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Abstract 

The oxygen isotope (δ18O) offset between contemporaneous benthic foraminiferal 

species is often assumed constant with time and geographic location. We present 

an inventory of benthic foraminiferal species δ18O offsets from the major ocean 

basins covering the last glacial-interglacial cycle, showing that of the twenty 

down-core records investigated, twelve show significant temporal changes in 

δ18O offsets that do not resemble stochastic variability. Some of the temporal 

changes may be related to kinetic fractionation effects causing 

deglacial/interglacial enrichment or glacial depletion in mainly infaunal species, 

but additional research is needed to confirm this. In addition to stratigraphic 

implications the finding of temporally varying offsets between co-existing benthic 

foraminiferal species could have implications for sea-level, deep water 

temperature, and regional deep water δ18

 

O estimates.   
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1. Introduction 

 Because of the varying occurrence and abundance of individual benthic 

foraminiferal species in relation to changing environmental conditions, many 

paleoceanographic studies are not able to use a single benthic foraminifera species to 

create continuous oxygen isotope (δ18

 At the same oceanic location co-existing benthic foraminiferal species often 

have different δ

O) records. In order to generate continuous 

records, composite records are generated, taking into account isotope offsets between 

different co-existing species. An important assumption, often made, is that such 

offsets are constant with time and geographical location. 

18O, making it unlikely that all species form their calcite in 

equilibrium with seawater (Duplessy et al., 1970). For example, some authors have 

suggested that the δ18O of Uvigerina peregrina reflects δ18O equilibrium (Shackleton, 

1974; Woodruff et al., 1980; McCorkle et al., 1990), whereas use of a more recent 

inorganic CaCO3 temperature - δ18O fractionation curve (Kim and O'Neil, 1997) 

suggests that Cibicidoides δ18O is in equilibrium with sea-water whereas Uvigerina 

δ18

 Additional secondary factors that influence benthic foraminiferal δ

O is not (Bemis et al., 1998). 
18O include: 

1- kinetic fractionation effects during hydration and hydroxylation of CO2 

 Important assumptions in many paleoceanographic studies are that the δ

related to 

carbonate chemistry (Spero et al., 1997; Bijma et al., 1999; Zeebe, 1999), 2- 

metabolic fractionation effects during biomineralization related to species specific 

vital effects (Duplessy et al., 1970; Shackleton, 1974; Schmiedl and Mackensen, 

2006), and 3- preservation effects related to dissolution and respiration (Broecker and 

Peng, 1982, Mackensen et al., 1993; Schmiedl and Mackensen, 2006).  
18O 

offset between inorganic calcite precipitated in equilibrium (e.g. see Kim and O'Neil, 

1997) and benthic foraminiferal calcite is constant, and that the offset between the 

δ18O of co-existing benthic foraminiferal species is constant. Here we monitor benthic 

foraminiferal δ18O offsets between commonly used benthic foraminiferal species by 

comparing the isotope data obtained from co-existing species over the last glacial-

interglacial cycle. Additionally we compare down-core δ18O offset records with co-

existing δ13C records to explore whether down-core δ18O offset variations may be 

related to kinetic fractionation effects through changes in organic matter 

fluxes/decomposition (Fontanier et al., 2006; Schmiedl and Mackensen, 2006).  
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2. Material & method 

 This study forms part of a data synthesis effort to improve links between proxy 

data and mechanistic understanding through Earth system models 

(http://researchpages.net/QQ), and is largely based on isotope data obtained from data 

repositories (PANGAEA, NCDC, DELPHI) measured by various laboratories. By 

using isotope data measured by different laboratories we cannot entirely exclude inter-

laboratory offsets such as from cleaning, sample size, standards and equipment used 

etc. However, for most of the down-core records stable isotope analysis on co-existing 

benthic foraminiferal species were performed at the same laboratory, thus allowing 

species-species comparison.   

 Down-core benthic foraminiferal δ18O (and δ13C) data were assembled for 

records containing multiple species δ18

 

O (a total of 39 records) for the last 150,000 

years containing data for thirteen species (Cibicidoides/Planulina/Fontbotia 

wuellerstorfi, here referred to as C. wuellerstorfi, Cibicidoides kullenbergi, 

Cibicidoides pachyderma, Cibicides lobatulus, Planulina ariminensis, Oridorsalis 

umbonatus, Oridorsalis tener, Uvigerina excellens, Uvigerina hollicki,  Uvigerina 

mediterranea, Uvigerina peregrina, Melonis barleeanum, Globobulimina affinis). 

Core locations are shown in Figure 1, and details of latitude, longitude, water depth, 

and benthic foraminiferal species are listed in online supporting material (Table S1). 

Currently available information on habitat requirements of specific benthic 

foraminiferal species is summarized in on-line supporting material (Table S2).   

3. Results 

 Histograms of benthic foraminiferal δ18O offsets (epifaunal minus infaunal 

and infaunal minus deeper infaunal) were plotted for five benthic foraminiferal pairs 

(C. wuellerstorfi  vs. U. peregrina, U. hollicki, M. barleeanum, G. affinis and U. 

peregrina vs. G. affinis) combining between 2 and 14 down-core records with a total 

of at least 100 data points (Figure 2A). Offsets of the remaining benthic foraminiferal 

sets can be found in online supporting material (Figure S1). A summary of mean 

benthic foraminiferal δ18O offsets for all benthic foraminiferal pairs is provided in 

Table 1. The calculated average benthic foraminiferal δ18O offsets agree well with 

those reported in the literature (e.g. Shackleton et al., 2000; Schmiedl and Mackensen, 
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2006) (Figure 2A, Table 1). Mean benthic foraminiferal δ18O offsets are generally 

lowest (close to 0‰) for epifaunal species pairs (for example C. lobatulus vs. C. 

pachyderma and C. wuellerstorfi vs. C. kullenbergi; however, we note the different 

δ18

 Scatter-plots of the five benthic foraminiferal sets (the remaining sets can be 

found in online supporting material Figure S1) show significant correlations between 

C. wuellerstorfi vs. G. affinis, U. hollicki, U. peregrina and M. barleeanum δ

O offset between C. wuellerstorfi vs. P. ariminensis (0.43‰)), and highest between 

epifaunal and deep infaunal species (e.g. C. wuellerstorfi vs. G. affinis (-0.90‰)) 

(Table 1, Figure 2A). Offsets between epifaunal C. wuellerstorfi and infaunal M. 

barleeanum, for which the majority (85%) of samples are from Arabian Sea core 

GeoB-3004-1, are relatively low with a mean of -0.18‰ (Table 1). 

18O, 

which is confirmed by student-t distribution tests (Figure 2B; online supporting 

material Table S3). However, for C. lobatulus vs. C. pachyderma, C. wuellerstorfi vs. 

P. ariminensis, C. wuellerstorfi vs. U. excellens, and U. peregrina vs. M. barleeanum 

δ18O correlations are weak (R < 0.6), whereas C. wuellerstorfi vs. O. tener and U. 

mediterranea δ18O are not significantly correlated (online supplementary material 

Figure S1, Table S3). The isotopic ranges of closely correlated benthic foraminiferal 

species δ18

 Of all the cores investigated, twenty (indicated in Figure 1 with open circles) 

contained sufficient data (>15 sample pairs) and well constrained age models for the 

last <150,000 years to compare interspecific δ

O are similar, except for C. wuellerstorfi (2.1‰) vs. G. affinis (2.6‰) 

(Figure 2B).   

18O offsets for specific stratigraphic 

time windows. In Figure 3, six examples are shown of records with epifaunal and 

infaunal benthic foraminiferal δ18O (C. wuellerstorfi vs. U. peregrina and U. hollicki) 

and their offsets. Plots of all other down-core records can be found in online 

supplementary material Figure S2. Offsets are plotted against depth (m) down-core 

and significant climatic intervals are marked (Figure 3). Where available, AMS 14C 

ages are plotted. We split the benthic foraminiferal δ18O offset records into records 

that show no temporal variations (A) and records that show small (0.2 to 0.5‰) to 

large (>0.5‰) temporal variations of δ18O offsets (B, C, Figure 3). Only cores where 

differences in offset exceed that of the standard deviation of the offset were classified 

as having temporal variations. Of the twenty cores, twelve were classified as having 

temporal variations in benthic foraminiferal δ18O offsets. Of the benthic foraminiferal 
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δ18

 In Figure 4 we compare the benthic epifaunal-infaunal foraminiferal δ

O pairs (for several cores isotope data was available for more than two benthic 

foraminiferal species) a total of sixteen to seventeen out of twenty nine pairs showed 

temporal variations in their offsets (Figure 3, online supplementary material Figure 

S2).  
18O 

offset records of Figure 3 with co-existing benthic foraminiferal δ13C and δ13

 

C offset 

records (remaining records are shown in online supplementary material Figure S3). 

4. Discussion  

4.1 Causes for temporal changes in benthic foraminiferal δ18

 Differential bioturbation effects have been used to explain variations in 

benthic foraminiferal δ

O offsets  

18O offsets, especially at low sedimentation rate locations 

(Zahn et al., 1986). However the intervals showing different benthic foraminiferal 

δ18O offsets in this work are between 0.2 and 1.3 m deep and generally exceed the 

typical length scales for bioturbation (Figure 3, supplementary material Figure S2) 

suggesting other causes may be responsible for the changes in benthic foraminiferal 

δ18O offsets. These include a change in dominant morphotype, although for 

morphotypes of C. wuellerstorfi from the east Timor Sea there appears to be no 

difference in δ18O and δ13

 To test whether environmental settings are key to down-core co-existing 

benthic foraminiferal δ

C (Dürkop et al., 2008).  

18

 The average δ

O offsets, we focus our discussion on records that involve 

comparisons between C. wuellerstorfi vs. U. peregrina and U. hollicki as these make 

up the majority of records (thirteen out of twenty records, with nine showing temporal 

variations) and involve more commonly used benthic foraminiferal species in 

paleoceanographic reconstruction. Comparison is made between records from the low 

oxygen Arabian Sea, open Atlantic and the highly-productive West African Margin 

(Figure 5).  
18O offsets between C. wuellerstorfi and the two Uvigerina 

species are identical (Table 1). Temporal offset variations between C. wuellerstorfi vs. 

U. peregrina and U. hollicki are the result of either: deglacial/interglacial enrichment 

in Uvigerina (six records), or glacial depletion in Uvigerina (three records) (Figure 3, 

online supplementary material Figure S2). Glacially depleted Uvigerina δ18O is only 

observed along the highly productive West African Margin, whereas 
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deglacial/interglacial enrichments also occur in the low oxygen Arabian Sea and open 

Atlantic Ocean (Figure 5). Clearly the deglacial/interglacial enrichment and glacial 

depletion in Uvigerina are due to secondary effects, including dissolution effects, 

metabolic fractionation, and/or kinetic fractionation. 

 Dissolution effects seem unlikely; at Arabian Sea core GeoB3004-1, where the 

largest temporal offset variations occur between C. wuellerstorfi and U. peregrina, 

Schmiedl and Mackensen (2006) did not observe dissolution effects on recent U. 

peregrina, and there is no straightforward relation between C. wuellerstorfi - U. 

peregrina δ18O offset and calcite dissolution (see online supporting material Figure 

S4). Changes in metabolic activity may affect isotope fractionation. Metabolic activity 

may be more intense in juveniles (Berger et al., 1978), or be increased under higher 

temperatures (Moberly, 1968), but the effects are unpredictable (Zhou and Zheng, 

2003). Most down-core dual benthic foraminiferal δ18

 Planktonic foraminiferal culture experiments show that decreasing (increasing) 

carbonate ion (CO

O records are based on 

measurements of large adult specimens (see online supplementary information Table 

S1), and although warmer deep- and intermediate water temperatures (Waelbroeck et 

al., 2002) during deglaciations/interglacials may have increased (infaunal) benthic 

foraminiferal metabolic activity, the non-coherent distribution of records 

characterized and uncharacterized by temporal offset changes (Figure 5) does not 

support a metabolic effect. 

3
2-) concentrations cause an increase (decrease) in calcite δ18O and 

δ13C (Spero et al., 1997). A similar effect has been proposed to influence benthic 

foraminifera δ18O and δ13C (Mackensen and Licari, 2004; Schmiedl et al., 2004), but 

this would require a much greater sensitivity to CO3
2- than for planktonic 

foraminifera. For the records where the C. wuellerstorfi - Uvigerina δ18O offsets 

variations are caused by interglacial enrichment in Uvigerina (by 0.4 to 0.8‰) (Table 

1), use of the CO3
2- - δ18O relationship of Spero et al (1997) would result in large, and 

unrealistic, localized decreased deglacial/interglacial CO3
2- of 200 to 400 µmol/kg. 

For the records where the offset variations are caused by glacial depletion in 

Uvigerina (-0.3 to 1.2‰) unrealistic high glacial CO3
2- (increased by 150 to 600 

µmol/kg) would be needed. A greater (×4.5) sensitivity of benthic foraminiferal δ18O 

to CO3
2- is confirmed by a recent study of Rathmann and Kuhnert (2008), based on 

recent O. umbonatus from core tops from the Namibian continental slope, and would 
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result in more realistic porewater CO3
2- changes of -111 to -67 µmol/kg from the last 

glacial to interglacial to cause deglacial/interglacial enrichment in Uvigerina δ18O, 

and +56 to +155 µmol/kg to cause glacial depleted δ18O in Uvigerina. In the 

planktonic foraminiferal culture experiments calcite δ13C also increases with 

decreasing CO3
2- (Spero et al., 1997), and so a similar effect may be expected in 

benthic foraminiferal δ13C. Only two records (GIK13292-1, VIK13519-1) 

characterized by δ18O offset variations caused by deglacial/interglacial enrichment in 

U. peregrina show contemporary interglacial δ13C enrichments (up to 0.8‰) 

compared with C. wuellerstorfi, whereas the remaining records show δ13C depletion 

or no effect (Figure 4, online supplementary material Figure S4). In the low oxygen 

Arabian Sea δ18O offset variations resulting from deglacial/interglacial 18O enriched 

U. peregrina, have been linked to increased remineralization of organic material 

during interglacials (Schmiedl and Mackensen, 2006; Gupta et al., 2008). One 

possibility for an absence of deglacial δ13C enrichment in Uvigerina δ13C and perhaps 

even depletion at higher productivity locations could be related to high 

remineralization rates of organic material causing increased release of light 12C and 

decrease in benthic foraminiferal δ13C, thus counteracting the δ13C increase caused by 

the inferred CO3
2-

 For the other records from the West African Margin where the offset 

variations are caused by glacially depleted Uvigerina δ

 decrease.  

18O (e.g. GIK 16030-1, GIK 

12328-5 and GIK 12309-1), increased glacial CO3
2- concentrations would be needed.  

Glacial Atlantic intermediate water CO3
2- may have been increased, but the deeper 

sites (GIK12328-5 and GIK12309-1) were likely bathed in low CO3
2- Glacial 

Antarctic Bottom Waters (Curry and Oppo, 2005; Sarnthein et al., 1994; Yu et al., 

2008). In the present day north east Arabian Sea U. peregrina specimens living inside 

bacterial mats within the oxygen minimum zone have depleted δ18O values compared 

with specimens living outside the mat (Erbacher and Nelskamp, 2006). Perhaps 

similar environmental conditions are responsible for depleted glacial U. peregrina 

δ18O off West Africa. In both cases (bacterial mats, glacial West African Margin), 

depleted Uvigerina δ18O was not accompanied by depleted δ13C (in fact no effect was 

observed in the West African Margin records, even though productivity and export 

were enhanced during the last glacial (Abrantes, 2000; Kohfeld et al., 2005)), 

providing support that similar mechanism may be responsible for the depletions in 
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δ18O. In-depth multi-proxy research (down-core and culturing) is needed to asses the 

potential role of seawater CO3
2-, metabolic and other effects on (infaunal) benthic 

foraminiferal δ18

4.2 Implications 

O. 

 This review reveals relatively large variability in benthic foraminiferal δ18

 Relatively large uncertainties may therefore be added to studies using 

composite benthic foraminiferal δ

O 

offsets (standard deviations between 0.22 to 0.66‰, which is significantly larger than 

analytical (external i.e., including sample gas generation plus instrumental precision) 

reproducibility of isotope analysis that typically is better than ~0.08‰). This may 

affect the interpretation of composite records based on multiple benthic foraminiferal 

species, and comparison of records from different locations that were measured using 

different monospecific benthic foraminiferal species or composite records, where a 

constant adjustment is made.  

18O records to infer sea-level changes, and 

deepwater temperatures. Taking a standard deviation of 0.2‰ of the δ18O offset 

between benthic foraminiferal species into account potentially contributes 25 m 

uncertainty to sea-level reconstructions and a ~1ºC uncertainty to deepwater 

temperature reconstructions). Exclusion of suspect deglacial/interglacial and glacial 

outliers improves the linear correlation between δ18O pairs of C. wuellerstorfi vs. U. 

peregrina and U. peregrina vs. G. affinis and reduces their mean δ18O offset standard 

deviations (Figure 6). Standard deviations of δ18O offsets between species along a 

single sediment core are lower on occasion although the majority fall close to 0.2‰ 

(Table 1). In order to minimize uncertainties it is recommended to use locally derived 

benthic foraminiferal offsets for the construction of multi-species benthic 

foraminiferal δ18

 The majority of down-core records examined display temporal variations in 

benthic foraminiferal δ

O records.  

18O offsets (Figure 5). These occur for paired epifaunal-

epifaunal, epifaunal-infaunal, and infaunal-infaunal benthic foraminiferal δ18O at a 

wide range (800-4000 m) of water depths (Table 1, Figure 5). All down-core benthic 

foraminiferal δ18O offset records are from the Atlantic (19 records) and Indian Ocean 

(1 record) (Figure 5); isotope records from the Pacific contained only a small number 

of (>15) δ18O pairs for the last 150,000 years that was insufficient to robustly assess 

δ18O variability through time between different benthic species.  
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 The finding of temporal changes in inter-species δ18O offsets has potential 

stratigraphic implications. Not knowing δ18O enrichments within parts of 

monospecific U. peregrina δ18O records may add uncertainty to the identification of 

Marine Isotope Stage boundaries and hinder the core-to-core correlation of finer-scale 

(sub-Milankovich) variability along benthic δ18O records. Variations through time of 

interspecific benthic δ18O also bear implications for sea-level, deep water 

temperature, and local deep water δ18O reconstructions. Variable δ18O enrichment in 

benthic foraminiferal tests due to changing seawater carbonate chemistry (CO3
2-) 

constitutes a further uncertainty that potentially affects the paleo-hydrographic 

interpretation of benthic δ18O records. Hence benthic foraminiferal δ18O offset 

variations and variable δ18O enrichment in individual benthic species needs to be 

considered when interpreting monospecific infaunal and in particular, composite 

multiple-species benthic foraminiferal δ18

 

O records. 

5. Conclusions 

 The hypothesis that benthic foraminiferal δ18

 Of the twenty down-core δ

O offsets of widely used benthic 

foraminiferal species are constant is tested using existing isotope data covering the 

last glacial-interglacial cycle.  
18O offset records investigated, thirteen showed 

significant temporal offset variations (exceeding the offset standard deviation) that are 

not related to short-term random variability. These temporal changes in benthic 

foraminiferal offsets may be related to kinetic fractionation effects, with changes in 

porewater CO3
2-, leading to δ18O enrichment and depletion in infaunal species, but 

this mechanism needs to be confirmed by further research. Temporal δ18O enrichment 

and depletion in mainly infaunal species can have implications for stratigraphy and 

estimates of sea-level, deep water temperature and local deep water δ18

 

O studies. 
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Figure 1. Location details of benthic foraminiferal isotope records used in this study, 

with 1) PS2212-3, 2) PS1730-2, 3) V27-60, 4) PS1243-1, 5) GIK23065-3, 6) PS2644-

5, 7) V27-86, 8) SU90-39, 9) SU90-11, 10) CH72-02, 11) MD95-2042, 12) MD99-

2339, 13) GIK11944-2, 14) CH74-227, 15) GIK15666-6, 16) KNR140-2 JPC-37, 17) 

GIK16006-1, 18) GIK15637-1, 19) GIK12309-2, 20) GIK12392-1, 21) GIK12379-1, 

22) GIK16030-1, 23) GIK12328-5, 24) GIK13289-2, 25) GIK12347-2, 26) 

GIK16402-2, 27) GIK13239-1, 28) GIK13519-1, 29) GIK16856-2, 30) INMD-

115BX, 31) V29-135, 32) TTN057-6, 33) TR126-29, 34) TR126-23, 35) MD84-560, 

36) MD88-770, 37) MD77-194, 38) GeoB3004-1, 39) GIK17940-2 (Bauch et al., 

2001; Berger et al., 1985; Bühring, 2001; 

 

Climap project members, 1981; Curry et al., 

1988; Duplessy, 1996; Duplessy et al., 1988; Hagen and Keigwin, 2002; Hodell et al., 

2003; Labeyrie and Duplessy, 1985; Labeyrie et al., 1995; 1996; Sarnthein et al., 

2001; Voelker et al., 1998; 2006; Vogelsang, 1990; Wang et al., 1999; Weinelt, 1993; 

Winn et al., 1991; Wollenburg et al., 2001; Zahn-Knoll, 1986; Zahn et al., 1986). Map 

was made using the online map creation website http://www.aquarius.geomar.de. 

Figure 2. A- Histograms showing benthic foraminiferal δ18

 

O offsets for C. 

wuellerstorfi  vs. U. peregrina (CW-UP), U. hollicki (CW-UH), M. barleeanum (CW-

MB), G. affinis (CW-GA) and U. peregrina vs. G. affinis (UP-GA). B- Cross plots of 

the same benthic foraminiferal pairs. Holocene (0-10 ka) samples are indicated with 

small orange circles, MIS 5e samples with large red circles, glacial samples with 

small blue circles (full glacial sample 18-21 indicate with big dark blue circles). 

Normal linear interpolations through the data are shown in black lines, whereas linear 

interpolations forced through the origin are shown in black stippled lines. Cross plots 

and histograms for remaining benthic foraminiferal pairs with less data points (< 100) 

or from only 1 down-core record can be found in online supporting material Figure 

S1. For the correlations either a normal linear correlation or a linear correlation 

through 0, 0 produce similar correlation coefficients (R) for the datasets. However in 

sets where the correlation is weaker, a linear correlation through 0, 0 gives a much 

lower R (Figure S1). 

Figure 3. Examples of individual benthic foraminiferal δ18O (top; epifaunal in black, 

infaunal in grey) records and offset records (bottom). Where available locations of 
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AMS 14C ages or calendar ages are projected as grey diamonds or grey boxes. Major 

isotope stages (after SPECMAP) are indicated at the top. Black straight lines represent 

the mean record δ18O offsets, with grey background boxes delineating the standard 

deviation. Offsets are plotted against depth (m) rather than age to minimise the role of 

interpretation with regards to age models, and to emphasize extent of depths with 

varying isotope offsets involved. Benthic foraminiferal oxygen isotope offset records 

are divided into three categories: A- records showing no temporal variations in 

benthic foraminiferal δ18O offset, B- records showing small (0.2-0.5‰) temporal 

variations in benthic foraminiferal δ18O offset, and C- records showing large (>0.5‰) 

temporal variations in benthic foraminiferal δ18O offset. All other records can be 

found in online supporting material Figure S2. Data are from Sarnthein et al. (1994), 

Shackleton et al. (2000) and Schmiedl and Mackensen (2006). AMS ages MD95-2042 

(19600 to 46400 14

 

C years with 500 year reservoir correction) are from Shackleton et 

al. (2004). Also indicated are averaged interglacial (Holocene 0-10 ka; MIS 5e 115-

126 ka) benthic foraminiferal offsets in red and full glacial (18-21 ka) benthic 

foraminiferal offsets in blue. Only cores where differences in offset exceed that of the 

standard deviation of the offset were classified as having temporal variations. 

Figure 4. Epifaunal and infaunal benthic foraminiferal δ13C (top) and gradients 

(bottom) plotted with benthic foraminiferal δ18O offset records (bottom; grey) for 

same cores as Figure 3, with: A- records showing no temporal variations in benthic 

foraminiferal δ18O offset, B- records showing small (0.2-0.5‰) temporal variations in 

benthic foraminiferal δ18O offset, and C- records showing large (>0.5‰) temporal 

variations in benthic foraminiferal δ18

 

O offset. All other records can be found in 

online supporting material Figure S3. Data are from Sarnthein et al. (1994), 

Shackleton et al. (2000) and Schmiedl and Mackensen (2006).  

Figure 5. Overview of cores (and water depths) with >15 sample pairs and well 

constrained age models, showing temporal (black & grey circles) or no temporal 

(white circles) variability in benthic foraminiferal δ18O offset for the last <150,000 

years. Black and grey circles with a white stripe across represent cores where 

temporal variations in the δ18O offset between C. wuellerstorfi and U. peregrina 

and/or U. hollicki were detected. At GIK 12309 (19), GIK 16030 (22), and GIK 
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12328-5 (23) (grey circles white stripe across), the glacial-interglacial offset 

variations are caused by depleted glacial U. peregrina δ18O, whereas at KNR140-

37JPC(16), GIK 12392-1(20), GIK 13239-1(27), GIK 13519 (28), V29-135 (31), and 

GeoB3004-1 (38),  (black circles white stripe across), the partly more negative 

interglacial offsets are caused by the Uvigerina species not showing the (full) 

deglacial/interglacial decrease in δ18

 

O.  

Figure 6. Histograms of benthic foraminiferal δ18O offsets of original and edited C. 

wuellerstorfi vs. U. peregrina and U. peregrina vs. G. affinis (A, A') and cross plots 

(B, B'). Exclusion of deglacial/interglacial enriched U. peregrina and G. affinis 

samples, and glacial depleted U. peregrina samples (in both cases where the 

difference in offset exceeded the standard deviation of the offset) reduces the standard 

deviation of the mean δ18

 

O offset and improves the linear correlations (A', B'). 



Species Mean δ18O offset ± S.D. 
(number of cores, 
sample pairs) in ‰. 

Individual records 
(sample pairs ≥ 20) 

δ18O offset ± 
S.D. per core in 
‰. 

Holocene 
MIS 5e 
(‰) 

Full glacial 
(‰) 

ΔIG-G  
> S.D 

C. wuellerstorfi- P. arimensis 0.43 ± 0.44 (2, 60)      
  15, GIK15666-6 (33) 0.39 ± 0.45 0.88 (5) 0.24 (3) YES 

  17, GIK16006-1 (27) 0.49 ± 0.42 0.43 (2) -0.04 (1) YES 
C. lobatulus- C. pachyderma 0.07 ± 0.56 (2, 41)      
  12, MD99-2339 (29) 0.21 ± 0.21    N.C./NO 
C. wuellerstorfi- C. kullenbergi -0.06 ± 0.38 (6, 48)      
  32, TTNO57-6 (29) -0.03 ± 0.23 -0.21 (1) 

-0.02 (9) 
 NO 

C. wuellerstorfi- U. peregrina -0.72 ± 0.35 (12, 645)      
  11, MD95-2042 (69) -0.72 ± 0.17 -0.83 (2) -0.71 (7) NO 
  16, KNR140-2 

JPC-37 (109) 
-0.60 ± 0.23 -1.09 (1) -0.55 (1) YES 

  19, GIK12309-2 (18) -0.60 ± 0.28 -0.72 (3) -0.29 (3) YES 
  20, GIK12392-1 (47) -0.77 ± 0.43 -0.48 (3) 

-1.69 (4) 
 NO (but 

yes other 
interval) 

  21, GIK12379-1 (29) -0.72 ± 0.15 -0.71 (11) -0.72 (3) NO 
  22, GIK16030-1 (25) -0.10 ± 0.54 -0.63 (5) +0.60 (3) YES 
  23, GIK12328-5 (67) -0.71 ± 0.18 -0.73 (16) -0.42 (6) YES 
  24, GIK 13289-2 (26) -0.82 ± 0.19 -0.80 (7) -0.85 (4) NO 
  25, GIK12347-2 (31) -0.82 ± 0.13 -0.75 (9) -0.74 (4) NO 
  31, V29-135 (55) -1.01 ± 0.34 -0.84(2) 

-1.34 (4)  
-0.66 (2) YES 

  38,GeoB3004-1 (149) -0.74 ± 0.39 -1.58 (8) 
-1.15 (13) 

-0.71 (7) YES 

C. wuellerstorfi- U. hollicki -0.69 ± 0.27 (6, 236)      
  20, GIK12392-1 (95) -0.73 ± 0.22 -0.65 (9) -0.68 (6) POT 



-0.87 (6) 
  20, GIK12392-1 (34) -0.66 ± 0.30 -0.59 (5) 

-1.64 (1) 
-0.42 (5) POT  

  27, GIK13239-1 (40) -0.72 ± 0.25  -1.02 (4) -0.63 (5) YES 
  28, GIK13519-1 (32) -0.60 ± 0.26   N.C. (but 

yes other 
interval) 

C. wuellerstorfi- U. excellens -0.99 ± 0.66 (4, 89)      
C.wuellerstorfi-U. mediterranea -0.46 ± 0.65 (1, 22) 15, GIK15666-6  0.67 (3) -0.58 (1) YES 
C. wuellerstorfi- O. umbonatus -0.52 ± 0.59 (4, 85)      
  4, PS1243-1 (48) -0.73 ± 0.45 -0.38 (10) -1.24 (5) YES 
  30, INMD-115BX (20) -0.50 ± 0.37 -0.40 (8) -0.32 (2) NO 
C. wuellerstorfi- O. tener -0.57 ± 0.45 (3, 67)      
  5, GIK23065-3 (36) -0.34 ± 0.19   N.C./NO 
C. wuellerstorfi- M. barleeanum -0.18 ± 0.24 (4, 162)      
  38, GeoB3004-1 (147) -0.17 ± 0.25 -0.52* (11) 

-0.15 (11) 
-0.19 (6) YES 

C. wuellerstorfi- G. affinis -0.90 ± 0.25 (2, 277)      
  11, MD95-2042 (128) -0.99 ± 0.15   N.C. 
  38, GeoB3004-1 (174) -0.83 ± 0.28 -0.66 (10) 

-0.70 (9) 
-0.75 (6) NO 

U. peregrina - M. barleeanum 0.55 ± 0.37 (1, 142) 38, GeoB3004-1  1.20 (6) 
0.97 (10) 

0.57 (6) YES 

U. peregrina- G. affinis -0.09 ± 0.38 (2, 188)      
  11, MD95-2042 (51) -0.14 ± 0.16   N.C./NO 
  38, GeoB3004-1 (137) -0.07 ± 0.43 0.83 (10) 

0.65 (10 
-0.03 (5) YES 

M. barleeanum- G. affinis -0.65 ± 0.22 (1, 132) 38, GeoB3004-1   -0.51 (9) 
-0.55 (5) 

-0.57 (6) NO 

 



 
Table 1. Mean offsets ± standard deviation for all benthic foraminiferal δ18O pairs; between brackets details of number of records and 
sample pairs are given. In the third and fourth column give individual core details and calculated mean δ18O offset ± standard deviation for 
individual records containing > 20 sample pairs. In columns five and six mean interglacial Holocene (0-10 ka)/ MIS 5e (115-126 ka) and 
full glacial (18-21 ka) benthic foraminiferal δ18O offsets are calculated. * Indicates early Holocene. Number of sample pairs is indicated 
between brackets. Finally in column 7 records denoted with YES have an interglacial-glacial difference in benthic foraminiferal δ18O offset 
exceeding the standard deviation. (N.C. = not calculated because either interglacial or full glacial data missing; POT = potential interglacial-
glacial difference exceeding the standard deviation for both GIK 12392-1 records). Records indicated with NO do not have temporal 
variations in benthic foraminiferal δ18O offsets. 
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