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Abstract. Stable carbon and oxygen isotopic compositionsfor reconstructing past bottom-water conditions and evaluat-
(613C and 5180) of benthic foraminiferal carbonate shells ing global carbon cycling.

have been used to reconstruct past bottom-water environ-
ments. However, the details of factors controlling the iso-
topic disequilibrium between the shells and the surrounding

bottom seawater (so-called the “vital effect”) are still am- 1 Introduction

biguous. In this study, we analyzed the isotopic composi- ) ) _
tion of individual benthic foraminifera of multiple species Variations in the stable carbon and oxygen isotopic composi-
by using a customized high-precision analytical system, andion (3**C ands'®0) of foraminiferal carbonate shells have
found that the magnitude of the isotopic disequilibrium be- b&en used for over half a century to estimate paleoenviron-
tween benthic foraminiferal shell and the surrounding bot-mental parameters such as temperature, to quantify global
tom seawater6€3CD|C ands180yate) in different species is changes in sea level and deep-sea circulation, and to doc-
correlated with inter-individual isotopic variations. As a re- Ument events such as large seafloor methane releases (e.g.
sult, we can choose suitable species as bottom-water proxigsMiliani, 1955; Shackleton and Opdyke, 1973; Kennett et
by using the inter-individual isotopic variations. In addition, @l-» 2000; Zachos etal., 2001). In particul#}C ands*°0 of

by using the simplified interpretation of the inter-individual Penthic foraminiferal shells have been used as tracers to re-
and inter-species isotopic variations established in this studysOnstruct past bottom-water environments. However, there is
we could reconstruct the'3C values of dissolved inorganic Still ambiguity concerning the factors controlling the isotopic
carbon in bottom water by correcting foraminiferal isotopic disequilibrium between the isotopic compositioss’C and
compositions for the isotopic shift resulting from the isotopic 81%0) of benthic foraminifera and the environmental factors
effects (vital effect, microhabitat effect, and many other re- (3*°C of dissolved inorganic carbon (DIC) aaéfO of sea-
ported isotopic effects). Our findings will allow the use of Water) (Grossman, 1987; McCorkle et al., 1990; Spero et

isotope data for benthic foraminifera as more reliable proxiesdl-» 1997; Zeebe et al., 1999; Bijma et al., 1999; Erez, 2003;
Schmiedl et al., 2004).
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Major isotopic variations in some species of benthic ' i€ = w0e e | s iesE
foraminifera are utilized as paleoindicators of bottom-water
conditions, but recently researchers have begun to quar
tify in detail the relationship between the isotopic composi-
tion of benthic foraminifera and environmental factors (e.g.*"
Rathburn et al., 1996; McCorkle et al., 1997; Rathburn et
al., 2003; Mackensen and Licari, 2004; Martin et al., 2004;
Schmied| et al., 2004; Fontanier et al., 2006; McCorkle et*"
al., 2008). Precise calibration and validation of isotopic in- :
dicators in benthic foraminifera will broaden the range of |
their application as paleoenvironmental tracers. However
two problems in using the isotopic evidence in foraminiferal :
shells have limited their range of application and the materiake i <o soN
available for use. GOE R WeR R weE e

First, until recently it was not possible to analyze the Fig. 1. Map of the study area and sampling sites. Site A (4N,
stable isotopic compositions of carbonate samples smalle144°45 E; water depth 870 m) and site B @81’ N, 14500 E; wa-
than about 20 pg (Revesz and Landwehr, 2002; Ishimura eter depth 1208 m), Sea of Okhotsk off Abashiri; site CH@3 N,
al., 2004; de Groot, 2008; Velivetskaya et al., 2009) and ob-13705' E; water depth 1881 m), Nankai Trough off Kumano; site
tain results with an acceptable error range; thus, each sample (35°00' N, 13914’ E; water depth 1182 m), Sagami Bay.
analyzed included multiple individuals, resulting in isotopic
values averaged across individuals. Among thousands of cal- | ) 3 18
careous foraminifera, the reported isotopic data of individ-lPrium. In this study, we analyzed ,thbl C and$=0 of
ual foraminiferal shells in previous studies are limited to the Ndividual shells of deep-sea benthic foraminifera in core-

taxa that have large and thick Cag&hells (e.g. Rathburn et top samples from four sites in continental margin of the
al.. 2003: Uchida et al.. 2008: Martin et al.. 2010: Bernhargn°rthwestern Pacific Ocean to characterize the magnitude of

et al., 2010a). Therefore, it was difficult to obtain data from INter-individual isotopic variations by using a custom-made

sites with only foraminifera of small size or rare occurrence, high-precision Isotope angly&s system (|Shlmura} etal., 2004,

for example, the deep sea or the high latitudes. 2008). The quantl_ty required by t_helr system is less than
Second, although the isotopic composition of biogenic car-1/100 of that required by conventional analytical methods.

bonate is primarily determined by water temperatdfé0 Furthermore, the use this technique allows inter-individual
of water, ands13C of DIC, the §13C and 5180 values of and inter-species variability in recorded stable isotope sig-
deep-sea benthic foraminifera are known to deviate widely@tures to be determined. We expect the results to be useful
from equilibrium with seawater (Grossman, 1987; Rathburn{O" €xploring which species are most appropriate to use as
et al., 1996: McCorkle et al., 1997; Fontanier et al., 2006; Paleoindicators in paleoenvironmental studies.

Mackensen and Licari, 2004), a variation generally known
as the “vital effect”. Possible causes of isotopic disequi-
librium include respiration, ontogenetic effects, microhabi-
tats, or carbonate ion concentrations, and many other fac2 1 Foraminifer and water samples

tors have been suggested in previous studies (Rohling and

Cooke, 1999; Mackensen, 2008). The complex interactionsSurface sediment samples were collected with multicorers
between these factors and the isotopic composition of biofrom two stations close to each other on the same continen-
genic calcite make it difficult to discuss them separately, ortal slope in the southwestern Sea of Okhotsk off Abashiri,
to know the original values in calcite at equilibrium with bot- Hokkaido Island, Japan. Samples were collected from a wa-
tom water. To reduce this “isotopic noise”, isotopic analy- ter depth of 870m at 440 N, 14445 E during cruise

ses in the past had to include several individual foraminiferaHO76 of R/V Hokusei (Hokkaido University, Japan) in
However, such average isotopic values do not always indi-September 1997 and from 1208 m at3%N, 14500 E dur-

cate the absolute isotopic values at equilibrium with ambi-ing cruise MR06-04 of R/\Mirai (Japan Agency for Marine-

ent water (e.g. Grossman, 1987), and the details of the isoEarth Science and Technology (JAMSTEC)) in October 2006
topic variations of whole benthic foraminifera are not well (Fig. 1).

known. In other words, we could not see the whole image The top layer of the surface sediment (0-10cm below
of characteristics of the isotopic disequilibrium of the ben- the seafloor) was subsampled every centimeter and used
thic foraminifera. The stable isotopes in foraminifera could to determine inter-individual isotopic variation for each
be more effectively used as environmental proxies, for ex-foraminiferal species selected for study. The sediment was
ample for modeling global carbon cycling, with a clearer un- stained with 0.5 % Rose Bengal solution for at least one week
derstanding of the characteristics of their isotopic disequi-to distinguish living (Rose Bengal stained) foraminifera from

2 Materials and methods
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Fig. 2. Photomicrographs of Rose Bengal-stained specimens of an
alyzed foraminiferga—g). (a) Chilostomella ovoideab) Globob-
ulimina auriculata (c) Uvigerina akitaensis(d) Brizalina pacifica
(e)Islandiella norcrossi(f) Takayanagia delicatgg) deadB. paci-

fica. (h) Scanning electron micrograph Bf pacifica

dead (not stained) (Fig. 2). We did not use ethanol and
formaldehyde but filtered seawater for the Rose Benga
solution. Previous studies reported that Rose Bengal stainin
method does not allow accurate identification of living indi- _ _ _ . . .
Fig. 3. Scanning electron microscope images of studied species.

viduals (e.g. Bernhard, 1988, Bernhard et al., 2006). HOW_(a) Uvigerina akitaensis(b) Bulimina aculeata(c) Chilostomella

ever, during the isotopic analytical procedures of stained 'n'ovoidea(d) Cassidulina norvangie) Takayanagia delicata(f) Is-

dividuals in this study, we observed that foraminiferal soft | jiella norcrossi (g) Globobulimina auriculata (h) Rutherfor-

tissues remained completely in the reaction tubes after th@oides cornuta(i) Stainforthia loeblichiand(j) Brizalina pacifica

acid reaction of the calcite shell. Therefore, we consideredscale bars represent 100 pga), (c), (d), (e), (f), (i) and(j); Sea of

the stained individuals as living. Note that our analytical Okhotsk;(b), Nankai Trough{g) and(h), Sagami Bay.

method (Ishimura et al., 2004) allows us to observe the en-

tire reaction process under a microscope. The samples were

then washed in a 63-um-mesh sieve with°&0water. The Water samples were also collected from the 1208-m water-

sediment retained in the sieve was oven-dried &ClGand  depth site where foraminiferal samples were collected during

individual foraminifera were picked out for isotopic analysis. cruise MR06-04 of the R/\Wirai in August 2006 (Table 1).
The dominant species in these samples were the hyalin®ore-water samples were squeezed from sediments that had

calcareous benthic foraminifera of tl@assidulinagroup  been collected with a 50-cm-long multicorer, at depth inter-

(Cassidulina norvangi Islandiella norcrossi Takayana-  vals of 0, 1-3, 4-6, and 7-9 cm below the sea floor. Water-

gia delicatg, Brizalina pacifica and Stainforthia loe-  column samples were collected using Niskin bottles mounted

blichi (Fig. 3). We analyzed thé13C and§180 values of  on a conductivity-temperature-depth (CTD) rosette sampler

the benthic foraminifer&. norvangj B. pacifica andS. loe-  and used for isotopic analysis.

blichi from the 870-m samples, atdlvigerina akitaensisl. For comparison with our samples, we also determined the

norcrossj T. delicatg Chilostomella ovoideaGlobobulimina  §3C and§180 values ofBulimina aculeata(Fig. 3) in sur-

auriculata,andB. pacificafrom the 1208-m samples (Fig. 3). face sediment from the Nankai Trough {32 N, 13705 E;

All specimens used for isotopic measurements were examwater depth 1881 m, Fig. 1) off Kumano, Japan, collected

ined under a stereomicroscope and confirmed to have transvith a push corer by the submersibBhinkai6500during

parent calcite shells with no authigenic carbonate (Fig. 2).cruise YK02-02 of R/Wokosuka(JAMSTEC) in May 2002.

We cleaned all individual foraminifera with Milli-Q water This species has been used previously for the isotopic re-

before isotopic analysis, and we did not find any dissolutionconstruction of paleoenvironments (Oba, 1988; McCorkle

and remineralization in our analyzed samples. et al., 1997; Mackensen and Licari, 2004). The sediment

www.biogeosciences.net/9/4353/2012/ Biogeosciences, 9, 4853-2012



4356 T. Ishimura et al.: Tracers for quantifying the magnitude of isotopic disequilibrium

sample from 0 to 7 cm below the sea floor was used forraple 1. 513C of dissolved inorganic carboal80 of water sam-

pore-water analysis and foraminiferal examination and therples, and water temperature in the study area. Sediment intervals
treated in the same manner as the samples from the Okhotsite+0.5 cm. Bottom water samples are collected with multicorers.

Sea for analysis of the stable isotopes of individual shells.

We also determined th&'3C ands80 values ofG. auric- Site Sea of Okhotsk (MR06-4 St.4)

ulata, C. ovoidea and Rutherfordoides cornutéFig. 3) in (44°31'N, 14500 E)

the upper 2 cm of sediment collected with a push corer from _Water depth 1208m

Sagami Bay (3%00' N, 13914 E; water depth 1182 m) dur- Water depth 1®xs13Cc 13 x 5180  Temperature

ing cruise KT05-18 of R/VTansei(JAMSTEC) in August (m) (VPDB)  (VSMOW) cC)

2005. 30 +0.9 -0.7 -
50 +1.0 —06 -

2.2 Stable carbon and oxygen isotope analysis 75 +0.8 -06 -
100 +0.9 —06 -

We used a continuous-flow isotope ratio mass spectrome- 288 :g'g :8'2 _

try analytical system (Ishimura et al., 2004, 2008) to deter- ggg _05 _05 _

mine §13C and§'80 of individual foraminifera. This sys- 700 -03 -0.4 2.2

tem allowed us to determing3C ands'80 of as little as 1000 -03 -0.4 2.3

0.2 ug CaC@ with a long-term external precision of better ~ 1158 —04 —04 2.3

than +0.10 %o for §13C and +0.14 %o for §180. This sys- Site Sea of Okhotsk (MR06-4 St.4)

tem can be used for high-precision stable isotope measure- (44°31'N, 14500 E)

ments of all foraminifera, including even the smallest species Water depth 1208 m

(Kimoto et al., 2009). Isotopic values are reported relative  pepth in sediment B3¢ 183 x 8180 Temperature

to the Vienna Peedee belemnite (VPDB) standard. In addi- (cm) (VPDB)  (VSMOW) €C)

tion to determining stable isotopes in both living (Rose Ben- ~ ggtom water 04 03 23
gal stained) and dead individual foraminifera, we also de- 2 —0.2 —04

termined the stable isotopic compositions of samples com- 4 -0.3 —-0.6

posed of five individuals o€. norvangj B. pacifica or S. 4 —0.6 —0.5

loeblichi for comparison. We also include here the analyti- 60 - —04

cal results from a previous study (Ishimura et al., 2004) for Site Nankai Trough

C. norvangi (reported asGlobocassidulinasp.). The mass (340N, 136°37 E)

of calcite in foraminiferal shells was calculated from the vol- _Vater depth 2040m

ume of CQ gas evolved during their reaction with phospho-  Depth in sediment xs13Cc 13 x 6180  Temperature

ric acid (Ishimura et al., 2004). (cm) (VPDB)  (VSMOW) ¢C)
The 813C values of dissolved inorganic carbon (DIC) i Bottom water ~1.0 0.1 1.9
water were determined by the method presented in Miyajima 1 -1.2 -0.1
et al. (1995). Thes180 in water samples was analyzed by 2 -13 -0.2
using a wavelength-scanned cavity ring-down spectroscopy 2 :g'g _%%
isotopic water analyzer (L2120-i; Picarro Inc., Santa Clara, 27 0.2
CA, USA) at Hokkaido University. Analytical errors of these ¢ 26 03
methods are withiat0.1 %o for §13C and=+0.2 %o for §1€0. , ,
8180 values of water samples are reported relative to Vienna Site Si%@?gf ﬁy 13914 E)
Standard Mean Ocean Water (VSMOW). Water depth 1182 m ’
Depth in sediment ox s13c 103 x 5180  Temperature

2.3 Calculation of isotopic differences between

L cm VPDB VSMOW C
foraminiferal shells and bottom water (A§13C and (em) ( ) i €
A§180) Bottom water 0.0 -0.2 2.9

The isotopic data from the Nankai Trough are from Toki (2004).
In this study, the stable isotopic compositions of

foraminiferal shells are discussed ass3C and A§80.

AS13C is the difference between t1#3C of foraminiferal
shell and thes13Cp,c of bottom water;A8180 is the dif-

al., 2004; Fontanier et al., 2006; Basak et al., 2009). The
8180, ¢ values were calculated using equations proposed by
ference between th&80 of foraminiferal shell and calcite Friedman and O’Neil (1977), which is the same procedure
in equilibrium with bottom-water conditionss{0e c), as in previous studies (Fontanier et al., 2006; Basak et
as discussed in previous studies (McCorkle et al., 1990al., 2009). The bottom-water temperatures at the study
Rathburn et al., 1996; McCorkle et al., 1997; Schmiedl etsites were 2.3C in the Sea of Okhotsk (Matsunaga and

Biogeosciences, 9, 43538367, 2012 www.biogeosciences.net/9/4353/2012/
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Tanaka, 2006), 1.9C in the Nankai Trough (Hamamoto et among species (Fig. 4 and Table 2). The magnitude of inter-

al., 2005), and 2.9C in Sagami Bay. individual isotopic dispersion dulimina aculeatavas iden-
tical within the analytical precision, and their isotopic val-

2.4 Reliability of microscale isotopic analysis of ues were almost the same as #16C of DIC in bottom

carbonate water §13Cpc) and 5§80 of calcite in equilibrium with

o _ _ bottom water {180 ¢). Although Uvigerina akitaensisind
The reliability of isotope analysis for samples larger than e cassidulinagroup (slandiella norcrossi, Cassidulina

0.2ug CaC@ has already been Qemonstrated (Ishimura etnorvangi,andTakayanagia delicatashowed slightly nega-
al., 2004, 2008). The same analytical procedures can be usgf,e averageAs'3C values, theis®0 values were close to

to analyze sub-microgram quantities to several hundred Miz180, . values, with smaller deviations (SB0.4 %o, Fig. 4).
crograms of carbonate. We did not observe any evidence Ofhese small inter-individual variations in isotopic compo-
added errors from foraminiferal sampling (e.g. addition of gjtion and mears'3C and 80 values close to seawater
authigenic carbonate, staining by Rose Bengal, etc.) or anjjemonstrate the usefulness of these species for estimating
systematic analytical errors (e.g. leakage of air, isotopic fraCne past isotopic composition of deep-sea water from even
tionation). In addition, to clarify the possibility of GJgas 5 jimited number of individuals. Other species exhibited

generation through the reaction between acid and organig,er-individual isotopic variations substantially greater than
materials, we checked whether foraminiferal soft tissues "the analytical precision. Moreovens3C and As180 val-

actwith acid. We did not find the generation of £Gas from 65 in Brizalina pacificaand Stainforthia loeblichiwere
soft tissue over several days of observation. extremely negative compared with previously reported val-
ues for benthic foraminifera (Grossman, 1987; Rathburn
et al., 1996; McCorkle et al., 1997; Mackensen and Li-
cari, 2004; Fontanier et al., 2006).

We obtained a dataset that included @fC and §180 All species tended to shoWC—_andlsoten.ri.chedABB_C

of foraminifera and water samples, (2) weights of individ- 2nd AS'®0 values 1m proportion to individual weight
ual shells, (3) isotopic distributions within species (inter- (Fig- 52). Also, theAs 3(_: andAs*0 values were inversely
individual isotopic variations), and (4) weighted average iso-Proportional to shell weight, and larger (heavier) individuals

) & e ) : : : 18
tope values for each species (inter-species isotopic varialended to have isotopic values closes8Cpic ands'®Oe.c.

tions). The isotopic values of bottom water are shown in(Fig- 50, Supplement Fig. 1). The isotopic shift associated
Table 1. All analytical results from foraminiferal shells are With growth stage has been reported as the “ontogenetic iso-
shown in Table 2. No systematic difference was observedOPe effect” for some larger species (Schmied| et al., 2004;
in isotopic values between living (Rose Bengal stained) and™ontanier etal., 2006; McCorkle et al., 2008; Schumacher et
dead individuals, and isotopic differences among shells col!- 2010). We found that this trend is not limited to certain
lected from different depths were within the range of inter- SPECi€S but is common among species. Our initial findings
individual isotopic deviations for each species. This meansShOW that species with low inter-individual deviations in iso-
there is no noticeable relationship between individual iso-{OPIC composition are more suitable as direct proxies of the
topic compositions within the same species and the sedimerftottom-water environment. Moreover, the magnitude of the
depth at which individuals were collected. The analyzed indi-Nt€r-species and inter-individual isotopic variations can be
viduals show various inter-species differenceait3C and simplified to its correlation with the mass of the individual
A8%80, together with species-specific inter-individual varia- c@lcite shell.

tions. The average single-shell isotopic values approximately o . o ] _ o
corresponded to the average values from five shells analyzed-2 Application of inter-individual isotopic variations to
together, confirming that inter-species differences in average ~ €Stimate more reliable isotopic values of bottom
isotopic values were not due to the reduced sample size (Ta-  Water in the past.

3 Results and discussion

ble 2).
Although we found that the species with smaller inter-
3.1 Characteristics of isotopic disequilibrium in individual isotopic deviations are more suitable as en-
benthic foraminifera: choosing more reliable  Vvironmental proxies, some of those speciés @kitaen-
species as bottom-water indicator sis and the Cassidulinagroup) had carbon isotopic val-

ues that were slightly negative relative to ambiéhCp,c
We calculated the difference betweet}3C values of  (AS813Ca —2 %o). Therefore, we could not correctly estimate
foraminifera and DIC in bottom waterA§3C) and be- the originals'3Cp,c values of water by using isotopic evi-
tweens'80 values of foraminifera and calcite in equilibrium dence from these species. However, Fig. 4 displays a trend of
with bottom water £§'80). The individual foraminifera  proportionally more negative averagé3C andAs*0 val-
showed inter-species differences A$13C and As'80, as  ues of species with increasing inter-individual variations. We
well as variation of inter-individual isotopic dispersions determined the relationship between averstf€ ands'®0

www.biogeosciences.net/9/4353/2012/ Biogeosciences, 9, 4853-2012
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Table 2.513C ands180 values of individual foraminiferal shells collected from the surface sediment at study sites, as well as the averages
of multiple specimens analyzed togethﬁ613Q isotopic difference between th&3C of analyzed foraminiferal shell and th&3C of DIC
(613Cpc) in bottom water;A8180, isotopic difference between tié80 of analyzed foraminifera and té80 of calcite in equilibrium

with bottom water §180¢ ¢). Results 0813C ands180 analysis folCassidulina norvangieported in a previous study (Ishimura et al., 2004)

are denoted by an asterisk. Living: Rose Bengal-stained. Cmbsf: cm below the sea floor.

Species Depth Number of Individual  4&s13Cc 1 xs180 1B xAslBCc  10° x As180
(cmbsf)  specimens analyzed  weight (ug) Relative to VPDB

Bulimina aculeatgNankai Trough, water depth 2040 m)

Bulimina aculeata 0-7 1 23.12 —1.56 +3.12 —-0.56 -0.24
Bulimina aculeata 0-7 1 21.30 -1.10 +3.13 -0.10 -0.23
Bulimina aculeata 0-7 1 10.93 —-0.84 +2.99 +0.16 -0.37
Bulimina aculeata 0-7 1 12.53 —-1.49 +3.14 —0.49 -0.23
Bulimina aculeata 0-7 1 48.33 -1.13 +3.32 -0.13 —0.04
Bulimina aculeata 0-7 1 20.56 -1.32 +3.21 -0.32 -0.15
Bulimina aculeata 0-7 1 17.57 -1.25 +3.27 -0.25 -0.10
Bulimina aculeata 0-7 1 5.50 —1.49 +3.20 —0.49 -0.16
Average, & 0-7 8 19.98 —-127+024 +3.17+0.10 -0.27 -0.19

Cassidulina norvang{Sea of Okhotsk, water depth 870 m)

*Cassidulina norvangi 0-1 1 3.33 —-191 +2.21 —-151 —0.76
*Cassidulina norvangi 0-1 1 3.66 —-1.70 +2.86 —-1.30 -0.11
*Cassidulina norvangi 0-1 1 3.96 —-1.42 +2.77 -1.02 -0.20
*Cassidulina norvangi 0-1 1 4.46 —-159 +2.53 -1.19 —0.44
*Cassidulina norvangi 0-1 1 5.71 —-1.50 +3.19 -1.10 +0.22
*Cassidulina norvangi 0-1 1 2.80 —-1.90 +2.86 —-1.50 -0.11
Cassidulina norvangi 0-1 1 4.90 —1.18 +3.08 -0.78 +0.11
*Cassidulina norvangi 0-1 5 4.84 (avg.) —-157 +3.15 -1.17 +0.18
*Cassidulina norvang(living) 0-1 1 3.73 —-1.79 +3.17 —-1.39 +0.20
*Cassidulina norvang(living) 0-1 1 4.31 —-151 +3.07 —-111 +0.10
*Cassidulina norvang(living) 0-1 5 4.45 (avg.) —1.66 +3.03 -1.26 +0.06
Cassidulina norvangfliving) 5-6 1 4.29 —1.85 +3.03 —1.45 +0.06
Cassidulina norvangfliving) 5-6 1 2.58 —-1.92 +3.13 —1.52 +0.16
Cassidulina norvangfliving) 5-6 1 1.59 —1.86 +2.85 —1.46 -0.11
Cassidulina norvang(living) 5-6 1 4.17 —-1.12 +1.70 -0.72 —1.26
Cassidulina norvangfliving) 5-6 1 1.72 —-191 +2.60 —-151 -0.37
Cassidulina norvangfliving) 7-8 1 5.03 —1.58 +2.84 —1.18 -0.12
Cassidulina norvangfliving) 7-8 1 2.94 —2.18 +2.96 —-1.78 -0.01
Cassidulina norvang(living) 7-8 1 4.66 —-1.79 +3.11 -1.39 +0.14
Cassidulina norvangfliving) 7-8 1 2.33 —2.82 +3.19 —2.42 +0.22
Average, & 0-1 19 4.39 —-161+0.21 +2.90+0.30 —-121 —0.07
Average, & 5-6 5 2.87 —-1.69+0.34 +2.80+0.57 —-1.29 -0.17
Average, & 7-8 4 3.74 —2.09+£0.55 +3.02+£0.15 —1.69 +0.06
Total average, & 0-8 28 4.02 —-174+0.36 +2.87+£0.37 —-1.34 —-0.10
Brizalina pacifica(Sea of Okhotsk, water depth 870 m)

Brizalina pacifica 0-1 1 1.06 —5.03 +0.63 —4.63 —2.34
Brizalina pacifica 0-1 1 0.99 —5.25 +0.68 —4.85 —2.29
Brizalina pacifica 0-1 1 0.92 —4.44 +1.37 —4.04 —-1.60
Brizalina pacifica 0-1 1 0.74 —5.57 +1.84 —-5.17 —-1.13
Brizalina pacifica 0-1 1 0.35 —4.33 +1.46 —-3.93 —-151
Brizalina pacifica(living) 0-1 1 0.92 —6.08 +1.67 —5.68 —-1.29
Brizalina pacifica(living) 0-1 5 0.68 (avg.) —4.45 +2.15 —4.05 —0.82
Brizalina pacifica(living) 0-1 1 1.17 —5.65 +2.28 —-5.25 —0.69
Brizalina pacifica(living) 0-1 1 1.02 —4.15 +1.00 —-3.75 -1.97
Brizalina pacifica(living) 0-1 1 0.82 —4.74 +1.19 —4.34 —-1.78
Brizalina pacifica(living) 0-1 1 0.88 —6.87 +1.81 —6.47 —-1.16
Brizalina pacifica(living) 0-1 1 0.56 —5.75 +0.70 —5.35 —2.27

Biogeosciences, 9, 43538367, 2012 www.biogeosciences.net/9/4353/2012/



T. Ishimura et al.: Tracers for quantifying the magnitude of isotopic disequilibrium 4359

Table 2. Continued.

Species Depth Number of Individual  3&s13c 1P xs180 1B x Asl3C 103 x As180
(cmbsf)  specimens analyzed  weight (ug) Relative to VPDB
Brizalina pacifica(living) 5-6 1 1.13 —-1.93 +2.38 —153 —0.59
Brizalina pacifica(living) 5-6 1 0.81 —3.96 +2.44 —3.56 —0.52
Brizalina pacifica(living) 5-6 1 0.83 —-3.38 +2.42 —2.98 —0.54
Brizalina pacifica(living) 5-6 1 0.59 —3.30 +2.05 —2.90 -0.91
Brizalina pacifica(living) 5-6 1 0.64 —-4.16 —-151 -3.76 —4.48
Brizalina pacifica(living) 7-8 1 0.67 —2.90 +1.17 —2.50 —1.80
Average, b 0-1 16 0.92 —5.19+0.82 +1.40+0.57 —4.79 —-1.57
Average, r 5-6 5 0.80 —-3.35+087 +156+1.72 —2.95 —-1.41
Total average, & 0-8 22 0.80 —455+1.22 +4143+0.96 —4.15 —1.54
Stainforthia loeblichiSea of Okhotsk, water depth 870 m)
Stainforthia loeblichi 0-1 5 0.23 (avg.) —4.26 +2.54 —3.86 —0.43
Stainforthia loeblichi 0-1 1 0.42 —6.65 +2.67 —6.25 —0.30
Stainforthia loeblichi 0-1 1 0.46 —-4.15 +2.81 —-3.75 -0.15
Stainforthia loeblichi 0-1 1 0.26 —5.19 +2.00 —4.79 -0.97
Stainforthia loeblichi 0-1 1 0.36 —4.16 +2.78 —3.76 -0.19
Stainforthia loeblichi 0-1 1 0.20 —8.24 +1.76 —7.84 —-1.21
Stainforthia loeblichi 5-6 1 0.49 —3.53 +2.59 -3.13 -0.38
Stainforthia loeblichiliving) 5-6 1 0.25 —4.00 +2.41 —3.60 —0.56
Stainforthia loeblichiliving) 5-6 1 0.26 —5.51 —0.20 —-5.11 —-3.17
Stainforthia loeblichiliving) 5-6 1 0.41 —3.83 +2.54 —3.43 —-0.43
Average, b 0-1 10 0.28 —5.44+1.68 +243+0.44 —5.04 —0.54
Average, & 5-6 4 0.35 —4.22+0.88 +1.83+1.36 —3.82 -1.13
Total average, & 0-6 14 0.30 —495+1.49 +4219+0.90 —4.55 —-0.78
Brizalina pacifica(Sea of Okhotsk, water depth 1208 m)
Brizalina pacifica 0-1 1 0.44 —6.80 +0.05 —6.40 —2.92
Brizalina pacifica 1-2 1 0.61 —-4.70 +1.49 —4.30 —1.48
Brizalina pacifica 1-2 1 0.39 —11.00 —-1.59 —10.60 —4.56
Brizalina pacifica 1-2 1 0.76 —4.45 +1.28 —4.05 -1.69
Brizalina pacifica 7-8 1 0.31 -7.12 -0.77 —6.72 —-3.74
Average, 0-8 5 0.50 —6.81+£2.63 +0.09+1.32 —6.41 —2.88
Uvigerina akitaensigSea of Okhotsk, water depth 1208 m)
Uvigerina akitaensis 0-1 1 9.32 —1.59 +2.87 -1.19 —0.09
Uvigerina akitaensis 0-1 1 4.41 —-1.90 +2.94 —-1.50 —0.02
Uvigerina akitaensis 0-1 1 3.19 -1.62 +3.35 -1.22 +0.39
Uvigerina akitaensis 1-2 1 22.56 —0.99 +3.33 —0.59 +0.37
Uvigerina akitaensigliving) 5-6 1 16.55 -119 +3.61 -0.79 +0.64
Average, & 0-6 5 11.21 —1.46+£0.36 +3.22+0.30 —-1.06 +0.25
Chilostomella ovoideéSea of Okhotsk, water depth 1208 m)
Chilostomella ovoidediving) 0-1 1 3.19 271 +2.63 —2.31 —-0.34
Chilostomella ovoidea 1-2 1 6.99 -3.19 +3.58 —-2.79 +0.61
Chilostomella ovoidediving) 1-2 1 11.16 —2.43 +3.48 —2.03 +0.51
Chilostomella ovoidediving) 1-2 1 13.98 —-2.10 +3.07 -1.70 +0.10
Chilostomella ovoided@iving) 5-6 1 1.75 —3.56 +2.58 —-3.16 —0.38
Average, &r 0-6 5 7.41 —2.80£0.59 +3.07+£0.46 —2.40 +0.10
Islandiella norcross{(Sea of Okhotsk, water depth 1208 m)
Islandiella norcrossiliving) 0-1 1 5.03 —0.93 +3.38 —0.53 +0.41
Islandiella norcross{living) 0-1 1 2.82 -131 +2.88 —-0.91 —0.08
Islandiella norcrossiliving) 0-1 1 1.18 -1.76 +2.82 —-1.36 -0.15
Islandiella norcrossliving) 1-2 1 1.84 —-1.52 +2.88 -112 —0.08
Islandiella norcrossiliving) 7-8 1 4.17 —0.88 +3.18 —0.48 +0.21
Average, r 0-8 5 3.01 —1.28+£0.39 +3.03+0.24 —0.88 +0.06
Globobulimina auriculatgSea of Okhotsk, water depth 1208 m)
Globobulimina auriculatgliving) 0-1 1 1.43 —2.07 +3.32 -1.67 +0.36
Globobuliminacf. auriculata(living) 0-1 1 168.73 —0.69 +3.73 -0.29 +0.77
Globobulimina auriculatgliving) 1-2 1 0.72 —-351 +2.45 —-3.11 —0.52
Globobulimina auriculatgliving) 5-6 1 1.37 —2.09 +3.43 -1.69 +0.46
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Table 2. Continued.

Species Depth Number of Individual 3@ s13Cc 1P xs80 1B xAsl3C 16 x Asl80O
(cmbsf)  specimens analyzed  weight (ug) Relative to VPDB
Globobulimina auriculatgliving) 5-6 1 0.51 —-3.80 +1.93 —3.40 -1.04
Average, b 0-6 5 34.55 —243+126 +297+0.76 —2.03 +0.01
Average, & (small individual) 0-6 4 1.01 —2.87+092 +2.78+0.72 —2.47 -0.19
Takayanagia delicatéSea of Okhotsk, water depth 1208 m)
Takayanagia delicatdiving) 0-1 1 3.43 —1.58 +3.24 —-1.18 +0.27
Takayanagia delicatdiving) 0-1 1 2.09 —2.15 +3.01 -175 +0.04
Takayanagia delicatdiving) 1-2 1 2.37 —2.38 +2.61 —1.98 —0.36
Takayanagia delicatdiving) 5-6 1 1.70 —2.52 +2.90 —-2.12 —0.06
Takayanagia delicatéliving) 7-8 1 3.07 —-2.10 +2.88 -1.70 —0.08
Average, & 0-8 5 2.53 —214+036 +2.93+0.23 —-1.74 -0.04
Globobulimina auriculatg Sagami Bay, water depth 1182 m)
Globobulimina auriculatgliving) 0-2 1 31.9 —3.43 +2.92 —-341 —0.05
Globobulimina auriculatgliving) 0-2 1 43.4 —3.65 +3.32 —-3.63 +0.35
Globobulimina auriculatgliving) 0-2 1 49.8 —1.58 +2.22 —1.56 —0.75
Globobulimina auriculatgliving) 0-2 1 7.4 -3.25 +2.78 -3.23 -0.18
Globobulimina auriculatgliving) 0-2 1 44.4 —2.43 +3.29 —-241 +0.32
Globobulimina auriculatgliving) 0-2 1 5.9 —-1.81 +3.03 —-1.79 +0.06
Average, & 6 30.5 —2.69+0.88 +293+041 —2.67 —0.04
Chilostomella ovoideéSagami Bay, water depth 1182 m)
Chilostomella ovoidediving) 0-2 1 4.7 —2.95 +2.89 —2.93 —0.08
Chilostomella ovoidediving) 0-2 1 25 -5.25 +161 —5.23 —1.36
Chilostomella ovoidediving) 0-2 1 6.5 —4.34 +2.94 —-4.32 —0.03
Chilostomella ovoidediving) 0-2 1 5.8 —2.49 +1.57 —2.47 —-1.40
Chilostomella ovoidediving) 0-2 1 5.9 -3.27 +2.73 —-3.25 -0.24
Chilostomella ovoidediving) 0-2 1 4.9 —4.94 +3.02 —4.92 +0.05
Average, & 6 5.0 —3.87+1.13 +246+0.68 —3.85 -0.51
Rutherfordoides cornutéSagami Bay, water depth 1182 m)
Rutherfordoides cornutéiving) 0-2 1 4.5 —-1.18 +0.55 -1.16 —2.42
Rutherfordoides cornutéliving) 0-2 1 6.5 —0.88 +2.92 —0.86 —0.05
Rutherfordoides cornutdiving) 0-2 1 3.9 —1.56 +2.47 —1.54 —0.50
Rutherfordoides cornutéiving) 0-2 1 7.5 —0.96 +3.07 —-0.94 +0.10
Rutherfordoides cornutéiving) 0-2 1 53 -113 +2.58 -111 —0.39
Rutherfordoides cornutéiving) 0-2 1 3.9 —0.95 +2.61 —-0.93 —0.36
Average, b 6 5.3 —-1.11+025 +2.37+0.92 —-1.09 —0.60

values and inter-individual distributions (SD within species) We conclude that we can more reliably estimétéCp,c

at the two sites in the Sea of Okhotsk (Fig. 6a and b). The revalues of bottom water by accounting for the vital effect in
gression lines all have high correlation coefficients-(0.9, foraminifera. This technique promises to yigffC data for

p < 0.05), indicating that the coefficients of variation are al- bottom water where water samples are not available. How-
most constant. Note that the p-value was calculated for alkever, there is still uncertainty ia180e ¢ values owing to
AS13C andAs180 isotopic values of analyzed species of two changes of bottom-water temperature and analytical errors in
stations in the Sea of Okhotsk. Moreover, the intercepts ofimeasuringg®0 of water. In addition, the choice of equation
the regression lines (at SD =0) f&+°C are almost identical for calculatings1®Oe ¢. affects the results; for example there
to thes13Cp)c (Table 3). In foraminiferal samples collected is a 0.7 %o difference 8180, ¢, values at our study sites as
from Sagami Bay, we found the same trend in4héC pro- calculated by the equations of Friedman and O’Neil (1977)
file (Fig. 6¢), and the intercept of the regression line also cor-and Kim and O’Neil (1997). We propose applying the magni-
responded to th&'3Cp,c values in the bay. The differences tude of isotopic disequilibrium using the inter-individual iso-
between the intercept values and the acsd®Cp,c at these  topic distributions of species as an index of the reliability of
three sites are within 0.3 %o, substantially closebteCpc bottom-water isotope values. Also thCp,c can be recon-
than theAs13C values of all species. structed from foraminiferal isotopes without water samples
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Fig. 4. Variations inAs13C andAs180 values of individual benthic foraminifera together with average values. Open circles are individual
isotopic values. Colored symbols are average values with standard deviations (error bars). Dotted lines indiE3@eviiiaes of DIC in

bottom water §13Cp,c) and thes180 values of calcite in equilibrium with bottom watef'8Oe ¢). The §180¢ . values were calculated

using the equation proposed by Friedman and O’Neil (1977). NT, Nankai Trough (1881 m); MR, Sea of Okhotsk (1208 m); HO, Sea of
Okhotsk (870 m).

Table 3. Comparison of predicted isotopic values of calcite in equilibrium with bottom water at the study sites (intercepts of regression lines
in Fig. 6) and the actual isotopic values of calcite in equilibrium with bottom water.

Isotopic values of calcite in equilibrium with bottom water

Estimated values (intercepts of regression lines in Fig. 6) Actual values
Site 1@ x §13Cpc 103 x §180g . 103 x 813Cpic 103 x 6180e ¢
Relative to VPDB Relative to VPDB
Sea of Okhotsk (water depth 1208 m) -0.6 +4,0 -0.4 +3,0
Sea of Okhotsk (water depth 870 m) -0.7 +3.6 -0.4 +3.0
Sagami Bay (water depth 1182 m) -0.3 +3.3 -0.0 +3.0

by correcting for the isotopic disequilibrium. This permits characteristics of the relationship between the magnitude of
the utilization of stored sediment samples, even those with n&D andAs§13C of benthic foraminifera.

associated isotopic data for bottom water. In addition, we can

estimate the absolu#3C changes in the ocean bottom by 33 Possible causes of inter-species and inter-individual
comparing the calibrated isotope values to the relathe isotopic variations

curves previously reported, and thereby better understand en-

vironmental changes.

, Part of the inter-individual variability id'3C may be caused
Although there was a good correlation between SD an

y the isotopic variability of DIC in sediment pore water,

13 . . . . . .
A§=C of benthic foram|n|feral|3n same sampling site, the \hich is caused by the decomposition of organic matter, and
empirical relations of SD and4™*C may not always be the 5 iger range of depth habitats may result in large inter-

same among different environmental conditions (redox conyqiviqual variability in isotopic compositions. However,
dition, flux of organic matter, bottom-water chemistry,

. ; . ) et(_:.). even considering the isotopic variation in sediments owing
By studying various sites, we were able to clarify the detalledto the decomposition of organic matter and the presence of

a geothermal gradient, we cannot account for the extremely
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Fig. 6. Relationships between avera#’C and§180 values and
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Solid lines and equations are linear regression results. Dotted lines
represen813CD|C ands180e ¢ at each site. Error bars indicate the
range of standard error for each species.

negative isotopic values and the large inter-individual vari-
ation in 813C and §'80, especially observed iB. paci-
fica and S. loeblichi The §1°C values of most individu-
als were much lower thaa'3Cp,c values of pore water

at the sediment depth of which they had been taken (Ta-
bles 1 and 2). Furthermore, th&0 variation of 6 %, among
species (Fig. 4) corresponds to a temperature difference of
+24°C, which is greater than the geothermal gradient. Also,
we could not explain the variability 0810 on the ba-

sis of differences of microhabitat because the decomposi-
tion of organic matter does not change €O value of
pore water. In fact, thé80 values of pore water at each
sediment-depth indicate almost homogeneous isotopic val-
ues (thes'80 variation among different sediment depths is
almost the same as the analytical error). The isotopic varia-

values of all individual benthic foraminifera analyzed plotted as a tion may instead be related to the carbonate ion concentra-
function of inverse shell weight. Lines are linear regressions fittedtion ([CO§*]) effect that is hypothesized as controllistfC

to each specie¢b) Three-dimensional plot aks13C, As180, and

shell weight (animation available as Supplement Fig. 1).

Biogeosciences, 9, 43538367, 2012

and ¢80 in calcifying organisms (Spero et al., 1995380

in planktonic foraminifera decreases with increasing §Cp
and pH (Spero et al., 1997). We observed a similar trend
in the isotopic shift among benthic species (Fig. 7). This
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10° x A8°C denitrification (Risgaard-Petersen et al., 2006), and nitrate
12 10 " 6 4 2 0 w2 pooling is reported as common in foraminifera, including
' ‘ ’ ’ ‘ ' species closely related ®. pacificaand S. loeblichj from
very diverse benthic marine environments (Pina-Ochoa et
al., 2010). High concentrations of nitrate in such species
suggest that they make semi-closed system of their cell to
store the materials to use. Evidence for isotopic fractiona-

o] o
5 - 3 tion of §180 through denitrification has been reported previ-
o) < ously (Sigman et al., 2005), indicating tH&D-depleted ni-
T T trate is respired during denitrification. Although details of the
ni v 1 isotopic fractionation through respiration and calcification in
v v foraminiferal cells are not well known, its respiration through
5t {5 intracellular denitrification and the contributions of respired
: : ] . [ . CO, in semi-closed system are expected to alter the isotopic
2 e @ N “ 2 . 2 composition and the magnitude of isotopic variation. More-
10°x 43°c over, both intracellular calcification and denitrification occur
o Bulmina aculeata at. the individual Ie_vell a_nd any associated |sgtop|c fractllon—
& Uvigerina akitaensis ation would affect individuals and not the entire population,
[ ] Isfandiella norcrossi h . ” I d t | . t _- d d I t . df-
® Takayanagia delicata thus potentially leading to larger inter-individual isotopic di
@ Cassidulina norvangi fe rences.
& Chilostomela ovoide . ..
& Giobotuiimina suriosate However, vital effects were originally thought to re-
¥ CoRaan el sult from the incorporation of isotopically depleted carbon
v Brizalina pacifica

and oxygen compounds derived from the metabolic, CO
Fig. 7. Relationship betweens3C andAs180 of individual ben- pool within an organism into its shell (Grossman, 1987;
thic foraminifera. Solid line indicates the reported trend of the iso- Erez, 2003). It appears that these metabolic vital effects,
topic shift caused by the carbonate ion concentration effect (Sper&éome other vital effects (Rohling and Cooke, 1999; Mack-
etal., 1997). ensen, 2008), and microenvironmental heterogeneity (Mack-
ensen et al., 1993) play roles in the observed inter-individual
differences in isotopic signatures, and their intensity is re-
similarity between laboratory experiments with planktonic flected in the magnitude of inter-individual isotopic varia-
foraminifera and our natural samples of benthic foraminiferations. In addition, previous studies reported t8&inforthia
suggests that the inter-individual and inter-species isotopidusiformishas kleptoplasts (Bernhard and Alve, 1996), and
variations are strongly affected by the [@Q effect. How- that B. pacificahas ectobionts (Bernhard et al., 2010b; re-
ever, infaunal species, such Bs pacificaand S. loeblichi  ported asBolivina pacificg. As discussed in these studies,
in particular, should have positive isotopic values because ofhe activities of symbionts might more or less affect the iso-
the low pH and decreased [@Q of ambient water in sedi- topic compositions of those species. Further in situ biological
ment resulting from decomposition of organic matter (Bemisobservations and culture experiments (e.g. Spero et al., 1997,
et al., 1998). Our results show the opposite trend. Hintz et al., 2004; Nomaki et al., 2005; Risgaard-Petersen
Recent findings suggest a novel explanation for the ex-et al., 2006; McCorkle et al., 2008; de Nooijer et al., 2009;
tremely negative and heterogeneous inter-individual isotopid?ina-Ochoa et al., 2010) should help to clarify the mech-
compositions of some benthic foraminifera. One study ofanisms responsible for large inter-individual isotopic varia-
intracellular calcification found that a widespread strategytions in foraminifera.
among benthic foraminifera is to elevate the pH at the site of
calcification to promote calcite precipitation, and described a
mechanism that producest?C-depleted foraminiferal shell 4 Conclusions
(de Nooijer et al., 2009). This mechanism would explain the
negative shift ofAs13C and A5'80. Heterogeneity of pH In this study, we show a simplified analysis of the magni-
in foraminiferal cells may thus be one cause of the inter-tude of isotopic disequilibrium in benthic foraminifera based
individual differences in isotopic compositions observed in on inter-individual isotopic variations, and its application to
this study. In addition, the inter-species variability in isotopic estimating bottom-water conditions precisely.
compositions may be caused by the magnitude of pH control We analyzed isotopes in individual foraminifera of mul-
by different species (or by the inter-species variability in the tiple benthic species from four sites in continental mar-
pool of respired C@that participates in calcification). gin of the northwestern Pacific Ocean to characterize the
Another study reported that some benthic foraminifera ac-magnitude of inter-individual isotopic variations. We found
cumulate intracellular nitrate stores that are respired throughhat the species with low inter-individual isotopic dispersion
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are more suitable as direct proxies of the bottom-water enviblichi (Feyling-Hanssen), Feyling-Hanssen, 1973, p.123, pl.
ronment. Moreover, the magnitude of the inter-species and, Figs. 10.
inter-individual isotopic variations can be simplified to its = Takayanagia delicata(Cushman, 1927)[Fig. 3e] Cas-
correlation with the mass of the individual calcite shell. sidulina delicataCushman, 1927, p. 168, pl. 6, Fig. 5.;
Comparing the isotopic values of benthic foraminifera col- Takayanagia delicatéCushman); Nomura, 1983a, p. 53, pl.
lected from the same sampling site, we found that the mag4, Figs. 3a—c; pl. 7, Figs. 1-5.
nitude of the isotopic disequilibrium in each species (inter- Uvigerina akitaensisAsano, 195(Fig. 3a]Uvigerina ak-
species isotopic variations) was correlated with the inter-itaensisAsano, 1950, pt. 2, p. 14, Figs. 60-62.
individual isotopic dispersion. Furthermore, by using the
simplified interpretation of the isotopic disequilibrium estab-
lished in this study, we can reconstri¢fC values of dis-
solved inorganic carbon in bottom water from foraminiferal
isotopic compositions, by correcting for the isotopic disequi-
librium. By studying various sites, we will be able to clar-
ify the more detailed characteristics of the relationship be-
tween the magnitude of inter-individual isotopic dispersions
andAS13C of benthic foraminifera.
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| available online at: http://www.biogeosciences.net/9/
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