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Abstract

We have investigated the strontium isotope fractionation (A*®*Sr-.q) between inorganic calcite
and aqueous Sr*” ions by precipitation experiments at a constant temperature of 25°C and
precipitation rates (R) ranging from 10> to 10** pmol/m?/h. Strontium isotope ratios were measured
using the ¥’Sr-*Sr double spike technique. It was found that strontium isotope fractionation in these
calcites is strongly dependent on the precipitation rate:

A¥6Sr i aq = -0.08 * log(R [umol/m?*/h]) + 0.08
The measured 8***Sr values are significantly correlated with previously measured §*/*°Ca and
Sr/Ca values of the same calcite samples:

AW o 0g = +0.18 * A%49Cay o - 0.01

ABBSE = -1.5 % K¢ - 0.03
The slope of *Sr/**Sr versus *Ca/*Ca fractionation is 0.18 + 0.04 and compatible with a kinetic
fractionation during dehydration of the strontium and calcium ions, but not with isotope
fractionation in a diffusive boundary layer. Using published equilibrium A**’Caup..q and K values
we estimate the equilibrium isotope fractionation of strontium to be very close to zero (A*™*Sreqcar-
ag = -0.01 = 0.06%o0). This estimate is confirmed by strontium isotope values of natural inorganic
calcites that precipitated very slowly in basalts of the ocean crust.
The results from the inorganic calcites are used to explain strontium isotope fractionation of
planktic foraminifera. Specimens of two warm water species (Globigerinoides ruber and
Globigerinoides sacculifer) were picked from the Holocene section of a Caribbean sediment core.
We found no significant difference in 8*/*Sr between the two species. In addition, G. ruber
specimens from Marine Isotope Stage 2 in the same core show 8**Sr values identical to the

Holocene specimens.



The strontium isotopes of both foraminifera species are strongly fractionated (A¥®*Sr up.aq = -0.248
+ 0.005%o0) when compared to published data of other major marine calcifiers. Applying the results
from the inorganic precipitation experiments we find that the strong foraminiferal strontium isotope
fractionation can be explained by calcification in a largely open system at high precipitation rates,
comparable in magnitude to rates known from scleractinian reef corals. This interpretation is in
good agreement with the kinetic calcification model for planktic foraminifera by Kisakiirek et al.

(GCA 75 (2011), 427), which was based on calcium isotopes and elemental Sr/Ca ratios.
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1. INTRODUCTION

Planktic foraminifera are among the most important calcium carbonate (CaCOs) producers in the
modern oceans, responsible for about 20% of the global CaCOj; accumulation flux. Thus, they play
an important role in the marine calcium cycle (Milliman and Droxler, 1996; Schiebel, 2002).
Strontium and calcium cycling are closely coupled in the marine environment. With an average
strontium concentration of about 1300 pg/g (Carpenter and Lohman, 1992) planktic foraminiferal
calcite also represents an important strontium sink, responsible for about 5-10% of the marine
strontium burial flux (Krabbenhoft et al., 2010).

Recent compilations of the marine strontium isotope budget show that several major CaCO;
producers (reef corals, Halimeda, coccoliths, molluscs) have A¥*6Sr ., values between -0.2 and
-0.1%o, while planktic foraminifera have a significantly lower A®®*¢Sr .. value of about -0.25%o or
even less (Krabbenhoft et al., 2010; Liebetrau et al., 2009; Stevenson et al., 2010; A™*Sr 1, o =

O* ST ampte = 0% Stuia, 8°¥*°St = [(**Sr/*St)sampte / (**ST/*St)standara - 1] * 1000). Therefore shells of
planktic foraminifera may constitute a significant sink of isotopically light strontium in the global
strontium cycle.

Little is known about fractionation mechanisms of strontium isotopes during mineral formation.
The recent developments in the precision of strontium isotope fractionation analysis (Fietzke and
Eisenhauer, 2006; Ohno and Hirata, 2007; Krabbenhéft et al., 2009) have provided data for the first
overviews of the strontium isotope systematics in marine biogenic carbonates and for continental

weathering (Halicz et al., 2008; Riiggeberg et al., 2008; de Souza et al., 2010; Krabbenhoft et al.,



2010). However, systematic investigations of strontium isotope fractionation during mineral
formation are still very rare (Fietzke and Eisenhauer, 2006; Halicz et al., 2008).

On the other hand, investigations of calcium isotopes in experimentally precipitated and
diagenetically altered calcite have provided evidence for very strong precipitation rate effects on
isotope fractionation (Lemarchand et al., 2004; Fantle and DePaolo, 2007; Tang et al., 2008b). In
order to find out whether similar kinetic effects also control strontium isotope fractionation, we
investigated inorganic calcite samples that were precipitated in experiments with a given range of
distinct precipitation rates at constant temperature. The same samples were previously studied for
elemental strontium partitioning and calcium isotope fractionation (Tang et al., 2008 a, b). Results
from these two studies showed an inverse linear correlation between strontium partitioning (K> =
(Sr/Ca)catcite / (St/Ca)puia) and calcium isotope fractionation (A***Cacup.aq = 0****Cacatcire - 8**°Caguia),
which are both mainly controlled by precipitation rate. Based on these results, planktic foraminifera
data were interpreted by Kisakiirek et al. (2011) to indicate calcification at high rates in a semi-open
system, with less than half of the available calcium being utilized for calcite precipitation.

In this study, we measured the strontium isotopic composition (8**Sr) of inorganic calcite and of
two species of planktic foraminifera, Globigerinoides ruber and Globigerinoides sacculifer, to test
two hypotheses: 1. whether strontium isotope fractionation in calcite depends on precipitation rate,
and 2. whether the relatively strong strontium isotope fractionation of planktic foraminiferal calcite

is caused by high calcification rates.

2. MATERIAL AND METHODS

2.1. Foraminifera

Piston core SO 164-03-4 was collected from 2745 mbsl (meters below sea level) at the Beata Ridge
in the Central Caribbean (16°32.37'N, 72°12.31'W) during the Sonne cruise SO164 in May 2002.
Planktic foraminifera of the species Globigerinoides sacculifer and Globigerinoides ruber were
picked from soft sediments in the upper 1.2 m of the core, consisting of sandy clay (Niirnberg et al.,
2003). The sampled Holocene interval, 10-43 cm, corresponds to an age from about 1 to 7 ka (based
on unpublished oxygen isotope data measured on benthic foraminifera, Cibicidoides wuellerstorfi,
by Joachim Schonfeld, IFM-GEOMAR, Kiel). In addition we measured G. ruber specimens from
about 1 m depth, corresponding to Marine Isotope Stage 2 (last glacial maximum), about 22-25 ka.
The glacial specimens formed at a lower temperature than the Holocene specimens and were used

to check for a possible temperature dependence of foraminiferal strontium isotope fractionation. For
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each strontium isotope analysis 50 to 80 specimens were picked from the 315 - 355 pm size
fraction, corresponding to a sample weight of about 1 mg. Sediment samples were freeze dried,
washed and sieved (>63 um) before picking. The foraminifera were crushed, ultrasonically treated
for 30 s and washed with water several times. Subsequently they were washed twice with methanol
and rinsed with water, in order to remove any remaining clay particles. The washed samples were
treated with a NaOH buffered H,O- solution and heated to about 95 °C for 20 minutes. Finally, the
samples were washed twice with water, dried, and dissolved in doubly distilled ca. 1.5 N HNO;.
The solutions were evaporated under infrared light and redissolved in 200 pl of 8 N HNO:s.

2.2. Inorganic calcite

Inorganic calcite samples were available from a previous study of strontium incorporation and
calcium isotope fractionation described in Tang et al. (2008 a, b). In these experiments calcite was
precipitated spontaneously using an advanced CO,-diffusion technique adapted from Dietzel and
Usdowski (1996) and Dietzel et al. (2004). This technique allows to simultaneously control
precipitation rate and temperature.

Briefly, various precipitation rates were adjusted by the CO, flux through a polyethylene membrane
at a constant temperature of 25°C. SrCl,»6H,O (Merck pro analysi) was added to 5 L of a CaCl,-
NH,CI solution (10 mM CaCl,, 5 mM NH,4CI) with an ionic strength of about 0.035 M. The molar
Sr/Ca ratio in solution was about 0.01. Less than 2% of the strontium in solution was precipitated
during the experiments. The pH was kept constant during precipitation at 8.3 by pH-stat titration
with a NaOH solution. Precipitation rates were calculated from the total amount of calcite
precipitated, the time period of calcite growth, and the average crystal surface area for each
experimental run (Tang et al., 2008a).

Six samples from these experiments were selected for strontium isotope analyses (Table 1) to cover
the whole available range of precipitation rates. From each of the 6 experiments between 1 and 7

mg of calcite were dissolved in ca. 1.5 N HNOs, dried down and redissolved in 8 N HNO;.

2.3. Natural calcite cements

Two samples of inorganic calcite precipitated in veins during low temperature alteration of ocean
crust basalt were picked from cores drilled during DSDP Leg 37 (Mid-Atlantic Ridge, 37°N, water
depth 3188 m). Two samples were collected from centimetre-sized veins, using a hand-held

microdrill. Several mg of calcite powders were collected for each sample, dissolved in ca. 1.5 N
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HNO;, dried down and redissolved in 8 N HNO;.

The basalts at this site formed during geomagnetic polarity chron C5r (11 to 12 Ma, Miles and
Howe, 1977; Gradstein et al., 2004). The calcites precipitated slightly later, at about 7 Ma, as
evident from the radiogenic ¥Sr/* ratios of the samples (Table 2). Oxygen isotope values of the two
samples indicate formation in deep water at temperatures of about 2°C. Due to the limited supply of
carbonate ions in the cold deep water, these calcite cements presumably grew with very slow
precipitation rates and show quasi-equilibrium values for calcium isotopes (Bohm et al., 2009).
Using the rate dependence of K,* from Tang et al (2008a) and measured Sr/Ca ratios of the calcite
samples (Table 2) we can roughly estimate the precipitation rate of the vein calcites to be in the
order of 10 umol/m*h. This value is calculated adopting the modern seawater Sr/Ca of 8.6
mmol/mol in North Atlantic deep waters (deVilliers, 1999). If seawater Sr/Ca at 7 Ma was lower
than in the modern oceans (about 7 mmol/mol, Coggon et al., 2010) then precipitation rates would
have been slightly higher, corresponding to about 30 pmol/m*/h. In both cases calcium isotopes
would be close to equilibrium (A***Cacym..q 0f approximately -0.3%o or -0.4%o, respectively, Tang et

al., 2008b).

2.4. Strontium isotope analysis

Strontium isotope fractionation (8*/*°Sr) as well as radiogenic strontium (*’Sr/**Sr) were measured
on aliquots of each sample, following the procedure described in Krabbenhoft et al. (2009).
Measurements were carried out at the IFM-GEOMAR mass spectrometer facilities in Kiel,
Germany, with a Finnigan (ThermoFisher) Triton TI (Thermal Ionization Mass Spectrometer,
TIMS). Samples containing 560 to 2400 ng of strontium were split into two aliquots. One aliquot
was spiked with a ¥Sr/**Sr double spike to measure 8**Sr, with about 95% of **Sr contributed by
the spike to the total **Sr in the spike-sample mixture (Krabbenhéft et al., 2009). Strontium of
spiked and unspiked sample aliquots was extracted from the sample matrix with a chromatographic
column setup, using 200 to 300 ul of Eichrom SrSpec resin for samples with 280 to 1200 ng
strontium. Samples were loaded and washed with 8N HNOs. Strontium was eluted with 6 ml
ultrapure H,O (18.2 MQ*cm at 25°C). After separation samples were dried down in teflon beakers
and boiled at 120°C for several hours with a 1:1 mixture of HNO; (65%) and H,O, (30%) to remove
residual resin. Finally samples were dried again and 140 to 600 ng of strontium were loaded with
H;PO, and TaCls activator onto Re filaments. No column chemistry was carried out for preparation

of the standard (NIST SRM 987) and for the SrCl, used in the calcite precipitation setups.



Measurements were made with single filaments at a temperature of about 1350-1400°C and a
typical *Sr signal intensity of about 50 pA corresponding to a voltage of 5V. Signals of masses 84
to 88 were recorded simultaneously. Mass 85 was used to correct for ¥Rb interferences, assuming a
natural ¥ Rb/*Rb ratio of 0.3857.

Spike correction and normalization of the results was carried out as described in Krabbenhoft et al.
(2009). Radiogenic ¥Sr/*Sr ratios were determined by normalizing the spike corrected *’Sr/*Sr’
ratios (for definition see Appendix A in Krabbenhéft et al., 2010) to the recommended *Sr/**Sr ratio
0f 0.1194 (Nier, 1938, Steiger and Jager, 1977). The standard NIST SRM987 was measured with an
average *’Sr/*Sr value of 0.710233(8) (1 sd, n = 12). Radiogenic *’Sr/*Sr ratios of all natural
samples were adjusted to a ¥Sr/*Srsrmoss 0f 0.710248 for comparison with values of the "Strontium
Isotope Stratigraphy" of McArthur and Howarth (2004).

The *Sr/*Sr ratios are reported in the common delta notation relative to NIST SRM987: §*/%Sr =
[(**St/*S1)sampte / (**St/*°Sr)srmos7 - 1] * 1000 using the *Sr/**Sr ratio of SRM987 standards measured
during the same session as the samples. The isotope fractionation is given as A¥*6Sr i 0q =

O*¥ ST catcite - 05 *6Srpyia. Errors are based on repeated analyses of samples and standards and are
given as 2SEM (standard error of the mean), unless noted otherwise. The average **Sr/*Sr ratio of
SRM987 was determined as 8.37515(14). The long-term analytical precision for 8***Sr was
determined from repeated measurements of SRM987 as £0.01%o (1sd, n = 12).

Two batches of SrCl, were used in the calcite precipitation experiments, showing different *’Sr/**Sr
ratios [0.70784(2) and 0.70869(1)] but similar 6***Sr values (0.158+0.006%o, n=7, and
0.154+0.009%o, n=5). We therefore pooled all measured 6***¢Sr values of the two batches, resulting
in an average 8***Sr of 0.156+0.005%o (2 SEM, n = 12). This value was adopted for the strontium
isotopic composition of the fluids used in all precipitation experiments.

With only up to 2% of the dissolved strontium used in the experiments, the influence of Rayleigh
fractionation effects is insignificant (<0.002%o for bulk calcite samples). Up to 15% of the calcium
in solution was taken up by the precipitated calcite introducing a small systematic bias of up to
0.09%o to the A***Caup.oq values. Calcium isotope values were therefore Rayleigh fractionation
corrected based on data from Tang et al. (2008b) (Table 1). The strontium distribution coefficients
(K™ listed in Table 1 were corrected for Rayleigh distillation effects by Tang et al. (2008a).

3. RESULTS

The results of the strontium isotope analyses are shown in Tables 1, 2, and 3. The average



radiogenic ¥'Sr/*Sr ratios of Holocene G. ruber, glacial G. ruber, and Holocene G. sacculifer are
0.709176(5), 0.709173(4) and 0.709167(10), respectively. The values are indistinguishable within
error (p = 0.25, t-test). They are identical within statistical uncertainty to the average *'Sr/*Sr ratio
of modern seawater calculated from three recent publications (0.709175(8), McArthur et al., 2006,
Fantle and DePaolo, 2006, Krabbenhoft et al., 2009, prper = 0.80, Psaceuiiter = 0.34, t-test) indicating
the preservation of a pristine seawater signal in the sampled foraminiferal calcite.

The average A*®**Sreu.q values of Holocene G. ruber (-0.25 + 0.01%o), glacial G. ruber (-0.25 +
0.01%o0), and Holocene G. sacculifer (-0.25 + 0.01%o) are indistinguishable within error (Pruber-saccutier
= 0.81, Prolocene-ghacial = 0.30, t-test). There is no significant temperature influence on the A*®Sr up.q
values in the Holocene-glacial G. ruber data (R*=0.28, p = 0.27, linear regression).

Strontium isotope fractionation (A*®*™Sr.,.,) during the experimental calcite formation is
significantly influenced by precipitation rate (Fig. 1). The resulting regression equation (with 95%

confidence intervals) is:

At 0 [%0] = (<0.084 £ 0.044) * log(R[pmol/m*/h]) + 0.08 + 0.15; (R* = 0.87, p = 0.003) (1)

Comparison with the strontium distribution coefficient (K,*") measured on aliquots of the analyzed

samples shows a significant negative correlation between A*®**Sr.,, . and K™ (Fig. 2):

A0S paq [%0] = (-1.50 £ 0.7) * K - 0.03 + 0.09; (R> = 0.89, p = 0.002) 2)

Assuming that the equilibrium K,* of calcite is close to zero (Tesoriero and Pankow, 1996, Tang et
al. 2008a) we can use y-axis intercept of the regression equation (Eq. 2) to estimate the equilibrium
fractionation of strontium isotopes for calcite to be A**Sreqcarb-aq) = -0.03 £ 0.09%o. The two
analyzed natural calcite samples show A**®Sr .44 values in this range (Fig. 2).

Calcium isotope fractionation was previously measured on aliquots of the analyzed samples (Tang
et al., 2008b). A regression between strontium isotopes and calcium isotopes shows a highly

significant positive correlation (Fig. 3):

At 0 [%0] = (0.176 £ 0.04) * A¥4Cay0q [%o] - 0.01 £ 0.05; (R*=0.97, p=0.0001)  (3)

The natural calcites fit very well on this regression (Fig. 3). Again we can estimate A***Steq(carb-aq)

from the regression intercept, assuming A**Cacq(carb-aq = 0.0%o0 (Fantle and DePaolo, 2007):



A¥S o carbaq) = -0.01 £ 0.05%o. Both estimates, based on K* and A**Cayp-aq, agree within
uncertainties and show an equilibrium strontium isotope fractionation (A**$Sreqcarb-aq) Very close to

Z€10.

4. DISCUSSION

4.1. Inorganic calcite

Our results show a significant rate dependence for strontium isotope fractionation in calcite. We
observe increasing discrimination of heavy strontium isotopes with increasing precipitation rates
(Fig. 1). In this regard strontium isotopes behave like calcium isotopes, which also show a negative
correlation between precipitation rate and isotope fractionation (Tang et al., 2008b). The
precipitation rate effect on calcium isotopes has been explained by two alternative models, both
based on the interplay of kinetic and equilibrium isotope fractionations.

In the "surface entrapment model" (Watson, 2004; Tang et al., 2008a, b) kinetic fractionation leads
to a preferential incorporation of light isotopes at the crystal surface. Subsequently, isotopic
equilibrium is slowly approached through ion diffusion in the near surface region of the growing
crystal. The isotopic equilibration of the former surface layer is eventually stopped when it is
trapped under further crystal layers and diffusional ion exchange with the fluid is halted. The higher
the precipitation rate the shorter is the time available for isotopic equilibration.

In the "surface reaction kinetic model" (DePaolo, 2011) kinetic fractionation during precipitation
again leads to an enrichment of light isotopes in the crystal surface layer. Isotopic equilibration is
approached by ion exchange between fluid and crystal surface, i.e. by precipitation/dissolution
(forward/backward) reactions. Eqilibration is halted when due to continued growth the crystal layer
is no longer in contact with the fluid.

In both models the isotopic composition of the crystal reflects equilibrium fractionation at slow
precipitation rates and kinetic fractionation when crystal growth is fast. Both models can explain the
interdependencies of rate and temperature controls of calcium isotopes as well as the Sr/Ca ratios
observed in calcite (Tang et al., 2008a, b). By analogy with the calcium isotopes the two models can
also be used to explain the rate dependence of strontium isotopes in the inorganic calcite samples.
Two major factors control the isotopic rate effect of cation incorporation in a growing crystal: (1)
the isotopic difference between the kinetically fractionated surface layer and the equilibrium

composition; (2) the rate of isotopic equilibration of the crystal surface layer. The latter depends on
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the cation diffusivity in the near surface layer of the crystal (surface entrapment model) or on the
ratio between net precipitation rate and dissolution rate (surface reaction kinetic model). From this
point of view comparing the rate dependencies of calcium and strontium isotopes may provide clues
to the fractionation mechanism that leads to the isotopic enrichment of the surface layer.

It is well known that calcite crystals preferentially take up light calcium isotopes, with fractionation
(A*™Cacarpaq) commonly between -0.5 and -1.0%o, approaching -1.5%o in some cases (e.g. Marriott
et al., 2004; Lemarchand et al., 2004; DePaolo, 2004; Gussone et al., 2003, 2005, 2007). Equivalent
preferential uptake of light strontium isotopes has been observed in several studies of calcite and
aragonite (Fietzke and Eisenhauer, 2006; Ohno and Hirata, 2007; Halicz et al., 2008; Riiggeberg et
al., 2008; Krabbenhoft et al., 2010; Knudson et al., 2010) and is also evident from the results of this
study (Fig. 2).

On the other hand, it has been shown that the calcium isotopic compositions of calcite and ambient
pore fluids are very similar (A***Cacqcarv-aq = 0.0%o0) in systems where sufficient time is available for
isotopic equilibration (Fantle and DePaolo, 2007; Jacobson and Holmden, 2008; B6hm et al., 2009).
This seems to be the case for strontium isotopes t00 (A**6Steycarb-aq = 0.0%0, Fig. 1). Therefore, in
accord with the two rate models described above, the discrimination of heavy calcium and
strontium isotopes during crystal formation is most likely a process occurring at the surface of the
crystal under non-equilibrium conditions. It is caused by kinetic isotope fractionation (A***Cayin(car-
aq) < -1.5%0; A¥®Stiinccarb-aq) < -0.3%0). Equilibrium fractionation of calcite does not partition isotopes
of either element (A***Cacycarb-ag) = 0%0; A¥™*STeq(carb-aq) = 0%o0). Consequently, the observed
correlation of the rate dependent calcium and strontium isotope fractionations and the slope of the
resulting regression line (Eq. 3, Fig. 3) should primarily reflect the ratio () of the respective Axinccarb-

aq Values of the two elements:

A88/%SI‘kin(carb—aq) = B * A44/40(:a-kin(carb—aq) or B = ASS/86SI'I<in(carb»aq) / A44/40(:a-kin(carb—aq) (4)

Eq. (4) can be interpreted to reflect the different masses of strontium and calcium with the
assumption that the two elements differ in their reduced partition function ratios and reaction rate
constant ratios only due to their different masses. This approach is certainly a crude approximation
but, with the similar chemical behaviour of the two elements, may nevertheless provide some
information about the possible frationation mechanisms that lead to the observed linear correlation

of A®¥St 1b0q and A**Cacaaq.

Eq. (4) can be derived from Eq. (5), the general equation for the mass dependence of isotope



fractionation (Young et al., 2002)

88/8

6(erin(calrb-aq) = 44/40(xkin(carb-aq)B or ln(88/86akin(carb-aq)) = B * ln(44/40(xkin(carb-aq)) (5)

by recasting with Acubaq = 1000 In(Clcarraq). The exponent B in Eq. (5) is a function of the respective

isotope masses and the fractionation mechanism (Young et al., 2002)

Beq = (87.906™" - 85.909) / (43.955" -39.963") =0.12 (6)
Buin = log(Msin / W) / 10g(Meam / Hean) (7a)
Bairr = log(87.906 / 85.909) / log(43.955/39.963) = 0.24 (7b)

for equilibrium, chemical kinetic, and diffusional kinetic fractionation mechanisms, respectively.
The masses in Egs. (6) and (7b) are the atomic masses of the strontium and calcium isotopes of
interest. Masses in Eq. (7a), lin and Wig), represent reduced masses for the heavy and light isotopes
of element 1, respectively, where i = M * m; / (M + m;). Symbol m; denotes the atomic isotope mass
of interest, M is the mass of the molecules contributing to the reacting complex bonded to the
element of interest (Young et al., 2002).

The resultant value for equilibrium fractionation (Eq. 6) is Beq = 0.12, calculated with the atomic
masses of calcium and strontium. This is significantly lower than the measured value of 0.18+0.04
(Eq. 3). However, the observed value is close to By, = 0.19+0.04 for chemical kinetic isotope
fractionation during dehydration of Sr** and Ca*" aquocomplexes, having 6 to 8 water molecules in
the inner hydration sphere (Megyes et al., 2004; Seward et al., 1999; Tofteberg et al., 2006). The
latter range of Py, values is calculated with Eq. (7) by adopting the reduced masses of the
aquocomplexes calculated with M = 108.1 amu for (H,O)s, M = 144.1 amu for (H,O)s and the
respective atomic strontium and calcium isotope masses.

Alternatively, kinetic fractionation during aqueous cation diffusion through a diffusive boundary
layer (see Section 4.2) may explain the observed slope B. It was recently suggested that the atomic
masses determine the fractionation of ions diffusing in water. The fractionation factor is further
controlled by the residence time (ts) of water molecules in the inner solvation shell of the diffusing
cation-aquocomplexes (Bourg et al., 2010). Assuming that Sr*" and Ca®" have similar T, (Kerisit and
Parker, 2004) we can calculate Bar= 0.24 with Eq. (7b). This value is significantly higher than the
observed P of 0.18+0.04. In addition, as will be shown in the next section, the isotope fractionation

effects of cation diffusion in water are much too small to explain the observed isotope fractionation
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of calcium and probably also of strontium.

We therefore suggest that chemical kinetic isotope fractionation (Bigeleisen, 1949) involving
dehydration of Sr* and Ca* ions could be the primary mechanism responsible for the enrichment of
light calcium and strontium isotopes in calcite crystals. Sr** and Ca*" ions in aqueous solution
obviously have to be dehydrated before they can be incorporated into the calcite crystal lattice (e.g.
Raiteri et al., 2010; Marriott et al., 2004). This process can cause a kinetic isotope fractionation with
a preferential dehydration of the lighter isotopes, which then could be more readily incorporated in
the crystal lattice (DePaolo, 2011). This kinetic isotope partitioning can be temperature dependent,
with decreasing partitioning at higher temperatures, because it involves the breaking of bonds
(Bigeleisen, 1949). This temperature dependence of the dehydration induced kinetic isotope
fractionation could explain the similar temperature control on the calcium isotopic composition of
aragonite, calcite, and possibly calcium passing through biological membranes, which was observed
in several previous studies (Gussone et al., 2003, 2005, 2006; Marriott et al., 2004; Bohm et al.,
2006; Griffith et al., 2008b; Tang et al., 2008b).

As shown above the A**Srincarb-aq/A***Caingearb-aq) Tatio observed in our data (Fig. 3, Eq. 3) can be
explained by mass-dependent isotope fractionation. However, it is likely that differences in the
chemical behaviour of the two elements additionally influence and modify the A*®***Sryiycarb-

20/ A Cagin(cav-aq) Tatio. Nevertheless, the agreement between the observed slope (0.18+0.04) and
the A*™*6Sryincarb-aqy/ A*Y**Cagingearb-aq) Tatio expected for mass-dependent kinetic isotope fractionation
(0.194+0.04) 1s in line with chemical kinetic isotope fractionation being the dominant mechanism
responsible for the observed correlated rate effects.

Chemical kinetic isotope fractionation has previously been proposed to play a dominant role for the
partitioning of magnesium and calcium isotopes during calcite precipitation (e.g. Gussone et al.,
2003; DePaolo, 2011; Wombacher et al., 2011). Our results indicate that the same fractionation

process may also control strontium isotope incorporation into calcite.

4.2. Diffusive boundary layer

It has been suggested that significant calcium and strontium isotope fractionation may occur in the
diffusive boundary layer that forms around growing crystals and living organisms (Fantle and

DePaolo, 2007; Watson and Miiller, 2009). Diffusive boundary layers (DBL) form due to the

depletion of the fluid in elements or isotopes that are preferentially taken up by the crystal or
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organism. This selective uptake leads to the formation of gradients between the surface of the
particle and the bulk solution (Zeebe and Wolf-Gladrow, 2001). Gradients in the concentrations of
0,, CO,, COs*, H" and Ca’" have been observed in water around living symbiotic foraminifera (e.g.
Kohler-Rink and Kiihl, 2005; de Beer et al., 2008) and at the surface of corals (Al-Horani et al.,
2003). The maximum thickness of these boundary layers is determined by micro eddies in turbulent
water (about 1 mm in ocean water), or is in the same order of magnitude as the particle radius
(Zeebe and Wolt-Gladrow, 2001). In stirred solutions like in our experimental setup the boundary
layer thickness can as small as 20 um (DePaolo, 2011). Kohler-Rink and Kiihl (2005) observed a
decrease in [Ca*"] of about 5% between bulk solution and the surface of a shell of a calcifying
planktic foraminifer. They calculated a diffusional transit time for Ca®* ions through a 0.4 mm thick
layer of about 4 minutes. Based on these observations it is plausible that calcium or strontium
isotopes are fractionated in a diffusive boundary layer, however, the magnitude of this fractionation
is not clear.

In solutions with very high [Ca®"]/[CO*] ratio, like in seawater or in our experiments, the limited
supply of COs* ions for precipitation of calcite prevents the development of a strong diffusional
[Ca*] gradient (DePaolo, 2011; see Appendix). On the other hand, Fantle and DePaolo (2007)
suggested that the enrichment of heavy calcium isotopes in a diffusive boundary layer around fast
growing calcite crystals could explain results of Lemarchand et al. (2004). The latter observed an
increase in 8***°Ca of calcite with increasing precipitation rate, opposite to the later observations of
Tang et al. (2008b). Originally, Lemarchand et al. (2004) had explained this observation by the
entrapment of an increasing percentage of unfractionated dissolved Ca*" at very fast crystal growth
rates. Much lower 3*/*°Ca values at low growth rates were explained by partial isotopic
equilibration between fluid and crystal. Lemarchand et al. (2004) consequently estimated the
equilibrium *Ca/**Ca fractionation of calcite (A**°Caeycarbaq) as on the order of -1.5%o. In a study of
the isotopic composition of pore fluids in Neogene calcite oozes from the Ontong Java Plateau
Fantle and DePaolo (2007) showed that calcium isotope equilibrium fractionation should in fact
lead to high 6***°Ca values, thereby disproving the model of Lemarchand et al. (2004). Additional
evidence for the boundary layer model of Fantle and DePaolo (2007) was provided by the strongly
reduced isotope fractionation in experiments by Lemarchand et al. (2004) where the growth solution
was stirred, while much stronger fractionation effects were found in unstirred experiments.

Neither Lemarchand et al. (2004) nor Fantle and DePaolo (2007) attempted to quantify the
fractionation processes in the diffusive boundary layer. New experimental and theoretical results

(Bourg et al., 2010; Watson and Miiller, 2009) have recently provided the basis for a quantification
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of such processes. We therefore developed a set of equations based on the diffusion model of
Watson and Miiller (2009) and the measurements of diffusive calcium isotope fractionation in water
(Bourg et al., 2010) to quantify the isotope fractionation in diffusive boundary layers. We use a
simplified 1-dimensional steady state approach (Watson and Miiller, 2009). This approach provides
an upper limit for possible isotope fractionation effects, because the latter are maximized for 1-
dimensional diffusion and for steady state (i. e. for a constant concentration gradient in the diffusive
boundary layer).

To calculate isotope fractionation effects in the diffusive boundary layer we use three equations
describing the composition of the DBL at the liquid-crystal boundary (see Appendix for derivation
of the equations). The solute concentrations of the major calcite constitutents, Ca** and COs?*, are

described by Eq. (8):

CL=(Co*D-V*BT*Cx)/(D-V*BT) (8)

Cp (C%, C%)) is the ion concentration at the liquid-crystal boundary (mmol/cm?). V is the crystal
extension rate (cm/s), which is related to precipitation rate, R, by V=R * M. / pe, With the
molecular weight (M. = 100.0869 g/mol) and the density (p.. = 2.71 g/cm?) of calcite. BT is the
boundary layer thickness (cm). D is the diffusion coefficient (D¢, = 7*10° cm?/s, Boudreau, 1997,
Dcos = 8*10° cm?/s, Wolf-Gladrow and Riebesell, 1997). C, and C, are the concentrations in the
calcite crystal and in the bulk fluid, respectively (C®, = C“, = 27.1 mmol/cm’, C*%; = 10.3
umol/cm?®, C“%; = 0.26 umol/cm?®; with C®%, for warm ocean surface waters).

The latter numbers show that concentrations increase by several orders of magnitude between bulk
fluid and calcite crystal. Therefore high precipitation rates can only be maintained if very thin
boundary layers allow a sufficiently fast diffusive transport of the rate limiting ions, i.e. of CO;* in
seawater-like solutions. The maximum rates in our experiments (10** pmol/m*h) can only be
maintained with a boundary layer thickness of less than about 0.05-0.1 mm (see Appendix, Table
A2).

The difference in the calcium isotopic composition between bulk fluid and the fluid at the liquid-

crystal interface is given by:

A Capp = (C% * 0™y * Dey / (V * BT * (0, * CC% - C) + o™y * D, * C) -1) * 1000 (9)

C is calculated with Equ. (8). There are two different isotope fractionation processes that modify
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the composition of the diffusive boundary layer. One is reflected in the fractionation factor o™y

which describes the *Ca/*Ca fractionation during diffusive transport of calcium in water,
D*c./D*,. Bourg et al. (2010) determined o**; = 0.99957. The faster diffusive transport of light
calcium leads to an enrichment of light isotopes in the boundary layer compared to the bulk fluid.
The second mechanism changing the isotopic composition in the DBL is the preferential uptake of
light calcium by the calcite crystal, reflected in o**;. For room temperature o™, was estimated to be
about 0.9985 (-1.5%0) by Lemarchand et al. (2004), in general agreement with the DePaolo (2011)
model results (-1.6 to -1.7%o) and with our experimental results (-1.6%o, see Fig. 3). A lower value
for o™ (0.9980, -2.0%0) was reported by Reynard et al. (2011). We use 0.9985 in Eq. (9) which
results in a maximum A**Capp; of 1.07%o with the unrealistic assumption that calcium can be
completely depleted at the liquid-crystal boundary, or more realistically, 0.05%. if calcium depletion
is limited by carbonate ion availability as discussed above (Figure 4; see also Appendix). With the
lower o, value of Reynard et al. (2011) the maximum A*“*°Capg;. would increase to 1.57 or 0.07%o,
respectively. In any case, the heavy isotope enrichment effect of o™ dominates over the diffusive
depletion, o**y. Therefore A**°Capg; is always positive. It increases with increasing crystal growth
rate (Fig. 4) and with increasing boundary layer thickness (Table A1). This can be different for
DBLs in media where o**4 is smaller than oy, e.g. in hot silicate melts (Richter et al. 2003).

In general A**Capg, is a linear function of the relative depletion of calcium in the DBL, C/C,
(Fig. 5). At higher C®, the relative depletion C, is less strong for given V and BT values.
Therefore the magnitude of A**°Capg; decreases with increasing bulk calcium concentration C
(Fig. 4).

The DBL effect on strontium isotopes is quantified by

A88/8éerBL — ((V %k BT sk 0688(1 % (KdSr %k CCaX _ CCaL) + (x88d %k DSr *CCaL) /
(V * BT * (0%, * K& * C%% - C) + a3 * Dy, * C1) -1) * 1000 (10)

K™ is the distribution coefficient of strontium between fluid and calcite. We use K = 0.11, the
average from Table 1. Ds,, the diffusion coefficient for Sr** in water, is very similar to that of Ca**
(Li and Gregory, 1974). We therefore use the same coefficient for calcium and strontium. Assuming
that isotope fractionation during diffusion of Sr** and Ca** depends primarily on the different
isotope masses, as discussed in the previous section, we estimate 0**y = Dggs,/Dsss: to be 0.99990 (-
0.1%o), analogous to Dasca/Daoca. For o**, we use a value of 0.9997 (-0.3%o), which corresponds to

the lowest A**6Sr .., value observed in our experiments (Fig. 3).
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The uptake of strontium into calcite changes with the fluid Sr/Ca ratio, controlled by K4*. Therefore
A¥¥Srpp; is independent of the bulk fluid strontium concentration, C¥ , but rather depends on C%
and C®_ (see Appendix, Table A1). With the weaker isotope fractionation of strontium the increase
of A¥¥Srpe with crystal growth rate is much smaller than for calcium, but there is still always an
enrichment in heavy isotopes in the DBL (Fig. 4). The maximum isotope fractionation constrained
by available calcium is 0.2%o (Fig. 5). With the carbonate chemistry limitations the maximum
A®¥Srpp; value is 0.001%o. Contrary to the DBL isotope fractionation effect for Ca, A®**™*Srpp;
shows a non-linear relationship to the element depletion in the DBL (C*(/C*, and C/C).
Therefore A*®*Srpp; and A**°Capg; are not linearly correlated (Fig. 5).

The magnitude of isotope fractionation due to diffusional transport is much too small (Fig. 4) to
explain the increasing depletion of heavy isotopes with increasing preciptation rate observed by
Tang et al. (2008b) and in this study (Fig. 1). Rather, the preferred uptake of light isotopes into
calcite enriches the fluid near the crystal in heavy isotopes. In fluids with low [Ca®"]/[CO;*] ratios
and high precipitation rates this process may lead to a significant fractionation effect with
increasing heavy isotope enrichment at increasing precipitation rates. However, the DBL
mechanism can not explain the positive A**°Ca,..q-rate relationship observed by Lemarchand et
al. (2004) because A***Capp; differs significantly for experiments with different [Ca*']
concentrations. Lemarchand et al. (2004) observed no isotopic difference between experiments with
[Ca**] concentrations that differed by a factor of 10. As shown in Fig. 4 this concentration
difference would have resulted in 10 times smaller A**°Capg; values for the high concentrations.
In well stirred experiments using fluids with seawater-like [Ca*"]/[CO;*] ratios DBL effects are
negligible for strontium and calcium isotopes (Fig. 4). We therefore conclude that diffusive
boundary layer effects can not explain any of the rate dependencies of calcium and strontium

isotope fractionation observed by Lemarchand et al. (2004), Tang et al. (2008b), and in this study.

4.3. Planktic foraminifera

Mg/Ca ratios of G. ruber specimens from the same core samples as used in this study inidcate a
~4°C temperature increase from the last glacial to the Holocene (Table 3). Two studies have
previously observed a temperature dependence of strontium isotope fractionation in inorganic and
biogenic aragonite (Fietzke and Eisenhauer, 2006; Riiggeberg et al., 2008). Applying the
temperature sensitivities reported in these papers would result in a §**Sr difference of 0.02 to

0.13%o between the glacial and Holocene G. ruber samples. The observed difference
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(0.007+0.014%o; Table 3) does not indicate a temperature sensitivity of this magnitude for G. ruber.
The measured mean foraminiferal A¥*6Sr ,,..q value of -0.25%o is significantly lower than most
published values of marine biogenic carbonates where A**Sr.,, ,, ranges from -0.20%o to -0.12%o
(Krabbenhoft et al., 2010, Liebetrau et al., 2009; Ohno and Hirata, 2007). This means that planktic
foraminifera shells are more strongly fractionated in **Sr/*Sr than most other biogenic carbonates.
On the other hand, the observed foraminiferal A¥*¢Sr.,,, is in good agreement with the A®*6Sr, o
of inorganic calcite that is formed at high precipitation rate. We therefore suggest that the strong
foraminiferal strontium isotope fractionation is caused by high precipitation rates (R>10*’
umol/m?/h). Kisakiirek et al. (2011) suggested similar fast precipitation rates to explain high Sr/Ca
ratios and low calcium isotope values observed in cultured planktic foraminifera (G. ruber and
Globigerinella siphonifera). Their model further suggested that shell formation used less than 50%
of the calcium ions supplied to the calcification site. As we will show below, the foraminiferal
strontium isotope fractionation data as well as the elemental Sr/Ca ratios and the calcium isotope
fractionation are all compatible with calcite growth in a calcification space that is largely open to
exchange with seawater, in accordance with the model of Kisakiirek et al. (2011).

Our measured foraminiferal A¥*$Sr., ., data, combined with published average values for K, and
A*¥*Caanaq, plot close to the respective inorganic calcite regression lines (Fig. 2, 3). For this
comparison we use the average A**Cacupaq = -1.14 £ 0.05%o of G. ruber from culture experiments
carried out at 27 to 30°C, pH of 8.3 to 8.4, 35 psu (Kisakiirek et al., 2011). For G. sacculifer we use
the average A***Cacaaq = -1.10 £ 0.09%o of culture and sediment trap samples, representing
specimens not showing strong temperature effects, and grown at different salinities and 27-28°C
(Gussone et al., 2009; Griffith et al., 2008b). We further use average K,* values from a core top
transect published by Elderfield et al. (2000). They found K,* values of 0.167 and 0.163 for G.
ruber and G. sacculifer, respectively. As shown in Fig. 2, both foraminifera species plot within the
95%-confidence belt of the inorganic calcite regression line. This result indicates that both the
strontium concentration and the isotopic composition of G. ruber and G. sacculifer can be
explained by inorganic processes dominated by precipitation rate effects.

Consequently, we can use the regression in Fig. 1 to estimate the average precipitation rates of G.
ruber and G. sacculifer. We find rates higher than 10** umol/m?*/h, with a best fit value of 10°*
umol/m?/h for both species. Slightly lower precipitation rates of 10°* to 10*** umol/m?*/h were
measured by Lea et al. (1995) using **Ca uptake experiments with the planktic foraminiferal species
Orbulina universa. Using K* to estimate precipitation rates, applying a regression of the data from

Tang et al. (2008a), results in higher rates. We find a minimum rate of 10*° umol/m?/h and a best fit
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value of 10** umol/m*/h.

The calcium isotopic composition of the two species shows slightly higher A***Cay.oq values than
expected from the inorganic calcite data (Fig. 3), plotting just outside the 95% confidence belt. We
assume that both the strontium concentration and the strontium isotopic composition of G. ruber
and G. sacculifer are primarily explained by high precipitation rates (Fig. 2). In contrast, the
calcium isotopic composition may be affected by an additional, albeit minor, mechanism.

As previously suggested, calcium isotopes in these planktic foraminifera are possibly influenced by
a Rayleigh distillation effect (Griffith et al., 2008b; see discussion in Kisakiirek et al., 2011).
Rayleigh distillation can sufficiently explain the observed slight enrichment in §*/*°Ca. From the
difference between the measured A**°Cacyp.aq of -1.1%0 for G. sacculifer and G. ruber and the
expected inorganic value from the A0St . p0q - A***Cacan.oq regression shown in Fig. 3, we can
estimate the percentage of calcium in the calcification reservoir that is consumed during
calcification. To do this, we take the 6*¥*°Ca enrichment with respect to the 95% confidence belt of
the regression in Fig. 3 and apply a Rayleigh fractionation equation (Zeebe and Wolf-Gladrow,
2001). For the given A®*Sr .1, .q = -0.25%o value of G. sacculifer and G. ruber we calculate that
20% to 50% of the calcium in the reservoir is used to form calcite with the measured apparent
A*¥*Cagypaq. The most likely value is 30%.

The resulting Rayleigh effect on the apparent K™ would be an increase by 0.025. The true K™
would therefore be slightly lower than the measured value, but would still plot within the 95%
confidence belt of the inorganic calcite line (Fig. 2). The true planktic foraminiferal A**’Cacap.aq
value defined by the measured strontium isotope value and the regression line in Fig. 3 would be
-1.3%o. This value corresponds to a calcification rate of 10°* pmol/m*h according to Tang et al.
(2008Db).

For the calculations outlined above we assume that all calcium is derived from a reservoir with
seawater isotopic composition. In contrast, Griffith et al. (2008b) and Gussone et al. (2009)
proposed models for calcification of planktic foraminifera which assumed a calcification reservoir
that was depleted in **Ca with respect to seawater. Griffith et al. (2008b) further assumed a very
efficient use of the calcium reservoir (85% Ca** used, in accord with Elderfield et al., 1996).
Gussone et al. (2009) proposed a temperature-dependent utilization of a strongly fractionated
internal calcium reservoir with admixture of seawater calcium to explain the strong temperature
dependence of calcium isotope fractionation sometimes observed in G. sacculifer.

Our strontium isotope data cannot exclude these models of highly efficient utilisation of a *Ca

depleted reservoir. Because very little strontium is taken up into foraminiferal calcite the
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corresponding Rayleigh effect on A¥*6Sr ., is very small even if 85% of the calcium reservoir are
used. With a calcification fluid of normal seawater composition (Sr/Cagpua ca. 10 mmol/mol) and
with a K;* of about 0.16 the percentage of Sr*" used is 5% for 30% Ca*" utilization and 25% for
85% Ca*" utilization. The resulting Rayleigh effect on the apparent 8***Sr would only be +0.005%o
and +0.030%o, respectively.

Consequently, while strontium isotopes provide a good proxy for the calcification rate of
foraminiferal calcite, they do not provide useful constraints to quantify Rayleigh distillation effects.
Nevertheless, our model is able to explain strontium incorporation, strontium isotope fractionation
as well as calcium isotope fractionation in G. sacculifer and G. ruber calcite by very high
precipitation rates (about 10** umol/m*/h) from a fluid with seawater composition for both
strontium and calcium, and a poor utilization efficiency for calcium (30% of available Ca*") and

strontium (5% of available Sr*").

5. CONCLUSIONS

Strontium isotope fractionation of inorganic calcite is predominantly controlled by the precipitation
rate with increasing fractionation at higher rates and no significant isotope fractionation at very low
rates. This kinetic fractionation behaviour is similar for strontium and calcium isotopes, leading to a
linear correlation of the two isotope systems in experimental inorganic calcites. The correlation
indicates that a similar mechanism controls calcium and strontium isotope fractionation. This
mechanism probably involves chemical kinetic fractionation of the hydrated cations (preferred
desolvation of the isotopically light cations). In addition, strontium and calcium isotope partitioning
are both inversely correlated with the rate dependent partitioning of strontium ions between fluid
and calcite. Two different possible mechanisms that can explain this correlated behaviour of
elemental and isotopic partitioning have been proposed in the Surface Entrapment Model (Watson,
2004; Tang et al., 2008 a,b) and recently in the Surface Kinetic Model of DePaolo (2011). This
correlation can, however, not be explained by partitioning in a diffusive boundary layer around the
growing calcite crystals.

The predominance of heavy isotope enrichment in the boundary layer over depletion by diffusional
kinetic fractionation would lead to an enrichment of heavy isotopes in the crystal at increasing
precipitation rates. The opposite was observed in our experiments for both calcium and strontium
isotopes. Additionally, the relative enrichment of strontium with respect to calcium in the diffusive
boundary layer would lead to a positive correlation of Sr/Ca ratios with both isotope systems. The

opposite is observed in our experimental results. On the other hand, our observations do not exclude
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either the Surface Entrapment Model or the Surface Kinetic Model. Both models can well explain
the observed trends and correlations of elemental and isotope partitioning.

The exceptionally strong strontium isotope fractionation of planktic foraminifera can be explained
by very fast precipitation of their calcitic chambers. Together with calcium isotope and Sr/Ca data
from the two investigated species (G. ruber, G. sacculifer) the strontium isotope data point to
calcification in a system where only a relatively small percentage of the calcium transported to the

site of calcification is used for the formation of calcite.
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FIGURE CAPTIONS

Fig. 1: Rate dependence of strontium isotope fractionation in experimental inorganic calcite.
Precipitation rates are taken from Tang et al. (2008b). Dashed lines represent 95% confidence belts.
Two samples of natural calcite that formed in ocean crust basalts with very low precipitation rates
are shown for comparison, but not included in the regression. Precipitation rates for these two
samples were estimated from the measured Sr/Ca ratios using the rate dependence from Tang et al.
(2008a). The strontium isotope value measured for G. ruber and G. sacculifer is indicated by the

arrow. Error bars represent average 2SEM of repeated sample measurements.

Fig. 2: Linear correlation of strontium isotope fractionation and the Sr/Ca distribution coefficient
(K4*) in experimental inorganic calcite. Calcites from ocean crust basalts plot close to the
extrapolated regression line. The values from planktic foraminifera plot within the 95% confidence
belt (dashed lines). K4 values of the foraminifera are from Elderfield et al. (2000) and represent
average values of a range of core top samples (K = 0.167 for G. ruber, K = 0.163 for G.

sacculifer). Error bars represent average 2SEM of repeated sample measurements.

Fig. 3: Linear correlation of strontium and calcium isotope fractionation in experimental inorganic
calcite. Dashed lines represent 95% confidence belts. Calcites from ocean crust basalts plot close to
the extrapolated regression line. Foraminiferal data show a slight enrichment of *Ca compared to
the value expected from the inorganic regression. The calcium isotope values are averages, with

A Cacaaq = -1.14%0 for cultured G. ruber, experiments at 27-30°C, 35 psu, pH of 8.3 to 8.4,
3**Ca of seawater =1.84%o (SRM915a) from Kisakiirek et al. (2011); A**Cacarpaqg = -1.10%0 for G.
sacculifer from culturing experiments and sediment trap samples, 27-28°C (Gussone et al., 2009;

Griffith et al., 2008b). Error bars represent average 2SEM of repeated sample measurements.

Fig. 4: Model calculations of the steady state isotope fractionation between bulk fluid and the
liquid-crystal boundary (A**Capg;. and A%*Srpg; ) in a diffusive boundary layer of 50 um width
around a growing calcite crystal. Crystal growth rates include the typical range of experimental and
biogenic calcite growth as indicated by the arrow. Calcite growth rates in seawater are limited by
the availability of carbonate ions. The plotted range includes the highest possible rate in normal
marine settings for BT=50 um (see Appendix, Table A2). The strontium curve is calculated for

normal seawater Ca*" concentration. Calcium calculations are shown for seawater concentration and
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ten times seawater concentration. The curves include the effects of diffusive isotope fractionation
and depletion of the isotope species which is preferentially taken up into the crystal. The effect of
diffusive fractionation (Bourg et al., 2010) is shown for comparison, calculated for a normal

seawater Ca’" concentration.

Fig. 5: Modelled correlation between strontium and calcium isotope fractionation due to diffusion
and isotope depletion in a diffusive boundary layer adjacent to calcite crystals growing at rates
between 10* and 10*” pmol/m?/h, with boundary layer thicknesses ranging from 50 to 500 pum.
Numbers above and below the graph indicate the Ca depletion (C“*./C“) and Sr depletion
(C5L/C%)) in the DBL, respectively. Note that in seawater the Ca depletion in the DBL is limited to

C“/C, values >0.95 by the availability of carbonate ions.
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Table 1: Inorganic calcite precipitation experiments.

Experiment log(R) | A**°Cacabaq| fea | A**°Caprc| Ke® | Sree | Mo | Slec | A®®Sreaaq | 'SI/%Sr
# (umol/m?/h) (%o) (%o) (Mg/g) | (mg) (%o)
11 (C29) 4.21 -1.50£0.19 (/0.89| -1.59 |0.16| 1477 | 510 [1.21|-0.292+0.034 | 0.707854
14 (C32) 3.02 -0.80+0.08 |0.90| -0.84 |0.09| 830 | 480 0.94|-0.164+0.020 | 0.707852
15 (C34) 2.25 -0.62+0.16 |0.85| -0.67 |0.07| 600 | 730 |0.66|-0.153+0.002 | 0.707849
16 (C35) 3.34 -1.03+0.12/0.93| -1.07 |0.11| 932 | 370 0.89|-0.199+0.019 | 0.707836
17 (C37) 2.39 -0.51+0.01 |0.94| -0.53 |0.06 525 | 310 |0.65|-0.086+0.002 | 0.708709
19 (C39) 4.18 -1.37+£0.15 | 0.91 -1.43 |0.17| 1503 | 430 |1.21|-0.263+0.012 | 0.708701

Experiment numbers, precipitation rates (log(R)), calcium isotope fractionation between fluid and
calcite (A*"*Cacuboq With 2SEM errors), strontium distribution coefficients (K*), strontium
concentration in calcite (Sr..), total mass of calcite precipitated (M..), and the critical saturation
index for the precipitation of calcite (Sl.) are from Tang et al. (2008a,b). All experiments were
carried out at 25°C, a pH of 8.3 and an ionic strength of about 0.035 M. Initial Ca*" and Sr**
concentrations in the precipitating fluid (5 L) were 9.9 mM and 95 uM, respectively. Rayleigh
fractionation corrected calcium isotope values were calculated from the remaining Ca fraction in
solution (fc,) using A““°Carc= (In(fea * A**°*Cacarb-aq/1000 - A**°Caar.ag/1000 + fea) / In(fa) - 1) *1000. Sr2*
consumption was less than 2% in all experiments, therefore no Rayleigh correction was applied.
Strontium isotope fractionation (A*®** St with 2SEM errors from repeated analyses, n=2 for all
samples) is the difference between the measured calcite sample composition and the dissolved Sr*
composition in the fluid, with **¢Srg,s = 0.156 + 0.005%o (relative to SRM 987). Precision (1sd)
is: log(R) £0.12, K +0.01, ¥’Sr/*Sr £107,
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Table 2: Inorganic calcite cements from ocean crust basalt.

Core Interval | Basement 3.0 Teae | ¥Sr/%Sr | ¥Sr Age Sr/Ca,. | A**°Ca | A%®Sr
Depth (m) | (%0 VPDB) | (°C) (Ma) (mmol/mol) (%o) (%0)

335-7-3, 105cm 17 3.22 2 | 0.70896 | 6.8+0.6 0.33 -0.17 | -0.058

335-9-1, 50 cm 33 3.30 1 0.70897 | 6.5+0.5 0.30 -0.09 | -0.049

Both cores are from DSDP Leg 37. Oxygen isotopes, *'Sr/*Sr, Sr/Ca ratios in the calcite (Sr/Cay.),

and calcium isotopes are from Bohm et al. (2009). T, is the calcite formation temperature

calculated from 80 assuming a 8"*0 of seawater of -0.5%o (VSMOW) and applying the calibration

of Friedman and O'Neil (1977). The *’Sr ages were calculated from the measured *’Sr/**Sr ratios,

adjusted to a *’Sr/*Srspmos7 0f 0.710248, by comparing with the Strontium Isotope Stratigraphy of
McArthur and Howarth (2004). The A**°Ca value is the difference between the measured 8***°Ca
of the calcite and seawater with an estimated 6*/*°Ca at the time of calcite formation (ca. 7 Ma) of
1.9+0.1%0 (SRM915a) (e.g. Griffith et al., 2008a). The A**Sr values were calculated accordingly,

assuming that seawater at 7 Ma had the same 6**%Sr as today (0.386%0 SRM987, Krabbenhoft et
al., 2009). Analytical precision (1sd) is £0.03%o for 80, +107 for *’Sr/**Sr, £0.01 mmol/mol for
Sr/Cace, £0.1%o for 8**4°Ca, and +0.01%o for 3*¥*Sr.
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Table 3: Globigerionides ruber and Globigerinoides sacculifer samples.

Sample | Depth | Age T | A®Sreamaq| 2'SI%Sr
(cm) | (ka) | (°C) (%o)

HFB9r 10 14 29.9 -0.242 0.709180
HFB8r 26 4.1 30.3 -0.256 0.709171
HFB7r 43 7.0 30.5 -0.243 0.709177
Average Holocene G. ruber -0.247 0.709176

HFB2r 106 22 26.9 -0.247 0.709168
HFB1r 116 25 26.5 -0.254 0.709175
116rub 116 25 26.5 -0.261 0.709174
Average glacial G. ruber -0.254 0.709173
HFB10s 10 14 27.0 -0.253 0.709185
10sacc 10 14 27.0 -0.259 0.709162
HFB11s 26 4.1 n.a. -0.243 0.709171
HFB12s 43 7.0 26.6 -0.245 0.709159
43sacc 43 7.0 26.6 -0.242 0.709159
Average Holocene G. sacculifer -0.248 0.709167

Temperatures were calculated from Mg/Ca ratios of specimens of the two species picked from the
same samples using the temperature calibration of Niirnberg et al. (2000); depositional ages are
based on oxygen isotope analyses of benthic foraminifera (C. Horn, doctoral thesis, University of
Kiel). Analytical precision (1sd) is £0.01%o for 6**¢Sr, and +10~ for ¥Sr/*Sr. Standard error of the
&*/%Sr mean values (2SEM) is +0.009%o for Holocene G. ruber, £0.008%o for glacial G. ruber, and
+0.006%o for G. sacculifer. All A**Sr u..q values were calculated with a seawater **°Sr of
0.386+0.08%o (Krabbenhoft et al., 2009).
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Appendix

Derivation of steady state equations describing isotope and concentration effects in the
diffusive boundary layer (DBL)
We derive steady state equations for the DBL concentrations and isotope ratios of Ca** and Sr** for
calcite growing in aqueous solution. Our equations are based on Equations 6 and 7 of Watson and
Miiller (2009) which describe 1-dimensional steady state diffusion in a diffusive boundary layer.
The two equations quantify the concentration of a solute at the liquid-crystal interface and are
combined in Eq. (A1). The left hand side of Eq. (A1) describes the transport of ions from the fluid
into the crystal. In steady state this flux is balanced by a diffusive flux from the bulk solution to the
liquid-crystal interface (right hand side).
(CL-Cx) *A*t*V=A*5t*D(C.-Co) /BT (A1)
C., Cy and Cx are the concentrations of the ion of interest in the fluid of the liquid-crystal interface,
in the bulk fluid, and in the crystal, respectively (in mmol/cm?). For calcite growing in aqueous
solution these can be the concentrations of Ca*” or CO;”. A is the growing surface area of the crystal
(cm?), 8t is a short time increment (s), V is the radial crystal extension velocity (cm/s), D is the
diffusion coefficient (cm?/s), and BT is the thickness of the diffusive boundary layer (cm).
Equation A1 can be solved for C,, the solute concentration at the liquid-crystal interface:
C.=(Co*D-V*BT*Cx)/(D-V *BT) (A2)
The concentration of an isotope or a trace element substituting for a major ion (e.g. “*Ca or Sr
substituting for Ca in calcite) can be calculated with the same equation.
CH.=(C* *D" -V *BT * C¥) /(D" -V *BT) (A3)
Equation (A3) can be rewritten using the following definitions
D* = oy * Dc,
C*=C% * R*;
CH / CO =M * CH¥ / C™y
where o*, is the *Ca/*’Ca isotope fractionation factor between fluid and crystal, o, is the isotope
fractionation during diffusive transport of ions, and R* is the molar fraction of **Ca relative to total
Ca in the bulk fluid (C*):
CH = (R¥ * C%% * a™y * Dc, - V * BT * o, * C%* C*/C™) / (0™4 * Dc, - V * BT)
(A4)
Solving for C*; and dividing by C* quantifies the molar fraction of *Ca at the liquid-crystal
interface:
CHL/C% = (R¥y * C * o™y * Dey) / (V * BT * (o * C% - C®) + o*y * D, * C)
(A5)



The isotope effect of the diffusive boundary layer can be described by the offset in the isotopic
composition (8***°Ca) between the bulk fluid and the liquid-crystal interface as

A¥¥Capg = 8**Cay - §**Ca, = (C*/C./ R*;- 1) * 1000 (A6)
Equation (A6) is an approximation based on the assumption that C**;/C*=C /C,, i.e. that the
concentration gradient from bulk solution to the liquid-crystal boundary is very similar for total
calcium and for *Ca. Because there is isotope fractionation in the DBL, the **Ca/*Ca ratio and
consequently the “’Ca/Ca ratio are changed resulting in C*;/C®, = x * C*/C“, where x is the error
introduced by the approximation. Neglecting other calcium isotopes, which account for only 0.97%
of total calcium, we estimate x = (R**% + 1) / (0pp. *R***%; + 1) from the natural molar “Ca/*’Ca
ratio, R**%; and the **Ca/*’Ca fractionation in the DBL, 0Oipgr. For oppr= 1.001 (1%0) and R**%; =~
0.02152 we get x= 0.99998. That means C* is 0.02 %o more depleted with respect to the bulk
concentration (C*%) than total calcium. The A***’Capp; value calculated with Eq. (A6) therefore
slightly underestimates the true DBL isotope effect, but the error is negligible.

Combining Egs. (A5) and (A6) results in

A¥Capg = (C%% * 0™ * Dey / (V * BT * (0, * CO% - C) + o™y * D, * C) -1) * 1000

(A7)

C“. can be calculated for a calcite crystal growing in aqueous solution using Eq. (A2) with given
values of BT, V, C%, o*s, a*;, Dc,, and with the concentration of calcium in calcite (C®) of 27.1
mmol/cm?®. This value can be assumed to be sufficiently invariant in pure calcite, where only trace
amounts of Ca are substituted by other cations (e.g. Sr).

In analogy to Eq. (A3) we quantify the concentrations of total Sr and *Sr at the liquid-crystal
interface of a calcite crystal in Egs. (A8) and (A9), respectively:

C%. = (C¥ * Ds, - V*BT * C¥x ) / (Ds, - V * BT) (A8)
where Dy, is the diffusion coefficient of Sr, C5x and C% are the concentrations of Sr (mmol/cm?) in
the calcite crystal and in the bulk fluid, respectively. For **Sr we can write:

C*. = (C¥, * Dgs - V * BT * C*x) / (Dss - V * BT) (A9)

As for the calcium isotopes we can define:

D¥ = a®y * Ds,

C%,=C%, * R¥y

CH/Co = a * C¥ / C%,

Where o*; and o®; are the **Sr/*Sr fractionation factors for crystallisation and diffusion,
respectively. With that Eq. (A9) can be rearranged, similar to Eq. (AS), to

C®L/ C¥ = (R¥; * C% * o™y * Ds,) / (V * BT * (a® * C¥x - C¥1) + a®y * D, * C™)

(A10)



The concentration of Sr in calcite, C¥x, depends on the Sr/Ca partition coefficient between calcite
and solution:
K4 = C%/C% / C¥/C™y
With that Eq. (A8) can be rearranged to

C3L = CL * Dg, * C¥ / (V * BT * (Kg * C% - C*) + C®L * Dg,) (A11)
Combining and rearranging Eqgs. (A10) and (A11) in analogy to Eq. (A6) results in

ABSrnp = ((V * BT * o * (Kg * C% - C®) + a®*y * Dg, *C) /

(V * BT * (0%, * K * C%% - C%0) + 0%, * D, * C%p) -1) * 1000 (A12)

The error of the approximation of A***Srpg, by using total strontium instead of **Sr concentrations

R88/86

can be calculated analogous to Eq. (A6) with o= 0.119. Again the calculated isotope offset

underestimates the true DBL isotope effect. For owpp = 1.0002 (0.2%0) the error amounts to 0.02 %o.

Sensitivities to different control parameters

Sensitivities of the isotope fractionation effects to the different parameters differ for Ca and Sr. We
calculated the response to doubling of BT, V, C*, C, Dca, Ds;, Ka, A%rysts A7, A¥eryst, and A% gigr,
where Ay = (0 — 1) #1000, and Agir = (0a — 1) ¥1000. The effects on A**Capg; and A**¢Srpp; are
shown in Table A1.

While Ca isotope effects change almost linearly, Sr isotopes show a non-linear behaviour at high
BT*V values, when C®_ becomes small compared to C*. This strongly increases the Sr/Ca ratio
near the crystal surface and therefore increases the uptake of Sr into the calcite crystal. The non-
linear behaviour of the Sr isotope fractionation effect is conspicuous in its response to doubling of
D¢, and K, (Table A1).

The Ca isotope effects depend on the bulk solution calcium concentration (C). In contrast, the
isotope effect for Sr is independent of the bulk Sr concentration (C%), but is closely linked to the
bulk Ca concentration (C).

The effect of isotope fractionation during diffusion is outweighed by the effect of selective uptake
of light isotopes during crystal growth. The DBL is enriched in light isotopes as long as Acrys<Auisr-
The isotope effect of the DBL, Apgr, becomes zero when Acryse = Adir. Only when Agrys>Adir the DBL
will get enriched in light isotopes.

For both isotope systems the crystal growth rate (V) and the thickness of the boundary layer (BT)
are major controlling factors. While the growth rate was measured in our precipitation experiments,
we did not measure BT. This introduces the most significant uncertainty to the quantification of the

DBL effects.



Table A1: Sensitivities of DBL isotope effects on doubling of system parameters

Parameter Standard value Doubling parameter changes Apg:, by
A**“Capg,, A*®*Srpp.

BT 0.1 mm 2-fold about 2-fold

\Y% 10° cm/s 2-fold about 2-fold

C™ 10.3 mmol/L 0.5-fold about 0.5-fold

C% 0.09 mmol/L no change no change

Dca 7*10° cm?/s 0.5-fold 1-fold to 0.5-fold

Ds; 7*10° cm?/s no change 0.5-fold

A% st -1.50 %o 2.4-fold no change

A i -0.43 %o 0.6-fold no change

Ayt -0.30 %o no change 2.5-fold

AS i -0.10 %o no change 0.5-fold

Ky 0.11 no change 2-fold to 1.1-fold

Limits for the DBL thickness (BT)

For a given crystal growth rate the thickness of the boundary layer is limited by the concentrations
of the Ca®" and CO;™ ions at the liquid-crystal interface. The interface solution must be
oversaturated with respect to calcite (Q..>1), otherwise the crystal stops growing. We use Eq. (A2)
to calculate the concentrations of the two ions for a given bulk solution chemistry and a given
crystal growth rate. With that we can estimate a maximum thickness of the boundary layer that still
allows diffusion to maintain calcite oversaturation at the liquid-crystal interface.

The calculations were carried out for a seawater-like fluid composition, i.e. C% = 10.3 mmol/L and
C“%,=0.26 mmol/L. The calcite solubility constant K= 0.43 mM? for the determination of Q..
was calculated for normal salinity and a temperature of 25°C (Zeebe & Wolf-Gladrow 2001). We
use C%=27.1 mmol/cm® and C“x= 27.1 mmol/cm’. We assume that the boundary layer thickness
is similar for Ca®*, COs*, and HCOs". The boundary layer thickness in a stirred solution is controlled
by turbulences in the fluid and therefore has a constant thickness for all ions. For crystals smaller
than the smallest turbulences the boundary layer thickness is largely defined by the V/D ratio and
the crystal radius, r, (Watson and Miiller, 2009). As V and r, are identical for Ca**, COs*, and HCOy
ions and D in aqueous solution differs only slightly between these ions (D¢, = 7*10° cm?/s, Dcos =
8*10° cm?/s, Ducos = 1*¥107° cm?/s, Wolf-Gladrow and Riebesell, 1997), our assumption is a

reasonable approximation.



As not only CO;™ ions are involved in the calcite growth we used the diffusion-reaction model
described in Zeebe & Wolf-Gladrow (2001) to calculate speciation and diffusion of all carbonate
system components. The latter approach slightly relaxes the constraints on BT given by considering
COs* concentration only. This is because diffusion and reaction of OH", CO,, and HCO;™ contribute
additional CO;* ions for calcite formation.

Considering only CO;* with a concentration typical for warm surface seawater we calculate a
maximum possible DBL reduction of C* to 97% of C*, (with C®; = 10.3 mM). Considering the
whole carbonate system (£CO,) the maximum possible C®; reduction only slightly changes to 95%
of C. With the standard fractionations and diffusion constants listed in Table A1 the resulting
maximum A**Capg; and A¥*$Srpp; values are 0.05%o and 0.001%o, respectively. The corresponding

BT values and maximum precipitation rates are shown in Table A2.

Table A2: Maximum DBL thickness and growth rate for calcite precipitation limited by CO5*/ZCO,

availability and calcite saturation state in seawater

BT | maximum log(R)
(mm)| (umol/m?/s)

CO:” | XCO,
limited | limited

0.02 | 4.50 4.78
0.05 | 4.10 4.38
0.10 | 3.80 4.08
0.15 | 3.62 3.90
0.20 | 3.50 3.78
0.50 | 3.10 3.40
1.00 | 2.80 3.08
2.00 | 2.50 2.78
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