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Abstract. The Mg / Ca ratio of Foraminifera calcium car-
bonate tests is used as proxy for seawater temperature
and widely applied to reconstruct global paleo-climatic
changes. However, the mechanisms involved in the carbon-
ate biomineralization process are poorly understood. The
current paradigm holds that calcium ions for the test are
supplied primarily by endocytosis of seawater. Here, we
combine confocal-laser scanning-microscopy observations
of a membrane-impermeable fluorescent marker in the extant
benthic speciesAmmonia aomoriensiswith dynamic44Ca-
labeling and NanoSIMS isotopic imaging of its test. We in-
fer that Ca for the test inA. aomoriensisis supplied primar-
ily via trans-membrane transport, but that a small compo-
nent of passively transported (e.g., by endocytosis) seawater
to the site of calcification plays a key role in defining the
trace-element composition of the test. Our model accounts
for the full range of Mg / Ca and Sr / Ca observed for benthic
Foraminifera tests and predicts the effect of changing seawa-
ter Mg / Ca ratio. This places foram-based paleoclimatology
into a strong conceptual framework.

1 Introduction

Calcium carbonate tests (shells) formed by unicellular
Foraminifera are present in marine sedimentary records since
the Ordovician (∼ 290 million years ago) (Martin, 1995;
Schallreuter, 1983). With different species adapted to specific

environmental conditions, their relative taxonomic abun-
dances as well as the elemental (e.g., Mg / Ca) and isotopic
(e.g.,δ18O) composition of their tests are frequently used to
reconstruct global climate change associated with, for ex-
ample, glacial–interglacial cycles (Elderfield and Ganssen,
2000) and mass extinctions (Kiessling et al., 2008). How-
ever, the use of Foraminifera tests as paleo-environmental
archives is complicated by biological processes, which cause
their chemical and isotopic compositions to be significantly
different from Ca carbonates precipitated inorganically under
the same environmental conditions. These differences are re-
ferred to as the “vital effect” (Urey et al., 1951). A better
understanding of the Foraminifera biomineralization process
is essential to the identification of the mechanism(s) respon-
sible for such chemical and isotopic fractionations. One fun-
damental question in this regard is how the constituents of
the tests, especially the dominant cation Ca2+ and the mi-
nor/trace elements Mg and Sr, are transported from the am-
bient seawater to the site of calcification.

A widely accepted model holds that endocytosis of sea-
water is the principal mechanism involved in test forma-
tion: special vesicles transport seawater to the site of cal-
cification (Erez, 2003; Bentov et al., 2009). This model
is based on the key observation that labeling of seawater
with the membrane-impermeable fluorescent marker FITC-
D (fluorescein isothiocyanate-dextran) results in staining of
newly formed chambers in previously decalcified benthic
ForaminiferaAmphistegina lobifera. This observation led
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to the conclusion that endocytosed seawater is the primary
source of ions for calcification. However, the endocytosis
model suffers from two problems.

First, a mechanism for the modification of the elemental
composition of the vacuolized seawater, in particular Mg re-
moval, during transport to the site of calcification has to be
postulated in order to explain the chemical composition of
the tests (Erez, 2003).

Secondly, the endocytosis model is challenged by a cal-
culation of the volume of seawater needed to supply the re-
quired Ca to the site of calcification. For the ubiquitous ben-
thic speciesAmmonia tepida, this is about 75 times the vol-
ume of the Foraminifera itself (de Nooijer et al., 2009), as-
suming initial seawater composition in the vesicles. De Nooi-
jer and co-workers (de Nooijer et al., 2009) did observe sea-
water endocytosis inA. tepidausing the FITC-D marker, but
the low vesicle activity observed during normal calcification
renders endocytosis insufficient as the major transport mech-
anism for Ca from seawater to the site of calcification. To
overcome this problem, an internal Ca pool was hypothesized
for A. tepida(de Nooijer et al., 2009), but never experimen-
tally demonstrated. (It should be noted that in some studies
we cite (de Nooijer et al., 2009; Dissard et al., 2010), the
authors have misidentified the species investigated asAm-
monia tepida, which actually wasAmmonia aomoriensisT6
(the species also used in the present study) (Schweizer et al.,
2011; Hayward et al., 2004).)

Nonetheless, it is important to emphasize that endocytosis,
or vacuolization of seawater in Foraminifera, is an observed
fact, which allows FITC-D to be transported to the site of
calcification and, as will become apparent below, does play
an important role for the trace-element composition of the
test.

Here we use the fluorescent marker FITC-D together with
confocal-laser scanning microscopy, and44Ca pulse-chase
experiments in combination with NanoSIMS isotopic imag-
ing to investigate the hypothesis of an intracellular calcium
pool inA. aomoriensis. (For details on sample collection, cul-
turing, and incubation conditions, see Appendix) Incubation
experiments with FITC-D were performed prior to, during,
and after chamber formation to visualize and relate seawater
vacuolization to calcification (i.e., formation of new cham-
bers). Formation of a new chamber inA. aomoriensisstarts
with an organic sheet, onto which calcitic CaCO3 nucleates.
In our incubated specimens, chamber formation takes 3–5 h,
after which the animal resumes movement and extends its
pseudopodial network.

2 Results

We did not observe an increased abundance of vesicles prior
to chamber formation (Fig. 1a). Moreover, vesicle activity
was very low during chamber formation (Fig. 1c). Our results
(Fig. 1) confirm the vacuolization of seawater as described
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Fig. 1. Laser scanning confocal micrographs of threeA. aomorien-
sis specimens after incubation in FITC-D-labeled seawater.(A)
Specimen 1 was incubated in FITC-D labeled seawater for 3.5 h
prior to chamber formation. Immediately after the onset of chamber
formation, the FITC-D was removed (see supporting information)
and the image taken. Vesicles (ca. 20) were observed inside the cell
(arrow). Due to remaining FITC-D-labeled seawater, which could
not be washed out, fluorescence is seen inside the newly forming
chamber (arrow head). This fluorescence diffuses out of the cham-
ber within 15 min.(B) Image of specimen 1 two hours after the first
image(A) was taken. Chamber formation is almost completed. A
few small vesicles are still present (arrow).(C) Image of specimen
2 immediately after chamber formation. Specimen 2 was incubated
in FITC-D-labeled seawater during chamber formation. No vesicles
are present. The new chamber is fluorescent. Note the difference
between the fluorescence of the new chamber in(A) caused by re-
maining FITC-D-labeled seawater that diffused out within 15 min
and(C) due to FITC-D incorporated into the newly formed cham-
ber. (D) Image of specimen 3 four hours after FITC-D incubation
showing the highest number of vesicles (arrow) observed in this
study. Before incubation the specimen was not fed for 48 h. Scale
bars are 40 µm.

by de Nooijer et al. (2009), but a systematic investigation
of 20 specimens prior to, during, and after chamber forma-
tion revealed a maximum total vesicle volume of about 0.002
times the volume of the cell at any given point in time. This
is about four orders of magnitude smaller than the volume of
seawater needed to provide sufficient Ca for one chamber (de
Nooijer et al., 2009), which has important consequences for
the internal Ca-pool hypothesis.

In the juvenileA. aomoriensisspecimens studied here,
chamber formation takes place every 24 h. Thus, in order to
store internally enough Ca for the formation of one chamber,
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the seawater-containing vesicles would have to be replen-
ished and the Ca extracted and stored about 104 times per
day (i.e., about once every 10 s). Confocal microscopy ob-
servations rule out such fast vesicle turnover. Thus, we infer
that seawater endocytosis and subsequent Ca storage is not
likely to be the primary source of Ca for chamber formation
for A. aomoriensis.

In addition to the formation of a new chamber,A. ao-
moriensisalso thickens older parts of the already existing
test. It is difficult to determine visually if the thickening of
older chambers occurs at the same time as the formation of
new chamber. Precisely quantifying the amount of Ca con-
sumed by the chamber formation process therefore requires
additional information.

Pulse-chase experiments were performed in which the
culture medium (natural North Sea seawater) was enriched
with 44Ca by the addition of44CaCl2 (99 % 44Ca, batch no.
210501, Oak Ridge National Labs). The natural abundance
of 44Ca is∼ 2 %, and the44Ca /40Ca ratio of the seawater can
therefore be increased without altering the total Ca concen-
tration substantially. In this experiment, the44Ca /40Ca ratio
was increased by a factor of 5, while the total Ca concen-
tration increased only from∼ 10 to∼ 11 mM. Calcification
by the specimens maintained in this medium did not visually
deviate from that observed in unaltered seawater.

In a first experiment (Experiment 1),44Ca was added to
the culture medium of a single specimen ofA. aomorien-
sis. After 12 h, the specimen was transferred to isotopi-
cally normal seawater, where chamber formation started af-
ter 3 h. In a second experiment (Experiment 2),44Ca was
spiked to the culture medium as soon as chamber forma-
tion began. After chamber formation (∼ 3 h), the experiments
were terminated by removing the specimens from the cul-
ture media, followed by cleaning with NaOCl (5 %) to re-
move the organics, washing with de-ionized water, and sub-
sequent drying. The samples were then embedded in resin
(Araldite, 2020), and polished cross sections were prepared
for NanoSIMS analysis (cf. SI). The resulting NanoSIMS im-
ages of the44Ca /40Ca distribution in the tests are shown in
Fig. 2. In these NanoSIMS maps, blue color signifies a nat-
ural 44Ca /40Ca ratio of 0.02. Yellowish colors signify car-
bonate added during44Ca enrichment of the medium, which
is enriched in44Ca by a factor of 5 over the natural ratio,
as demonstrated in Fig. A1. From these pulse chase experi-
ments, several important conclusions can be drawn.

Experiment 1 showed that neither the newly formed cham-
ber nor the older parts of the test became enriched in44Ca
(Fig. 2b). Therefore, the formation of a putative Ca pool
would have to take place after the specimen was transferred
to normal seawater (i.e., during the∼ 3 h prior to the on-
set of chamber formation). However, the low vesicle activ-
ity determined in the FITC-D incubation experiments and
the volume considerations presented above strongly argue
against such a scenario.
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Figure 2: A) Scanning electron microscopy (SEM) image of an intact A. aomoriensis test. B) 260	
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Fig. 2. (A) Scanning electron microscopy (SEM) image of an in-
tact A. aomoriensistest. (B) SEM image of an embedded speci-
men (cross section) from Experiment 1, overlain with44Ca /40Ca
NanoSIMS maps. In these maps, blue areas signify normal
44Ca /40Ca ratio of 0.02 (cf. Fig. A1). A44Ca label was added and
removed prior to the onset of chamber formation. Absence of44Ca
enrichment in the test indicates absence of an internal Ca pool.(C)
and(D) NanoSIMS maps of two embedded specimens from Exper-
iment 2 in cross section. The isotopic label was added at the onset
of chamber formation. Blue color signifies a normal44Ca /40Ca ra-
tio of 0.02. Yellowish color indicates enhanced (by a factor of 5, cf.
Fig. A1) 44Ca /40Ca ratio due to44Ca enrichment of the seawater.
Newly formed chambers indicated by arrows. Scale bar is 100 µm.

Figure 2c and d show NanoSIMS maps of two
Foraminifera tests from Experiment 2. In one Foraminifera
the new chamber, the wall between the new and the previ-
ous chamber, as well as a layer on the outside of all previ-
ously formed chambers of the test are enriched in44Ca by
a factor of 5 (Fig. 2c). In the other Foraminifera, the new
chamber and a layer of calcium carbonate added to the two
previous chambers were enriched in44Ca by a factor of 5
(Fig. 2d). This demonstrates that Ca was transported from
the seawater to the site of calcification while the chamber
was being formed, during which vacuolization was partic-
ularly weak. Transport of Ca continues throughout the 3 h
period of active test formation as inferred from the fact that
the newly formed chambers are enriched in44Ca throughout.
The 44Ca-enriched calcite layer added to the outer surface
of previously formed chambers decreases in thickness with
increasing chamber age (Fig. 2c and d).

From these experiments, it is concluded that uptake of
Ca via seawater endocytosis and transport by vesicles to
the site of calcification during chamber formation can be
excluded as the primary mechanism for test formation be-
cause the observed vesicle activity (Fig. 1) cannot provide
enough Ca to build the test on a 3 h timescale. Furthermore,
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Figure 3: A new model for trace element compositions in foraminifera tests. The full range (grey 271	
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Fig. 3. A new model for trace-element compositions in
Foraminifera tests. The full range (grey fields) and the average
Mg / Ca ratios (hatched lines) are indicated for coccolithophores
and for four species of Foraminifera, spanning the entire range of
observed Mg / Ca ratios (cf. Table A1). See text for discussion.

internal storage of Ca (i.e., the existence of a Ca pool) can
also be definitively ruled out, and there is therefore no cal-
cification reservoir on which processes such as Rayleigh
fractionation operate in the course of test biomineralization
(Elderfield et al., 1996).

3 Discussion

The only conceivable mechanism left to consider is that Ca
is transported to the site of calcification across the cell mem-
brane. Trans-membrane transport (TMT) is known to oc-
cur in other important marine calcifying organisms, in par-
ticular coccolithophores, which are unicellular organisms,
in which vacuolization has never been observed. Coccol-
ithophores therefore rely only on TMT of Ca (and Mg and
Sr) for the formation of their carbonate tests (Langer et al.,
2009, 2006; Gussone et al., 2006).

TMT is generally characterized by strong differences in
selectivity for different elements (for details see Langer et
al. (2006) and references therein). For example, the dis-
crimination of a typical Ca channel against Mg is much
stronger than against Sr, because the surface charge density
of Mg is different from that of Ca and Sr, which are similar
(Allen and Sanders, 1994). This is clearly reflected in the
trace-element composition of coccolithophores, which are
extremely depleted in Mg, with Mg / Ca ratios in the range
0.06–0.2 mmol mol−1 (i.e., about 4–5 orders of magnitude
lower than the seawater Mg / Ca ratio of∼ 5200 mmol mol−1

(Fig. 3)). Sr / Ca ratios in coccolithophore tests, on the
other hand, are around 3 mmol mol−1, only about a fac-
tor of 3 lower than the seawater ratio of 8.8 mmol mol−1

and, importantly, very similar to the foraminiferal Sr / Ca
ratios (Table A2).

However, in any comparison between Foraminifera and
coccolithophore trace-element compositions, it is important
to keep in mind that the site of calcification within coccol-
ithophores is perfectly sealed from the surrounding seawa-
ter, and TMT represents the only pathway for Ca, Mg and
Sr transport. In contrast, Foraminifera do vacuolize seawa-
ter. Furthermore, the foraminiferal site of calcification is, at
least in the species under consideration here, an extracellular
space. The vacuolization model (Erez, 2003) assumes that
the pseudopodial network, which separates the calcification
site from the surrounding seawater, effectively seals off the
site of calcification. This assumption must be largely true, be-
cause otherwise any control over the biomineralization pro-
cess would be impossible. However, it is possible that the
pseudopodial network is temporarily or permanently leaky,
and it is certain that vacuolized seawater (carrying fluores-
cent FITC-D) reaches the site of calcification. Both path-
ways would allow seawater with essentially unfractionated
element ratios to reach the site of calcite formation.

Together with the experimental evidence presented above,
these considerations lead us to propose the following model
for Foraminifera test formation and trace-element composi-
tion.

Figure 3 shows the Mg / Ca ratio of seawater (Pilson,
1998), the range of Mg / Ca measured in coccolithophores
(with an average of 0.1 mmol mol−1, Blanco-Ameijeiras
et al., 2012), and the full range of Mg / Ca ratios mea-
sured in Foraminifera (Bentov and Erez, 2006; Raja et
al., 2005), spanning about two orders of magnitude, from
∼ 2 mmol mol−1 in A. tepida (Dissard et al., 2010) and
∼ 59 mmol mol−1 in A. lobifera (Segev and Erez, 2006),
77 mmol mol−1 in A. lessonii(Raja et al., 2005), to the most
Mg-rich test with∼ 200 mmol mol−1 of, for example,Am-
phisorus hemprichiior Neorotalia calcar(Raja et al., 2005).

All these Foraminifera test Mg / Ca compositions can now
be explained as contribution of two processes, the primary
process being TMT, which supplies most of the Ca for the
test and fractionates strongly against Mg, and in the absence
of another source of cations would result in Mg / Ca ratios
similar to those of the coccolithophores. However, in con-
trast with the coccolithophores, the Foraminifera have at least
two mechanisms by which unfractionated cations from the
adjacent seawater can enter the site of calcification. As dis-
cussed above, such passive transport (PT) might be achieved
by leaks through gaps in the pseudopodial network and/or by
the observed vacuolization of seawater. Both mechanisms al-
low cations to reach the site of calcification in proportions
close to those in the adjacent seawater. Figure 3 shows that
even very modest contributions of such an unfractionated PT
component can substantially increase the Mg / Ca ratio of the
test. For example, a PT contribution of only about 0.07 %
of the total Ca needed for the test will bring along enough
Mg to account for the Mg / Ca ratio of the test inA. tepida.
For A. lobifera, a PT contribution of about 1.1 % is enough,
and even for the most Mg-rich Foraminifera tests like in
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Fig. 4. The relationship between ambient seawater Mg / Ca and
Mg / Ca ratio in the test ofA. lobifera (average data adopted from
Segev and Erez, 2006). For these data, the TMT model predicts
a slope of 10× PT ≈ 11, which is within about 25 % of the ob-
served value. (Data forA. lessoniiin Segev and Erez (2006) were
not included because values for test Mg / Ca obtained at normal sea-
water Mg / Ca differ dramatically from those obtained by Raja et
al. (2005) for the same species.)

A. hemprichiior N. calcar the required PT contribution is
only about 4 %. These species-specific PT contributions are
in very good agreement with the observed vacuolization ac-
tivity for the speciesA. aomoriensisandA. lobifera, respec-
tively (this study and Bentov et al., 2009).

Importantly, the model also accounts for the observed
Sr / Ca ratios in Foraminifera tests, which are comparable to
those of the coccolithophore tests. The PT component that
is so effective in increasing the Mg / Ca ratio, because of the
high Mg / Ca ratio in seawater, does not affect the test Sr / Ca
ratio substantially because the seawater Sr / Ca ratio is low
(∼ 0.01).

Furthermore, our model makes a clear prediction of the
Mg / Ca ratio of tests formed in seawater with different
Mg / Ca ratios. This prediction can serve as a test of its
validity. Our model predicts that, under constant environ-
mental conditions, the Mg / Ca ratio of the test in a given
Foraminifera species will be a linear function of the seawater

atomic (i.e., mol mol−1) ratio,
(

Mg
Ca

)
SW

, with a slope dictated

by the species-specific PT contribution (in %), according to
the following equation (for details see Appendix):(

Mg

Ca

)
test

(
mmol mmol−1

)
≈ 10× PT×

(
Mg

Ca

)
SW

. (1)

Note that such a linear relationship is only expected to

hold within a reasonable range of
(

Mg
Ca

)
SW

that will allow

the Foraminifera to form chambers in the absence of stress.
We tentatively suggest that the linear relationship predicted

by our model should hold for
(

Mg
Ca

)
SW

ratios in the range

between 1 and 10 mol mol−1. As shown in Fig. 4, the model
is in good agreement with data forA. lobifera from Segev

and Erez (2006). At least two additional data sets currently
exist (manuscripts in preparation) that fit the model predic-
tions very well (A. Funcke, personal communication, 2013,
and D. Evans, personal communication, 2013).

In contrast, in the endocytosis model a similar linear re-
lationship would require that the hypothetical Mg-removal
mechanism be capable of removing systematically and pre-
cisely the samefractionof Mg atoms initially present in each
vesicle (which have different size and therefore contain a
different number of Mg atoms) despite changing seawater
Mg / Ca ratios. This seems highly improbable. Culture ex-
periments in which Foraminifera are grown under different
seawater Mg / Ca ratios will therefore be capable of clearly
distinguishing the two models.

4 Summary

In summary, the TMT+ PT model presented here is the first
to explain the Mg / Ca ratios measured in Foraminifera quan-
titatively. Furthermore, it has several clear advantages com-
pared to existing (qualitative) models: (i) it avoids the prob-
lems of vesicle volume and turnover timescale as well as hy-
pothetical selective removal of Mg required by vacuolization
models (Bentov and Erez, 2006). (ii) It does not require Ca
storage. (iii) It accounts for the full range of Foraminifera
test trace-element compositions, as a species-specific result
of different PT (e.g., vacuolization) contributions to the test,
which also allow FITC-D to reach the site of biomineral-
ization. (iv) It makes a clear prediction of Foraminifera test
Mg / Ca ratios in response to variations in seawater Mg / Ca.
(v) Finally, the TMT model offers a qualitative hypothesis
to explain the generally observed positive correlation be-
tween seawater temperature and test Mg / Ca. Metabolism,
hence vacuolization (to feed on microorganisms), can be ex-
pected to increase with increasing temperature. This process
might be what makes the Mg / Ca ratio of foraminiferal tests
recorders of ocean temperature and global climate change.

Appendix A

Sample collection and culturing

Surface sediment was collected at the Wadden Sea (near Do-
rum, Germany) at low tide. After collection, macrofauna was
removed by sieving with a 630 µm screen, and the sediment
was kept in plastic containers at 10◦C. Living Ammonia ao-
moriensis(showing yellow colored cytoplasm) were picked
and then isolated individually in a 24-well plate containing
North Sea water (NSW) and incubated at 25◦C. Three times
a week the medium was replaced and the Foraminifera were
fed with living Dunaliella salina. After asexual reproduction
(ca. 10 % of all individuals), juveniles consisting of a pro-
loculus (first chamber) with ca. 40 µm diameter were isolated

www.biogeosciences.net/10/6759/2013/ Biogeosciences, 10, 6759–6767, 2013
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Table A1. Experimental details and results of the fluorescent labeling experiments.

ID Prior/during/after Incubation Size foram Volume foram No. of Tot. vol. of Vesicle vol./
time (h) (µm) (µm3) vesicles vesicles (µm3) foram vol.

c2 p 3.5 119 882347 21 355 0.000403
d3 p 4.25
c1 p 5.5
c4 p 4 160 2163212 9 56 0.000026
c3 p 4 341 1726464 18 2741 0.001588
b4 p 3 204 4477286 24 179 0.000040
d2 p 3
b6 p 8 97 482620 3 1 0.000002
c4 d 1.25
d6 d 4.5
c5 d 2
b4 a 1
b6 a 1.75
a2 a 1.5
d2 a 1.75
b3 a 1 125 1045899 5 405 0.000387
c1 a 8 160 2150698 15 211 0.000098

Table A2. Values for Sr / Ca and Mg / Ca for seawater, coccol-
ithophores and different Foraminifera species reported in the litera-
ture.

Sr / Ca Mg / Ca Ref.
mmol mol−1 mmol mol−1

(average) (average)

Seawater 8.8 5139 (1)
Coccolithophores 3.5 0.1 (2)
(average)
A. tepida 1.3 2 (4)
A. lobifera – 59 (5)
A. lessonii 1.67 77 (3)
A. hemprichii 1.81 238 (3)
N. calcar 1.98 236 (3)

(1) Pilson, M. E. Q.: An introduction to the chemistry of the sea,
Prentice-Hall, New Jersey, 431 pp., 1998.
(2) Blanco-Ameijeiras, S., Lebrato, M., Stoll, H. M., Iglesias-Rodriguez, M.
Méndez-Vicente, D. A., Sett, S., Müller, M. N., Oschlies, A., and Schulz, K.
G.: Removal of organic magnesium in coccolithophore calcite, Geochimica et
Cosmochimica Acta, 89, 226 pp., 2012.
(3) Raja, R., Saraswati, P. K., Rogers, K., and Iwao, K.: Magnesium and
strontium compositions of recent symbiont-bearing benthic foraminifera, Mar.
Micropaleontol., 58, 31 pp., 2005.
(4) Dissard, D., Nehrke, G., Reichart, G. J., and Bijma, J.: The impact of
salinity on the Mg/Ca and Sr/Ca ratio in the benthic foraminifera Ammonia
tepida: Results from culture experiments, Geochimica et Cosmochimica Acta,
74, 928 pp., 2010.
(5) Segev, E. and Erez, J.: Effect of Mg/Ca ratio in seawater on shell
composition in shallow benthic foraminifera, Geochem. Geophys. Geosyst., 7,
Q02P09, doi:10.1029/2005GC000969, 2006.

in Petri dishes until they had grown ca. 5–9 chambers and in-
cubated in fluorescent dye for various periods.

A1 Fluorescent labeling

A. aomoriensisclones were transferred individually to 24-
well plates containing NSW the night before the exper-
iment and fed in order to enhance chamber formation.
Prior to the experiment NSW containing FITC-D (fluorescin
isothiocyanate-dextran; Sigma-Aldrich, MW= 10 000) was
added to the wells containing the Foraminifera (final concen-
tration 1 g L−1) FITC-D. Due to its high molecular weight,
FITC-D is non-membrane-permeable and consequently al-
lows visualization of the vacuolization process. The incuba-
tion time varied between 1 and 8 h.

In order to analyze the correlation between chamber for-
mation and seawater endocytosis, we examined the vesicle
formation of Foraminifera at three different stages: prior, dur-
ing and after chamber formation.

To investigate the vesicle formation prior to chamber for-
mation, randomly picked Foraminifera were incubated in
FITC-D. As soon as the beginning of a new chamber for-
mation event was detected (formation of protective cyst, ex-
trusion of cytoplasm bulge), the foraminifer was washed and
the amount of fluorescent vesicles inside the animal was de-
termined using confocal laser scanning microscopy (CLSM,
Leica, DM IRBE).

In the second set of experiments, Foraminifera that had
just started chamber formation were incubated in FITC-D for
the period of the chamber formation event (∼ 3 h). When the
new chamber was finished (as indicated by the extension of
pseudopodia), the Foraminifera were washed and analyzed
by means of CLSM.

In the third set of experiments, Foraminifera were in-
cubated in FITC-D directly after the completion of a new
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chamber for a time span of 1–2 h, then washed and analyzed
by means of CLSM.

Washing:At the end of the incubation period, the seawater
containing FITC-D was carefully removed with a pipette in
order to disturb the Foraminifera as little as possible. Fresh
seawater was added and the rinsing process repeated 3 times
to ensure that all FITC-D was removed.

CLSM: The well plates were placed under a CLSM. The
488 nm laser band of a Kr/Ar laser was used to excite the flu-
orescent probe, and emission wavelengths between 500 and
560 nm were recorded. Individuals were scanned directly af-
ter the washing step and thereafter in regular intervals (about
every hour) to follow the fate of the vesicles. Since FITC-D
is sensitive to photo-bleaching, the specimens were kept in
the dark in between scans.

Quantification of vesicles:Vesicles were described by
means of their size (area, volume) using the LCS Lite Soft-
ware (Leica). Volumes of vesicles were calculated from the
area (A= area, d= diameter, V= volume) using the follow-
ing equations:

d = 2

√
A

π
, (A1)

Vsphere=
1

6
πd3. (A2)

The following assumptions were made:

– circular shape of all vesicles,

– circular shape of Foraminifera,

– even though vesicles might have shown different flu-
orescence intensities, they were treated as being of
equal intensities, because intensities are attenuated
when vesicles are out of the confocal plane.

A2 NanoSIMS imaging of44Ca /40Ca in the test

Analyses were carried out with the Cameca NanoSIMS ion
microprobe at the Muséum National d’Histoire Naturelle in
Paris on polished and gold-coated cross-sections of of tests
embedded in an epoxy resin. A primary beam of O− (ca.
20 pA) delivered to the sample surface produced secondary
ions of 40Ca+ and44Ca+ that were transmitted to the mass
spectrometer and detected simultaneously in electron multi-
pliers at a mass resolving power of∼ 6500. At this mass-
resolving power, any potentially problematic mass interfer-
ences are resolved. Individual images were obtained by ras-
tering across a pre-sputtered surface (to remove the gold
coating and establish sputtering equilibrium) with a lateral
resolution of the primary beam of about 0.3 µm and compa-
rable pixel size (images of 128× 128 pixels on a 40× 40 µm2

surface area).
Figure A1a and b show examples of individual NanoSIMS

maps in40Ca and44Ca, respectively, from the Foraminifera

23	
  
	
  

 423	
  

Figure S1. 424	
   Fig. A1. (A) and(B) show examples of individual NanoSIMS maps
in 40Ca and44Ca, respectively, from the Foraminifera exhibited in
Fig. 2d. The40Ca map is flat, whereas the44Ca map shows clear
enrichment in the part of the test formed during the labeling ex-
periment.(C) shows the44Ca /40Ca ratio map in which blue color
signifies a normal44Ca /40Ca ratio of 0.02 and yellowish color sig-
nifies a44Ca /40Ca ratio enhanced by a factor of 5 (i.e., a ratio of
0.10) due to the44Ca enrichment of the seawater during cham-
ber formation.(D) shows the44Ca /40Ca profile extracted from
the 44Ca /40Ca ratio map in(C). (E) shows a44Ca /40Ca profile
extracted from the Foraminifera test exhibited in Fig. 2b (cf. 2F)
demonstrating that the blue color signifies a natural44Ca /40Ca ra-
tio. Scale bars are 10 m.

exhibited in Fig. 2d. The40Ca map is flat, whereas the
44Ca map shows clear enrichment in the part of the test
formed during the labeling experiment. Figure A1c shows
the44Ca /40Ca ratio map in which blue color signifies a nor-
mal 44Ca /40Ca ratio of 0.02 and yellowish color signifies
a 44Ca /40Ca ratio enhanced by a factor of 5 (i.e., a ratio
of 0.10) due to the44Ca enrichment of the seawater during
chamber formation. Figure A1d shows the44Ca /40Ca pro-
file extracted from the44Ca /40Ca ratio map in Fig. A1c.

Figure A1e shows a44Ca /40Ca profile extracted from the
foram test exhibited in Fig. 2b (cf. Fig. A1f) demonstrating
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6766 G. Nehrke et al.: A new model for biomineralization and trace-element signatures

that the blue color signifies a natural44Ca /40Ca ratio. Scale
bars are 10 µm.

A3 The TMT + PT mixing model

The low Mg / Ca ratios of coccolithophores demonstrate that
trans-membrane transport fractionates strongly against Mg.
Roughly, for every 10 000 Ca atoms only 1 Mg atom reaches
the site of calcification.

Let PT be the atomic fraction of Ca ions transported to the

site of calcification via vacuolization. And let
(

Mg
Ca

)
SW

be

the atomic ratio (mol mol−1) of Mg and Ca in seawater.
The atomic Mg / Ca ratio of the resulting test is a result of

a mixture of contributions from TMT and the PT of seawater
and is given by

(
Mg

Ca

)
test

=

1+ 10000× PT×

(
Mg
Ca

)
SW

10000× (1+ PT)
, (A3)

which can be approximated by(
Mg

Ca

)
test

≈
PT

1+ PT
×

(
Mg

Ca

)
SW

≈ PT×

(
Mg

Ca

)
SW

. (A4)

Expressing the Mg / Ca ratio of the test in mmol mol−1 and
converting the PT contribution from atomic to percent frac-
tion (as used in the main text), one gets(

Mg

Ca

)
test

(
mmol mmol−1

)
≈ 10× PT(%) ×

(
Mg

Ca

)
SW

. (A5)
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