Biogeosciences, 7, 86881, 2010 A . .
www.biogeosciences.net/7/869/2010/ ‘GG’ Biogeosciences
© Author(s) 2010. This work is distributed under _
the Creative Commons Attribution 3.0 License.

Incorporation of Mg and Sr in calcite of cultured benthic
foraminifera: impact of calcium concentration and associated
calcite saturation state

M. Raitzsch!”", A. Duefias-Botbrquez?, G.-J. Reichart>3, L. J. de Nooijer®, and T. Bickert?

IMARUM - Center for Marine Environmental Sciences, University of Bremen, Leobener StraRe, 28359 Bremen, Germany
2University of Utrecht, Department of Earth Sciences — Geochemistry, Budapestlaan 4, 3584 CD Utrecht, The Netherlands
3Alfred Wegener Institute for Polar and Marine Research, Am Handelshafen 12, 27570 Bremerhaven, Germany

“now at: Lamont-Doherty Earth Observatory of Columbia University, Palisades, NY 10964, USA

Received: 20 November 2009 — Published in Biogeosciences Discuss.: 1 December 2009
Revised: 24 February 2010 — Accepted: 26 February 2010 — Published: 4 March 2010

Abstract. We investigated the effect of the calcium con- creases the Mg/Ca ratio of the calcification fluid, while the
centration in seawater and thereby the calcite saturatiomigh-Mg calcite forming species may not have this physio-
state 2) on the magnesium and strontium incorporation logical tool. If the dependency of Mg incorporation on sea-
into benthic foraminiferal calcite under laboratory condi- water [C&] is also valid for deep-sea benthic foraminifera
tions. For this purpose individuals of the shallow-water typically used for paleostudies, the higher Ca concentrations
speciesHeterostegina depresq@recipitating high-Mg cal-  in the past may potentially bias temperature reconstructions
cite, symbiont-bearing) andmmonia tepidglow-Mg cal- to a considerable degree. For instance, 25Myr ago Mg/Ca
cite, symbiont-barren) were cultured in media under a rangeatios inA. tepidawould have been 0.2 mmol/mol lower than
of [Ca2t], but similar Mg/Ca ratios. Trace element/Ca ratios today, due to the 1.5 times higher 4 of seawater, which
of newly formed calcite were analysed with Laser Ablation in turn would lead to a temperature underestimation of more
Inductively Coupled Plasma Mass Spectrometry (LA-ICP-than 2°C.
MS) and normalized to the seawater elemental composition
using the equatiod1e=(TE/Caacite)/(TE/Caeawatet The
culturing study shows thabyg of A. tepidasignificantly de- 1 |ntroduction
creases with increasir@ at a gradient 0f-4.3x 102 perQ
unit. The Ds; value of A. tepidadoes not change witk2,  The ratio of magnesium to calcium (Mg/Ca) in fossil benthic
suggesting that fossil Sr/Ca in this species may be a potentigbraminiferal shells is widely used to estimate past bottom
tool to reconstruct past variations in seawater Sr/Ca. Conwater temperatures (Lear et al., 2000; Martin et al., 2002;
versely, Dyg of H. depressashows only a minor decrease Billups and Schrag, 2003; Katz et al., 2008; Késtpabttir
with increasing®, while Ds; increases considerably witd et al., 2007; Lear et al., 2003b; Shevenell et al., 2008;
at a gradient of 0.009 pee unit. The different responses to Skinner et al., 2003). The applicability of Sr/Ca ratios in
seawater chemistry of the two species may be explained byoraminiferal calcite is less well defined. Whereas Sr/Ca
a difference in the calcification pathway that is, at the samevariations in benthic foraminifera have been attributed to
time, responsible for the variation in the total Mg incorpo- changes in Sr/Ca of seawater (Lear et al., 2003a), hydrostatic
ration between the two species. Since the Mg/Ca ratio inpressure (Elderfield et al., 1996), and temperature and/or car-
H. depressds 50-100 times higher than that &f tepida  bonate ion concentration (Reichart et al., 2003; Rosenthal et
it is suggested that the latter exhibits a mechanism that deal., 2006), those in planktic species were found to depend on
pH and/or [C@*] (Duefias-Bolorquez et al., 2009; Lea et
al., 1999; Russell et al., 2004) and growth rates@ddrek et
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The Mg/Ca ratio of foraminiferal test carbonate has beenerostegina depresséhigh-Mg calcite, tropical, symbiont-
used in combination witli180 to reconstruct pasi'80O of bearing) andAmmonia tepidglow-Mg calcite, temperate,
seawater (e.g., Lear et al., 2000; Billups and Schrag, 2003symbiont-barren). Compared to deep-sea foraminifera, inter-
Shevenell et al., 2008). However, recent studies have showtidal species are resistant to environmental fluctuations and
that in addition to temperature the calcite saturation statecan therefore grow at a range of experimental conditions. In
(2 or A[CO%‘]) potentially plays an important role in the our experiments, we varied the Cag®aturation state by
Mg uptake into benthic foraminiferal shells (Elderfield et al., altering the calcium concentration [€3 of the medium.
2006; Healey et al., 2008; Rosenthal et al., 2006; Raitzsch etynder natural conditions, the [€8] covaries with salinity.
al., 2008). Calibrations using foraminifers from surface sed-By keeping salinity constant in the cultures, while varying
iments yield a species-specific increase in Mg/Ca betweeriCa?t], it is also possible to deconvolve the effect@from
0.008 and 0.017 mmol/mol per umol/k@[CO%‘]. Given salinity on e.g. Mg incorporation.
the empirical exponential relationship, foraminiferal Mg/Ca
changes only slightly within the generally narrow tempera-
ture range in the deep ocean of roughlyG On the other
hand, potential changes in deep-sm[&logf], for example
in the North Atlantic during the Last Glacial Maximum by

~25-30 umol/kg, inferred from benthic foraminiferal B/Ca Specimens of the shallow benthic spechesmonia tepida
(Yu and Elderfield, 2007), would considerably bias Mg/Ca- \yere jsolated from sediment collected at the Dutch Wadden
based temperature estimations. Henge', for the ongoing d85e4a and stored in the laboratory at’T8 Specimens of the
velopment of this paleo-thermometer, it is essential to quanyy mpiont-bearing speciddeterostegina depressarovided

tify the separate effects of temperature and calcite saturatioygy Burger's Zoo (Arnhem, The Netherlands), were picked

state on benthic Mg/Ca ratios. Interestingly, field studies ong.om stocks kept at 24C and under a 12h light:12h dark
benthic foraminifera (Elderfield et al., 2006; Healey et al., cycle (De Nooijer et al., 2007).

2008; Rosenthal et al., 2006; Raitzsch et al., 2008) contradict Living individuals bearing brightly coloured cytoplasm

res.ults from culturing experiments on p'Ian!<tic forqminifera, were selected and placed in vials with natural seawater ad-
Wh'czrl show that Mg/Ca decreases with increasing pH Oryiyeq with calcein (fluorexon, fluorescein complex) at a final
[CO37] (i.e. anincrease in calcite saturation statesatirek  ¢qncentration of 7 mg/L. The fluorescent indicator calcein is
etal,, 2008; Leaetal., 1999; Russell etal., 2004). incorporated into the calcite walls whenever new chambers
The saturation state of seawater with respect to calcite igire formed, whereas pre-existing chambers are not affected
defined a_sQ:[Ca2+].[CO§_]/KSp, where Ksp corresponds ~ (Bernhard et al., 2004). Incubated specimens can therefore
to the solubility product of calcite, that depends on am-be scanned afterwards to determine which chambers were
bient temperature, salinity and pressure (Zeebe and Wolfbuilt during the culturing period (Fig. 1).
Gladrow, 2001). Accordingly2 changes when [CO] After being maintained in an incubator for 2-4 weeks,
and/or [C&"] change, but in the open ocean the calcium foraminifers were checked for new chambers under an in-
concentration is relatively constant with a long residenceverted fluorescence microscope. Only specimens that had
time of approximately 1.1 Ma (Broecker and Peng, 1982)_chambers clearly marked by calcein were selected for the
Therefore, the calcite saturation state in seawater mainlgulturing experiments. The chambers formed during the ex-
varies with water depth and the carbonate ion concentratiofPeriment could be easily identified (Fig. 1). Although it was
[CO%"], which is intrinsically linked to the other carbonate recently established that calcein does not affect the incorpo-
system parameters (i.e. DIC, alkalinity and pH; Zeebe andation of trace metals (Dissard et al., 2009), not admixing
Wolf-Gladrow, 2001). However, a number of culturing stud- calcein to the culture water during the experiments avoided
ies have been conducted to determine the carbonate ion effe@y Possible impact.
on foraminiferal Mg/Ca and Sr/Ca (&akirek et al., 2008; Upon finishing the experiments, only foraminifers with
Lea et al., 1999; Russell et al., 2004; Dissard et al., 2010anew, non calcein-labelled chambers were selected for ele-
Duefias-Bolbrquez et al., 2009), but only one on the effect mental analysis with laser ablation ICP-MS. The specimens
of [Ca2*] (Bentov and Erez, 2006). Hence, it is crucial to Were placed in sodium hypochlorite (NaOCI 5%) for 10 min
understand whether varying [€4 yields similar changes in  to remove cytoplasm and organic material from the surface
the Mg and Sr incorporation as varying @q and whether  Of the tests. The shells were then thoroughly washed with
the fractionations are constant between taxa. deionised water and dried.

2 Experimental and analytical procedures

2.1 Sample collection and preparation

For these reasons, we analysed Mg/Ca and Sr/Ca ra-
tios in two species of foraminifera with contrasting calci-
fication mechanisms, in relation to calcium concentration
by means of controlled culturing experiments. For this
study, we used the neritic to intertidal benthic spetiet-
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lutions were obtained with the following approximate cal-

non marked chambers cium concentrations: 1/2 of natural [&g (group 1), natural
=tobeanalyzed —— i

[Ca?t] (group 2), 1.5x natural [C&*] (group 3), 2x natural
e [Ca?t] (group 4); see Tables 1 and 2 for exact concentrations.
chambers formed Specimens oH. depressaand A. tepida(15 and 25-30
prior to experiment individuals, respectively) were incubated in 30-mL contain-

' ers termed culture chambers throughout this paper. These
containers had a polyacetal bottom and lid, separated by a
diaphanous Plexiglas ring (Fig. 2). At the bottom of the cul-
ture chamber a 0.2 um filter (cellulose acetate) was placed,
on top of which a thin layer of artificial sediment (Si0vas
added. A small amount of a freeze-dried mixture of microal-
gae/diatom Dunaliella salinaandPhaeodactylum tricornu-
tum) was added as food. A constant flow of seawater re-
freshed the culture chambers during the duration of the ex-
periment (Fig. 2). The chambers were connected with sili-
con tubes to reservoirs of 1 L-glass bottles that contained the
seawater with modified calcium concentrations. A peristaltic
pump circulated the modified seawater through the system at
a speed of approximately 1 mL/h while the media was bub-
bled continuously with moist air (Fig. 2). Shortly before set-
ting up the experiments, all material was thoroughly cleaned
several times with HCI (1N) and deionised water, and subse-
Fig. 1. Heterostegina depressander a fluorescence microscope quently rinsed with the seawater used for that experimental
after excitation. Shell calcite marked with calcein (green) was built tregtment.
prior to the experiment. TheT younger (ne\_NIy formed) non-marked e complete system was placed in an incubator kept at
chambers were formed dur_lng the experiment and were analyseg constant temperature-0.5°C). The experiment contain-
with LA-ICP-MS. Scale bar is 100 um. . . . .

ing specimens oA. tepidawas kept at 18C and in the dark

since there is no need for light due to lacking symbionts and
the infaunal habitat this species partly occupies in natural en-
vironments. TheH. depressaxperiment was conducted at

2.2 Experimental setup

Four seawater solutions were prepared with diffeenal- ~ 24°C and exposed to an artificial light (15W tropical reef
ues. We varied parameters based on the following relationlamp, Arcadia, FO15) cycle of 12h light/12h dark to allow
ship: for photosynthesis of their endosymbionts. Each experiment

ran for two months. At the beginning and at the end of each
) experiment, seawater was subsampled for determining ele-
mental concentrations with ICP-OES, and for alkalinity anal-
yses using an automated titrator (702 SM Titrino, Metrohm).
whereQ is the calcite saturation state of the seawater andSalinity was checked monthly and adjusted when required.
Ky cois the solubility product of calcite. As seawater was in equilibrium with the atmosphergCa,
gince we altered the chemical composition of seawater folalue of 365 patm (Striegl et al., 2001) was used to calculate

our experiments, the solutions were composed of 50% natuthe other carbonate system parameters usingdBeyssoft-
ral seawater (NSW) from the eastern Mediterranean Sea an@are (Pierrot et al., 2006).

50% artificial seawater (ASW). The ASW was prepared ac-

cording to the methods of Kester et al. (1967) and Berges e2.3 Element analysis

al. (2001). Addition of the volumetric salts CaGlLM) and

MgCl2 (1M) ensured similar Mg/Ca ratios (approximately Element concentrations in the test carbonate of single cham-

5.2) between the different solutions (Tables 1, 2). Since CI bers of the cultured specimens were determined using a Geo-

is the major anion in seawater, different amounts of GaCl Las 200Q 193 nm Excimer laser (Lambda Physik) connected

and MgC}p were compensated by accordant addition of NaClto a quadrupole ICP-MS (Reichart et al., 2003). Only newly

(2M). In this manner, salinity was kept constant between theformed chambers of the foraminifers were ablated, identi-

media (Tables 1, 2). fiable from non calcein-marked chambers on photographs
All seawater solutions were filtered using a 0.2 pm filter taken with a fluorescence microscope. Beam diameter was

and were air-bubbled for 24 h in order to equilibrate the sea-set at 60 um folA. tepidaand 80 um forH. depressarep-

water with atmospherigCO,. Finally, four individual so-  etition rate was 6 Hz, and energy density was set at 12)/cm

o [CO5 T[]
K :p(Cc)
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Table 1. Experimental culturing conditions, Mg/Ca and Sr/Ca ratios and partition coefficiertts fiepressa

Experiment |

H. depressa Group 1 Group 2 Group 3 Group 4
No. of individuals added 15 15 15 15
No. of grown individuals 6 10 5 7
No. of analysed shefls 6 7 5 7
Temperature?C) 24 24 24 24
Salinity (psu) 36.2 35.8 35.6 35.6
Alkalinity (umol/kg) 2440+123 2436:112 240@:50 2384+80
DIC (pmol/kgjO 2087102 2085:74 205934 204647
[Ca2t] (umol/kg) 484'4-28 9534+374 13766233 18439242
[CO%‘] (Hmol/kg) 246425 243k22 23A10 234+15
Q 2.76£0.11 5.3%0.51 7.58:0.29 10.04:0.56
Mg/Casw 5.17+0.03 5.56:0.09 5.96:0.14 6.2@:0.33
Sr/Cawx 1000 17.82-0.42 9.34:0.27 6.43:0.05 4.810.14
Mg/Ca (mmol/mol) 143.3411.89 145568.62 151.5#8.34 155.08-11.20
Dpmgx100 2.78:-0.23 2.61:0.16 2.54:0.14 2.51%0.18
Sr/Ca (mmol/mol) 4.820.35 2.66:0.26 1.98-0.10 1.610.12
Dg; 0.2740.02 0.28-0.03 0.310.02 0.33:0.02

Values are given witht: standard deviations.

@ Not all grown foraminifera were analysed because of limited space available for LA.

b Calculated frompCO, and alkalinity with theco2sysprogram (Pierrot et al., 2006), using constants from Mehrbach et al. (1973) and
pressure corrections of the equilibrium constants from Millero (1983).

Table 2. Experimental culturing conditions, Mg/Ca and Sr/Ca ratios and partition coefficients fepida

Experiment Il

A. tepida Group 1 Group 2 Group 3 Group 4
No. of individuals added 29 25 30 30
No. of grown individuals 8 6 8 10
No. of analysed shefls 6 4 8 7
TemperatureC) 18 18 18 18
Salinity (psu) 35.2 35.3 35.2 35.3
Alkalinity (umol/kg) 2385+29 237823 236331 238539
DIC (umol/kgp 21112 2105t16 209313 211111
[Ca2t] (umol/kg) 542417 97865 14146428 18138539
[CO%‘] (umol/kg) 201+4 200+3 198t4 200+6

Q 2.51+0.10 4.5%0.10 6.46:0.38  8.340.47
Mg/Casw 5.08+0.02 5.18:0.10 5.19-0.21  5.36-0.28
Sr/Cawx 1000 15.45-0.62 8.46:t0.10 5.8#0.01 4.58:0.11
Mg/Ca (mmol/mol) 2.4%0.51 1.780.46 1.6@0.29  3.65:1.95
Dpg x1000 0.4#0.10 0.3#0.08 0.3#0.06 0.7@:0.40
Sr/Ca (mmol/mol) 256068 1.350.19 0.93%0.05 0.780.12
Ds 0.140.04 0.16:0.02 0.16:0.01 0.1%0.03

Values are given witit: standard deviations.

@ Not all grown foraminifera were analysed because of limited space available for LA.

b Calculated frompCO, and alkalinity with theco2sysprogram (Pierrot et al., 2006), using constants from Mehrbach et al. (1973) and
pressure corrections of the equilibrium constants from Millero (1983).
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Fig. 3. Laser ablation derived Mg/Ca and Sr/Ca ratios of the in-
house Iceland calcite spar (GJR) measured over the entire analysis
period. The solid lines represent the average values and the dashed
lines the ratios determined with ICP-OES. The grey shaded area
delimits the 95% confidence interval.

air pump . .
Time resolved raw data in counts per second (cps) were

converted to element concentrations (ppm) using the GLIT-
TER software (GEMOC/CSIRO). This data reduction soft-
ware also facilitates the manual selection of intervals used

Fig. 2. Schematic illustration of the instrumental setup. See mainfgor background subtraction and signal integration.
text for details.

MilliQ

air stone

Element concentrations were calculated from isotopic countso’ Results
for 2*Mg, ?5Mg, 2’Al, *2Ca, 43Ca, **Ca, °°Mn, and s,
where Al and Mn were monitored as indicators for contam-

inant phases. Although the foraminifers were cultured with- . . .
P g The survival rate for both species was very high at almost

out natural sediment, some contamination from an unknown

o i . ;
source was observed and parts of the obtained ablation prolOO/0 in all experiments. Three specimens (out of 30j.of

files displaying contaminants were discarded before calculat.cPidadid not survive in the culture chamber that contained

ing element/Ca ratios. seawater with the highest calcite saturation state. In contrast,

- . . six juvenile foraminifers were found in the same group. The
Calcium was used as an internal standard assumm%i J group

40%wt, which enables to correctly calculate element to cal- umber of individuals that added new chambers is relatively

cium ratios routinely reported in paleoceanographic studiesf:OnStant between the different groups (Tables 1, 2). On av-

Before and after-10 sample analyses, a NIST 610 silicate erage, 29% of the individuals of incubatAdtepidaformed
; . 0 : :
standard with precisely determined elemental concentration3" chambers while 47% of thé. depressapecimens bu”t. .
ew chambers. The reason for the low percentage of individ-

(Pearce et al., 1997) was measured three times each as an &X

ternal standard. Since the NIST was ablated with a higheP?ltshgrown .durmg the mcutba?o“ pelnod dmay ?e thfat sotmhe
energy density (4 J/cfn in order to enhance signal qual- ot the specimens were potentially already mature from the

ity, an in-house Iceland spar calcite (GJR) ablated with IOWbegwf:nmg. . h W f d chamb ¢ h
energy was employed as second, matrix-matched standarfd W ?r,‘f coluntlng the bnewydgrr‘r;)e hc am| ershoh.eic
(Fig. 3). However, non-matrix matched calibration using a 'O aminiera test, we observed in both species the highest

193nm laser was shown to be accurate for many element umbers of new chambers at highest calcite saturation state
(Hathorne et al., 2008) ?Fig. 4). In the Groups 1 and 2 with the lowe&3tvalues, no

considerable difference in chamber addition was apparent. In
contrast, in Groups 3 and A, tepidaproduced by up to two

3.1 Survival and growth rates
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4 — T T T T T from 2.51x1072 to 2.78<10~? (Fig. 5a, Table 1), suggest-
ing thatDmg was altered by the minor variations in Mg/i&a

L i and/or by the highly variable Ca concentrations we aimed at
with our experiments.

3L ] Since the Sr/Ca ratios in seawater were not the same be-
A. tepida tween the different experimental solutions due to the manip-
ulation of the [C&*], we calculated the partition coefficients
of Sr using Eq. (2). We observe thBk; is species-specific
with a value of 0.28 foH. depressaand 0.16 forA. tep-

B 7 ida (Fig. 5c). The Sr/Ca data for both species fall close to
through-origin linear relationships with Sr/ga suggesting

- - that Dg; is not affected by seawater Sr/Ca or Mg/Ca.

H. depressa However, in order to normalize the absolute trace ele-
1 i ment/Ca ratios of calcite to the seawater elemental composi-
tion, we report our data only in terms of partition coefficients
Dyg andDsy in the following sections.

Number of added chambers
N

3.3 Dwg and Ds; versus calcite saturation state

2 4 6 8 10 The experiments oH. depressandA. tepidayield decreas-
Q ing Dmg with increasing2 for both species (Fig. 6a and
b). Although it is possible that an exponential function is
Fig. 4._ Number of new chamber_s and new rows of chambers for ,qre appropriate, we chose a linear fit through the data,
A. tepidaandH. depressarespectively, added during two months whereDy, decreases with»410~4 per< unitin H. depressa
versus2. Error bars are standard errors of the mean. (Fig. 6a) gand with 410°5 in A. tepida(Fig. 6b). Both re-
gressions are statistically significant at the 95% confidence

times the number of new chambers. The amount of new rowdeVe! (p < 0.05), obtained from regression analyses. For the
of chambers formed bi. depressavas considerably higher H- depress@xperiment, however, ANOVA (analysis of vari-

in seawater with the highes. ance) tests suggests that the overall differences between the
population means (i.e. between the differéngroups) are
3.2 Partition coefficients of Mg and Sr not significant p > 0.05). ForA. tepida in contrast, the pop-

ulation means are significantly differenp &€ 0.005). The
Since the Mg/Ca ratios of the modified seawater were notigher Dyg value found in Group 4 of thA. tepidaexper-
exactly the same between the different experiments (Taiment is considered an outlier and was therefore excluded
bles 1, 2), we plotted the analysed Mg/Ca ratios of calcitefrom line fitting. Scanning electron microscopy suggests that
(Mg/Cacc) versus the ones of seawater (Mgéa(Fig. 5).  the foraminiferal tests in this group are affected by inorganic
In the A. tepidaexperiment, the variation of Mg/Gais neg-  overgrowths (Fig. 7). Although it is difficult to identify this
ligible, which indicates that this parameter is not responsiblephase, it possibly consists of inorganic calcite enriched in
for the observed variation of Mg/Ga(Fig. 5b). Conversely, Mg, precipitated from the highly calcite-saturated seawater.
Mg/Cacc in H. depressancreased slightly with increasing The gradient through the remaining three dataotepidais
Mg/Casw. Although the overall difference between the popu- similar to results from the culture experiments on the plank-
lation means is statistically insignificant (ANOVA> 0.05) tic foraminiferO. universaby Russell et al. (2004) within the
at the 95% confidence level, the significant linear relationshipsame range of calcite saturation state, althobgly values
between Mg/Cg. and Mg/Cay (F-Testp < 0.05) suggestsa for O. universaare by a factor of 3 higher than féx. tepida
concentration effect on the Mg incorporation during this ex- (Fig. 6b). In the study of Russell et al. (2004), the depen-
periment. The data, however, do not follow a single through-dence ofDyg on pH and [C@‘] was stronger at lower cal-
origin linear fit but show considerable deviations from such acite saturation states, compared to higher saturations where
line (Fig. 5a). We calculated the partition coefficients of Mg Dumg seemed to be fairly constant (Fig. 6b). Thgg val-

according to the equation: ues forG. bulloidesas well as forG. ruber (white) from
Kisakirek et al. (2008), by comparison, decreased in a simi-
Dr1e= TE/_QQCC 2) lar way with increasingz, but the gradients were found to be
TE/Caw significantly steeper than those fartepidaandO. universa
(Fig. 6b).

where TE/Cg; and TE/Cgy correspond to the trace ele-
ment/Ca ratio in the foraminiferal calcite and in seawater,
respectively. The observddlyg values forH. depressaiange

Biogeosciences, 7, 86881, 2010 www.biogeosciences.net/7/869/2010/
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Fig. 5. Trace element to Ca ratios in calcite versus seawatéafdr) magnesium an¢t) strontium. Grey squares correspondHtadepressa
whereas the black dots correspond\tdepida Lines going through the origin correspond to D values indicated. Error bajsaf2 based
on multiple measurements and variability during the duration of the experiment.

The patrtition coefficients of strontium fak. tepidaplot- 4 Discussion

ted versus2 display no correlation (Fig. 6¢). In contrast,

Ds; of H. depressancreases linearly witlf2 at a gradient 4.1 The effect of [C&"] on Mg and Sr incorporation

of 9x10-3/Q unit, with a high statistical significance de-

rived from regression analysig ¢ 0.01). In addition, the The influence of [C& on the Mg incorporation in

overall differences between population means obtained fronforaminiferal calcite is rarely investigated. For two benthic

ANOVA are highly significant p < 0.001). The correlation high-Mg species, Segev and Erez (2006) have shown that

betweenDs; and the calcite saturation state far depressa  the absolute Ca concentration does not have a clear effect on

is considerably higher than the slight, increase found by foraminiferal Mg/Ca ratios. Our results show that this may

Russell et al. (2004) for the planktic foraminifér universa  be true for high-Mg foraminifera, sincBmg of the four ex-

(Fig. 6¢). In our experimentDs, for H. depressancreased perimental solutions are not significantly differept 0.05)

by approximately 23%, whered3s, for O. universain the  (Fig. 6a). In contrastDyg of the low-Mg specied\. tepida

Russell et al. (2004) study increased by only 10% over thedecreased significantly with increasing f4 indicating a

same range of2 changes. Interestingly, the amount of Sr distinct effect of seawater [4] on the Mg incorporation

incorporated into tests df.. depressas generally up to two  into shells of this species (Fig. 6b).

times higher compared to the low-Mg foraminifer species for The various C&" concentrations also resulted in various

which the data are shown in Fig. 6c. calcium carbonate saturations of the culturing media. A
number of culturing experiments have shown that the Mg in-
corporation in various planktic species decreases with higher
calcite saturation state2), when( is altered by changing
the [CG] (Kcsakirek et al., 2008; Lea et al., 1999; Russell
et al., 2004; Fig. 6b). Our experiments show that alteting
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by changing the [C&] does result in a similar shiftin Mg 4.2 Possible role of Mg/Ca, on Mg and Sr
incorporation in benthic foraminifera. Theyg values inA. incorporation
tepidadecreasing with increasin@ are in line with those
reported for the planktic species (Fig. 6b), while the slight Since the Mg/Ca ratios of seawater between the different
decrease iDyyg for H. depressas still within reproducibil- ~ solutions displayed some variability (Table 1), we plotted
ity of replicate measurements and thus displays no significanM/Cacc versus Mg/Cay to correct for differences in the
offset (Fig. 6a). The opposite trend (i.e. higher Mg incorpo- culture media and thus obtain fractionation factors for Mg
ration correlated with highe®) has also been reported for in the two investigated species (Fig. 5a, b). Portepida
various benthic species from field surveys (Elderfield et al.,the negligible range of Mg/Gga from 5.1 to 5.3 (Fig. 5b) in-
2006; Healey et al., 2008; Raitzsch et al., 2008). dicates that the observed variation in Mg/Cafoftepidais
Precipitation rate could possibly be responsible for the ob-primarily related to the variation of seawater fCi
served variations in the Mg incorporation into biogenic car- Conversely, Mg/Cgc in H. depressancreased with in-
bonates. Although possibly not directly applicable to the cal-creasing Mg/Cay that had a larger range in culture media
citic shells of foraminifera, laboratory experiments on arag-from 5.2 to 6.2 (Fig. 5a). The partition coefficient shows
onitic corals indeed showed that an increase irf{G&ad @ clear decrease with increasing MgéedFig. 8). This
the same effect on the precipitation rate as an increase ifelationship is very similar to the one depicted by Segev
[CO37] (Gattuso et al., 1998; Langdon et al., 2000). Ratherand Erez (2006) foAmphisteginaspp. and by Mucci and
than by precipitation rate, Gaetani and Cohen (2006) showed/orse (1983) for inorganically precipitated calcites (Fig. 8).
that seasonal variations of Mg and Sr incorporation in coralsBased on the observation that Mg concentrations in high-Mg
are best described by a combination of a temperature effederaminifera are comparable to those in inorganic calcite, it
on element partitioning and variations in the “precipitation seems plausible that the Mg fractionation during calcifica-
efficiency” (the mass fraction of aragonite precipitated from tion in Amphisteginaspp. andH. depressdollows the pure
the calcifying fluid). This, in turn, is most likely driven by inorganic fractionation.
varying efficiency of the Ca-ATPase enzyme pump or ion Mucci and Morse (1983) and Ohde and Kitano (1984)
channel transport (Gaetani and Cohen, 2006). Like coralsshowed that higher Mg/Ga and Mg/Cay also favours Sr
foraminifers possess a variety of such mechanisms to modifyncorporation into CaC@ This may explain some of the
the chemistry of the seawater within isolated pools in order tovariation in Dg; in our Heterosteginaexperiments, which
enhance calcification. These physiological processes may bghowed an increase with increasing MgéeéFig. 6¢). Such
sensitive to ambient environmental conditions (Bentov and@ change inDsr may be related to a very low ion activity
Erez, 2006). of Mg?t in solutions from which low-Mg carbonate is pre-
The interpretation of benthic foraminiferal Sr fractiona- Cipitated, and vice versa (Lorens and Bender, 1980; Morse
tion and the use of Sr/Ca ratios in paleoceanography is lesgnd Bender, 1990). Alternatively, the?Srincorporation is
straightforward than that of Mg fractionation and Mg/Ca ra- facilitated by the creation of cationic sites larger tharfCa
tios as a proxy for seawater temperature. Variations in thedue to the distortion of the calcite lattice produced by the in-
concentration of Sr have been attributed to changes in Sr/Cgorporation of the smaller Mg™ cations (Mucci and Morse,
of seawater (Lear et al., 2003a), hydrostatic pressure ef1983). Both hypotheses could explain why Sr/Ca found in
fects (Elderfield et al., 1996), and temperature and/or carhigh-Mg calcifying organisms is generally a factor of about
bonate ion concentration (Reichart et al., 2003; Rosenthal o higher compared to low-Mg biogenic carbonates (Morse
al., 2006). On the other hand, Sr incorporation in planktic and Bender, 1990). This is in accordance with the distinct
species was shown to increase with increasing pH OI‘?S,[QO partition coefficients of Sr determined for the high-Mg and
(Duehas-Bolbrquez et al., 2009; Lea et al., 1999; Russell etlow-Mg foraminifera in this study (Fig. 5c).
al., 2004) and increasing growth rategékirek et al., 2008). Calculating the theoretical change Dg; for H. depressa
The latter is yet difficult to isolate from variations in temper- Using the observations by Mucci and Morse (1983) and Car-
ature and salinity since both influence the growth rate of thePenter and Lohmann (1992) from inorganic and various bio-
foraminifer. Moreover, the growth rate dependence of Sr/Cadenic carbonates)sr should have increased by merely 1%
shown in the Ksakirek et al. (2008) study is rather small, as a result of the total Mg/Ca increase by 8% (Table 1).
particularly when the measurement uncertainties are considVe observed @s; increase of 23% (Fig. 6¢), suggesting that
ered. However, as we Changed 'f(tiibetween the differ- onIy a small portion of theDSr variation can be attributed to
ent solutions, while keeping [3F] constant, we observed the Mg/Cac increase. Consequently, the obtained increase
nearly perfect through-origin linear correlations between thein Ds; of H. depressds largely related to the variable Ca
Sr/Ca ratios in the shells and the media (Fig. 5¢c). The acconcentrations among the media.
cordantDs; values ofA. tepidadid not vary with changing
Q, whereasDsg, of H. depressadncreased significantly with
increasing (Fig. 6¢).
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Fig. 6. Relation betweeiDyq of cultured foraminifers and calcite saturation state of the medigajdr. depressand(b) A. tepida Error
bars represent standard deviations)(2The partition coefficient®yg of both species decrease with increasihgThe grey data point in
(b) is considered an outlier (see text for details). Additionally plotted are the data of Russell at al. (2004) for the plankti spaties
universa(crosses) ant. bulloides(squares), as well as tli& ruber(stars) data from ksakirek et al. (2008)(c) Partition coefficient for Sr
(Dgy) plotted versus2. Black circles correspond #. tepidg grey squares correspondhio depressaData are plotted along with strontium
data forO. universa(crosses) from Russell et al. (2004).

Hochsp. = 3.00 kV Signal A = SE2
Arbeitsabstand = 11.1 mm

Hochsp. = 3.00 kv Signal A= SE2
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Datum :3 Sep 2008 W Datum :3 Sep 2008

Fig. 7. SEM pictures showing the shell surfacefftepidagrown in the solutions witlga) natural [C§+] and(b) the highest [C%“L]. The
surface in (a) shows a detailed structure of tiny calcite needles, whereas the shell in (b) is covered with a crusted veneer of an unidentified
phase.
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005 M T—T—T—T——TT—"TT—TT—T—TT7 that these species transport Ca using seawater vacuolisation,
since active M&+t removal would more likely result in an
isotopically enriched Mg signature in the intracellular Ca
0.04 - Mg, = 0.07*(Mg/Cag,,) 056 pool. In any version of a calcification model, selective se-
; R2=0.84 questration of Mg+ by organic compounds may be involved
. in reducing the Mg/Ca ratio of the internal calcification fluid
' N H. depressa (Bentov and Erez, 2006).
I The high Mg/Ca ratios itHeterostegina depressaay in-
. dicate that the calcification strategy in this species is funda-
i ol mentally different from that oA. tepida which may in turn
0.02 X\\ ] explain the atypical response of the former group to altered
\ Q. The low partition coefficient for Mg oA. tepida(as in
e e ] most foraminiferal species; Blackmon and Todd, 1959; Erez
0.01 F - — - et al., 2003) compared to those for most other trace elements,
Amphistegina spp. T T T ==———— suggests that foraminifers adopt a physiological mechanism
(Segev & Erez, 2006) T to discriminate between & and Mg+ during production
ol v el of the internal Ca pool. Some species, however, produce cal-
0 1 ) 3 4 5 6 7 3 cite that r_\as a Mg concentr.a_tion comparable_to cglcium car-
Mg/Ca bonates inorganically precipitated from media with Mg/Ca
sw ratios comparable to seawater (Katz, 1973; Oomori et al.,
1987). This suggests that these species do not have this dis-
criminating mechanism and that they solely rely on increas-

similar shape as found by Segev and Erez (2006\faphistegina ing the pH at the Sl.te O.f calcification _(Ergz, 2003; Zegbe and
lobifera (widely dashed line) and. lessonii(closely dashed line) San}{al’ 2002), which is also found in high-Mg spgues (Pe
and by Mucci and Morse (1983) for inorganic calcite overgrowths Nooijer et al., 2009b; Zeebe and Sanyal, 2002). This also im-
(dotted line). plies that Mg/Ca ratios in high-Mg taxa are directly related
to the Mg/Ca ratio in seawater, rather than to absolute con-
centrations of Ca and Mg, which explains the similar Mg/Ca
4.3 Biomineralisation mechanisms ratios inH. depressan our experiment.

0.03 | . Inorganic calcite
*~. (Mucci & Morse, 1983)

DMg
| ==

Fig. 8. Shell Dyg in relation to the Mg/Ca ratio of seawater. The
extrapolated potential fit through the data ffardepressaxhibits a

Based on field studies and culturing experiments showing5 , o
the impact of amongst others temperature, salirityand Conclusions and implications for
seawater elemental concentrations on trace element incor- Paleoreconstructions

poration and stable isotope fractionation, several conceptua&

. . . _Culturing experiments show that the Mg incorporation into
models have been developed to explain these relationships . ; ;
- Shells of Heterostegina depressand Ammonia tepidade-
These models are commonly based on a foraminiferal cal-

e . ) I creased with increasing calcium concentration and thereby
cification pathway starting with seawater vacuolisation (DeCaICite saturation state of the seawafer. The decrease in
Nooijer et al., 2009a; Erez, 2003) and subsequent modifi- y

. L . : Dyg of A. tepidaat a gradient of 4.8107° per Q unit is
cations resulting in the separate production of intracellular "2 S .
. . statistically significant, whereas the onertfdepressas in-
pools containing calcium and carbonate (Bentov and Erez,_ .~ = : - .
s . . Significant. The slight decrease ibyg with increasing
2006; Erez, 2003). The low Mg/Ca ratios in calcite of most : :
species imply that during formation of the internal Ca pool observed in thél. depressaxperiment, however, may rather
P ply tha g form . P99 e related to minor variations in the Mg/Ca ratio between the
these species actively discriminate against Mg so that the C ifferent arouns
pool has a Mg/Ca ratio considerably lower than that of sea- groups.

water. Although not identified directly, this could be caused ez]se;Eﬁg?ﬁ,i{ﬁ?ﬁg?bﬂy I(;];iwg/haamar:zycl)?a:r?rgi](;hin
by selective removal of Mg from the Ca reservoir or by 9 y aepieting Vg 9

. : . Ca in the intracellular calcification pool. The efficiency of
Ca-pumps actively pumping €a from vacuolised seawa-

ter into the Ca reservoir. Both of these mechanisms can ext-hIS mechanism may depend on the ambient seawater con-

plain how foraminifers produce a Ca pool with a low Mg/Ca ditions. The insignificant change ifiwg of H. depressae-
ratio. It has been shown that the Mg isotopes in low-Mg tween the different groups suggests that this high-Mg species

foraminiferal calcite are strongly depleted in comparison to ip:}c::rs:]t:?lcl:aac;ids/lécr:h'wa Tgﬁ?:r?;rs;nﬁ;ﬁ;uggiimZné?#grzlrt]?rcg;_e
those of inorganically precipitated calcite (Pogge von Strand- 9 ' 9

mann, 2008). This implies that the physiological mechanismlelcatlon pathway (e.g., increasing pH by endosymbiotic ac-

reducing Mg/Ca ratios in the intracellular Ca pool selectively tivity).
let in isotopically lighter Mg ions. This, in turn, suggests
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Due to the influence of seawater 4 on Mg/Ca in to the conclusion that 40 Myr ago the Sr/Ca ratio of seawa-
the shallow-water foraminifeA. tepida observed in this ter was much lower~2 mmol/mol) than suggested by the
study, the question arises whether this might also biaforaminiferal study of Lear et al. (2003a). They attributed
paleotemperature estimations based on deep-sea benthice discrepancy between these two studies to the largely un-
species for time periods when the calcium concentratiorknown effects of physiological processes on the elemental
was considerably different from today. Reconstructions ofpartition coefficients. According to the partition coefficient
past [C&1] of seawater using fossil echinoderms (Dickson, determined in this study, the Sr/garatio of 2 mmol/mol at
2002) and fluid inclusions in halite (Horita et al., 2002) sug- 40 Ma BP depicted by Coggon et al. (2010) would have re-
gest that the calcium concentration of seawater decreaseslilted in Sr/Ca ratios ii. tepidathat are by approximately
from ~23 mmol/kg during the Cretaceous to 10 mmol/kg at 1 mmol/mol lower than today. This species seems to be ad-
present. For instance, 25 Myr ago seawatef{Gavas about  equate for testing this hypothesis since our study shows that
1.5 times higher than in the modern ocean. In our culturethe Sr incorporation is not affected by the Ca concentration,
experiments, Mg/Ca ratios iA. tepidawere found to be and the effects of salinity and pH on Sr/Ca seem to be com-
1.6 mmol/mol at this Ca concentration, whereas Mg/Ca wagaratively small, with sensitivities of roughly 0.1 mmol/mol
1.8 mmol/mol at modern [Gd]. Using a general Mg/Ca- per 9%o and 0.1 mmol/mol per 0.8 pH unit, respectively (Dis-
temperature relationship, this change in Mg/Ca would im-sard et al., 2010a, b).
ply a temperature increase since 25Ma of more tha@.2
However, it is not only [C&'] that has changed over time, AcknowledgementsiVe thank Gijs Nobbe, Paul Mason, and He-
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