feeding efficiency and diet. DeNiro and Epstein [1978] highlighted the 
fact that consumers are slightly enriched in δ13C from the composition of 
their food with each trophic level raising the δ13C a process termed cumu-
lative fraction by McConnaughey and McRoy [1979a; 1979b]. Herbivo-
rous foraminifera are likely to have more depleted values than carnivo-
rous foraminifera. Likewise Hemleben and Bijma [1994] hypothesised 
that dietary change between juveniles grazing on phytoplankton or feed-
ing on detritus and the carnivous diet of later neanic and/or adult stages 

Figure 4-13. Downcore isotope values compared with insolation and atmospheric con-
centration. (a) Sedimentological characteristics based upon Chapter Five. (b) Average ox-
ygen isotope values for the three species analysed as presented within this Chapter. (c) At-
mospheric Carbon dioxide and (d) Methane concentration from the Vostok Ice core record 
plotted on the timescale of Ruddiman and Raymo [2003], the horizontal bars represent the 
range in age estimates for these records based upon the published timescales of  Petit et al. 
[1999] and Shackelton [2000]. See Chapter Five for a discussion regarding air models of 
the Vostok Ice core record. (e) Mean carbon isotope values of the 355-400 µm size fraction 
from data presented within this paper. (f) Individual insolation curves for Spring (yellow) 
and Winter (blue) and calculated difference between Summer and Winter for 45°N.
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should coincide with an increase in δ13C. Growth rate, final size, δ13C 
and rate of chamber addition have all been shown to correlate positively 
with increased feeding rate [Bé et al., 1981; Bijma et al., 1992; Hemleben 
et al., 1987; Ortiz et al., 1996] i.e. a doubling in feeding rate resulted in 
a decrease in δ13C by 1 ‰ for specimens of Globigerinella siphonifera 
[Hemleben and Bijma, 1994]. As metabolic rates slow during ontogeny 
the test becomes more isotopically enriched as the incorporation of light 
carbon decreases [Bemis et al., 2000; Berger et al., 1978; Birch et al., 
2013; Fairbanks et al., 1982; Oppo and Fairbanks., 1989; Spero and 
Lea, 1996; Vincent and Berger, 1981]. Younger (or smaller) foraminifera 
are inferred to have higher respiration rates (high metabolic rate thus in-
creased kinetic fractionation) which during calcification leads to a greater 
amount of metabolic CO2 depleted in 13C incorporated into the test calcite 
[Bemis et al., 2000; Berger et al., 1978; Ravelo and Fairbanks, 1995]. 

The δ13C can also be influenced by the carbonate chemistry and 
temperature of the oceans. Spero et al. [1997] cultured G. bulloides at 
constant DIC and showed that there is a strong dependence on δ13C with 
[CO3

2-] with a slope of -0.012 ‰/(µmol kg-1). This strong dependence, a 
consequence of both kinetic and metabolic fractionation factors [Bijma 
et al., 1999] is species specific [Peeters et al., 2002; Wilke et al., 2006]. 
In the natural environment the [CO3

2-] varies regionally as the solubil-
ity of CO2 is temperature dependent and vertically as organic matter is 
remineralised and the subsequent CO2 is released and hydrolysised. A 0.5 
pH decrease at the shallow oxygen minimum zone for instance would 
account for a 1 ‰ enrichment in δ13C for those species that inhabit it 
[Birch et al., 2013]. Species specific temperature dependent fractionation 
is likely caused by the influence of temperature on the physiological rates 
of the organism, for instance a number of authors have demonstrated that 
over small temperature ranges the metabolic rate increased exponentially 
[Bijma et al., 1990; Ortiz et al., 1996]. The δ(δ13C)/ δ(T) for G. bulloi-
des has been estimated experimentally as -0.11 ‰ °C-1, whereas for the 
symbiotic species Orbulina universa it is 2-3 times less in the opposite 
direction 0 to +0.05 ‰ °C-1 [Bemis et al., 2000]. It is noteworthy to point 
out that for the non-symbiotic species G. bulloides this temperature effect 
will diminish the effect of higher glacial [CO3

2-] [Bemis et al., 2000].
Contrary to the assumption that glacial values should be higher than 

interglacial values the data presented here shows the opposite for G. bul-
loides with means values offset by 0.6-0.8 ‰ with no discernible offset 
between intermediate and deeper dwellers (Figure 4.10). During glacial 
periods Bemis et al. [2000] suggested that the δ13C∑CO2 of the surface 
ocean would have had to increase by 0.3 to 0.4 ‰ to account for changes 
in sea surface temperature and ocean alkalinity. A similar figure of a 0.35 
‰ was estimated by Broecker and Henderson [1998] however in rela-
tion to an enhanced biological pump drawing down pCO2. A conservative 
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estimate, given the poorly constrained alkalinity inventory, of 60 µmol 
kg-1 change in [CO3

2-] at the last glacial maximum would have decreased 
the δ13C of G. bulloides by 0.72 ‰, given that the pCO2 of MIS 8 never 
reaches the lower boundary of 180ppm (Figure 4.11 and 4.13) it is likely 
that this value is lower for the period of study. A rough estimate using 
shell weight as a predictor of [CO3

2-] would suggest only a 25 µmol kg-1 
change (Figure 4.11), however this is not necessary correct as a number 
of caveats exist regarding shell weight (see Chapter Five for a full dis-
cussion). Either calcification occured in different seasons, i.e. warmer 
months of the glacial and cooler months of the interglacial which there-
fore reduce the temperature influence on δ13C or the δ13C∑CO2 of the sur-
face ocean would have had to decreased. The variance in properties that 
would influence δ13C∑CO2, alkalinity, pH and carbonate ion are not yet 
well constrained enough to distinguish which is the most likely of these 
scenarios. 

Excursions in the smaller size fractions of G. bulloides appear to 
lie close to changes in the Carbon dioxide and Methane concentration of 
the atmosphere. Reorganisation of the terrestrial reservoirs, i.e. expan-
sion and contraction of C4 plants may have altered the atmospheric δ13C 
(Figure 4. 13). Variability between size fractions within a single sample 
may be influenced by changes in the diet and growth rates. Our data is 
agreement with Shackleton [1978] who considered that estimation of 
the carbon isotope of the surface ocean as particularly tenuous given the 
gradient in carbon isotope values is steepest at the surface ocean when 
coupled with the limitations and uncertainties regarding precise depth of 
calcification.
4.4.6 Previously published size-isotope trends

 The size, direction and magnitude of the shift between size fractions 
does not remain constant through time, which, to some extent can explain 
the discrepancies between previous attempts to comprehend size-isotopic 
trends utilising a single sample [Birch et al., 2013; Elderfield et al., 2002; 
Friedrich et al., 2012] (Figure 4.14). For simplicity samples were select-
ed representing warm and cool periods in both glacial (MIS 8) and inter-
glacial (MIS 7) conditions at core depths 748, 784, 800 and 816cm which 
is 210, 230, 239 and 246 kya respectively, based upon oxygen isotope 
values Neogloboquadrina pachyderma [Feldmeijer, unpublished]. These 
samples were then compared with previously published size-isotope da-
tasets (Figure 4.14).
These previous studies are from a variety of locations, with unique hy-
drographic properties, analysed using the conventional isotope analysis, 
consisting of between two and fifty specimens. Likewise the dataset pre-
sented here is from a much narrow size range (212-400 µm) than other 
datasets (125-700 µm)  Despite this it is possible to draw two inferences 
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Figure 4-14. Previously published size isotope trends. Published records of size versus 
oxygen isotope values of: (i) G. bulloides, (ii) G. inflata and (iii) G. truncatulinoides dextral 
and for carbon isotope values of: (iv) G. bulloides, (v) G. inflata and (vi) G. truncatulinoides 
dextral. Note the different x- and y-axis scales between panels. Red line [Friedrich et al., 
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2012], purple line [Elderfield et al., 2002], blue line [Birch et al., 2013], green line [Ravelo 
and Fairbanks, 1992; Ravelo and Fairbanks, 1995], orange line [Ganssen, unpublished], 
yellow and black lines [this paper].
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with respect to the size-isotope relationship that: (1) this relationship can 
vary between regions and (2) temporally. Our results for G. bulloides, 
i.e. no isotopic deviation between size fractions, match studies from the 
North Atlantic however not those core records from the Indian Ocean/
Arabian sea, which show a deviation in the largest size fraction [Birch et 
al., 2013; Ganssen, unpublished]. In contrast our results of G. truncatu-
linoides match those of the Indian Ocean [Birch et al., 2013] but not the 
Atlantic (Figure 4.14iii).  
 Temporally, however, this can change for example the slope in oxy-
gen isotope values of G. inflata at (784 cm) 230 kya is similar to the slope 
of previous published studies whereas both the other samples and the 
average value are not (Figure 4.14ii). Inconsistencies between previous 
studies may be down to the vertical structure of the water column and the 
depth range in calcification. As discussed calcification over distinct sea-
sonal or oceanographic (mixed or stratified) boundaries is likely to result 
in an offset due to differences in temperature, salinity and δ18Osw. Differ-
ences between trends in size- δ13C are likely the result of variability in 
diet, growth rate and water mass DIC (i.e. less ventilated water masses at 
depth) between locations. Growth rate change, associated with a chang-
ing food source or ecological niche (i.e. blooms) may make species spe-
cific trends related to metabolic effects (i.e. vital effects) incompatible 
between core sites. The carbon isotopes presented here are generally in 
good agreement with previously published work. 

4.5 Conclusion
Single specimen analysis allows us to test differences between and 

within samples not only as a product of the mean oxygen and carbon iso-
tope values remain constant but also whether the range (i.e. minima and 
maxima) overlap. Stable oxygen isotopic analysis of size fractions reveal 
that for globorotalids smaller shells are isotopically depleted compared 
to larger shells, with no apparent change for G. bulloides. This depletion 
is inferred to be depth habitat variation during ontogeny, with smaller 
specimens calcifying in the warmer shallower surface waters prior to mi-
grating to depth. A large offset between small and larger specimens of G. 
truncatulinoides can be explained by calcification during a warmer sea-
son at a shallower water depth. Differences between size fractions are not 
constant temporally or even spatially as shown by the difference between 
the data presented here and previously published research. This is likely 
the reason for the lack of a resolution in the literature between studies 
pertaining to decide a common size fraction for isotopic analysis. Our 
results would suggest that 355-400 µm would serve this purpose, how-
ever we would caution against using a ‘one-size fits all’ approach given 
the seasonal structure of the water column and seasonal succession of 
species at this core location. More research is needed into understanding 
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how this size-isotope relationship varies in regions with reduced season-
ality, more/less stable and unstable water column dynamics and during 
transient events (i.e. sapropel events).
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Chapter Four


