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Abstract. The incorporation of heavy metals into carbon-
ate tests of the shallow water benthic foraminiferAmmonia
tepida was investigated under controlled laboratory condi-
tions. Temperature, salinity, and pH of the culture solutions
were kept constant throughout the duration of this experi-
ment, while trace metal concentrations were varied. Concen-
trations of Ni, Cu, and Mn were set 5-, 10-, and 20 times
higher than levels found in natural North Sea water; for ref-
erence, a control experiment with pure filtered natural North
Sea water was also analysed. The concentrations of Cu and
Ni from newly grown chambers were determined by means
of both µ-synchrotron XRF and Laser Ablation Inductively
Coupled Plasma Mass Spectroscopy (LA-ICP-MS). The re-
sults of both independent analytical techniques agreed within
the analytical uncertainty. In general, the concentration of
the analysed elements in the tests increased in line with their
concentration in the culture solutions. Potential toxic and/or
chemical competition effects might have resulted in the de-
creased incorporation of Ni and Cu into the calcite of the
specimens exposed to the highest elemental concentrations.
Mn incorporation exhibited large variability in the experi-
ment with the 20-fold increased element concentrations, po-
tentially due to antagonistic effects with Cu. The partition
coefficients of Cu and Ni were calculated to be 0.14± 0.02
and 1.0± 0.5, respectively, whereas the partition coefficient
of Mn was estimated to be least 2.4. These partition coeffi-
cients now open the way for reconstructing past concentra-
tions for these elements in sea water.
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1 Introduction

Foraminifera are unicellular eukaryotic microorganisms
(Protozoa), found mainly in marine environments. Many
species of Foraminifera, includingAmmonia tepida, secrete
shells, called “tests”, which are composed of calcium car-
bonate. During shell construction, trace elements and stable
isotopes from the sea water are incorporated into the calcare-
ous tests. Because trace elements and stable isotopic ratios
preserved in tests are often linked to ambient sea water con-
ditions, geochemical data obtained from foraminiferal tests
are widely used as so-called proxies in palaeo-climatology
and oceanography (e.g. Boyle, 1981; Wefer et al., 1999; Lea,
2004). The appropriate application of these proxies, how-
ever, demands an accurate calibration between the actual sea
water conditions and the chemistry of analysed foraminiferal
tests.

According to Erez (2003), the actual process of
foraminiferal test calcification begins with sea water uptake
into vacuoles by endocytosis. Various pumps and channels
subsequently increase pH and modify the elemental con-
centration in the vacuoles, which are then exocytosed into
a “biomineralisation space” (Erez, 2003; de Nooijer et al.,
2009). In the biomineralisation space, CaCO3 precipitates
on an organic matrix, thereby defining the outline of a new
test chamber (Hemleben et al., 1977). Trace elements present
in this modified sea water precipitate along with the calcium
carbonate and are incorporated into the shell. In addition
to this biological control, physicochemical parameters such
as pH, temperature, salinity, and possibly pressure also in-
fluence the manner in which trace and minor elements are
incorporated into calcium carbonate tests during shell pre-
cipitation.

Geochemical proxies are important tools and are com-
monly used to reconstruct past environmental conditions.
For example, the use of oxygen isotopes in carbonates for
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palaeothermometry, as suggested by Urey (1947), is still one
of the most widely used proxies (e.g. Bemis et al., 1998;
Lea, 2004). The proxy toolbox has increased enormously
ever since. More recently, proxies based on Mg/Ca ratios
(e.g. N̈urnberg et al., 1996; Lea et al., 1999) and Ca isotope
ratios (e.g. N̈agler et al., 2000) preserved in foraminiferal test
carbonate have also been used to reconstruct sea water tem-
perature. Other geochemical proxies useful in environmental
reconstructions include B isotopes, which are used to deter-
mine pH changes in the ocean water (Sanyal et al., 2001; Yu
et al., 2007), and Cd, which is a proxy for nutrient concen-
trations (Boyle, 1988; Rickaby and Elderfield, 1999; Martin
and Lea, 1998).

Most calibrations of foraminiferal proxies are based on
correlating average ambient conditions to the analyses of
Foraminifera isolated from recent (i.e. core-top) sediment
samples. Not only does this approach rely on the assump-
tion that conditions have remained stable for a considerable
length of time, but in order to eliminate secondary contam-
inations and overgrowths, complex cleaning protocols are
usually implemented (e.g. Boyle and Keigwin, 1985/1986;
Lea and Boyle, 1991; Martin and Lea, 2002). Moreover,
under natural conditions environmental parameters often co-
vary and thus are difficult to disentangle. To circumvent such
complications, the use of controlled laboratory cultures was
initially pioneered by Christoph Hemleben from Germany
and Alan B́e from the USA. The first experiments focussing
on quantifying foraminiferal elemental uptake of Li, Sr, Mg,
and Na were carried out by Delaney et al. (1985). Subsequent
studies examined the uptake of Cd (Boyle, 1988; Mashiotta
et al., 1997; Maŕechal-Abram et al., 2004), Ba (Lea and
Spero, 1992, 1994), U (Russel et al., 1994), and V (Hast-
ings et al., 1996). One of the most recent studies published
addressed Cu uptake (de Nooijer et al., 2007).

Biological productivity in the ocean is strongly impacted
by trace metal distribution, which generally exhibits a
nutrient-type depth profile within the water column. In par-
ticular, low concentrations of some first row transition met-
als are known to be essential for productivity. However, the
distribution of trace metals in the ocean is affected by some
geogenic processes (e.g. hydrothermal activity) and anthro-
pogenic forces (e.g. pollution), as described below. Locally,
geogenic processes such as hydrothermal activity can dra-
matically enrich the trace element composition of sea wa-
ter for up to several kilometres from the active hydrothermal
vent (German and von Damm, 2004). Although Foraminifera
do not reside within hydrothermal vents, the overall increase
of trace metal concentrations in the surrounding sea water
due to hydrothermal activity will affect Foraminifera, partic-
ularly those living near the vent (e.g. Panieri, 2006). These
hydrothermal effects are recorded in foraminiferal tests. For
example, a field site which is known to be influenced by
hydrothermal activity (DSDP Site 216, Ninety-east Ridge)
yields specimens of benthic Foraminifera that are enriched
in “hydrothermal” trace elements such as Cu, Co, and Pb

(Meudt, unpublished data). Changes in redox conditions
(e.g. Morford and Emerson, 1999) or anthropogenic pollu-
tion sources may also influence trace and minor element dis-
tribution in sea water and will be recorded by Foraminifera.
Despite this, most pollution studies focus exclusively on
bulk sediment analyses and/or foraminiferal distribution pat-
terns (e.g. Alve, 1991, 1995; Vilela et al., 2004; Buzas-
Stephens and Buzas, 2005; Carnahan et al., 2008), partly
due to the fact that accurate distribution coefficients have
not yet been determined for linking sea water chemistry with
foraminiferal carbonates for many of the elements of inter-
est. As polluted sediments are usually suboxic or anoxic due
to enrichment in organic matter with high levels of sulphate
reduction, heavy metals are often accumulated and bound to
highly insoluble minerals such as sulphides. Hence, these
metals are not bio-available and as a result, true pollution lev-
els remain unknown. Heavy metals can only be remobilised
in the sediment and diffused into the water with increasing
oxygen levels. Analyses of foraminiferal calcite and parti-
tion coefficients of minor and trace metals could potentially
reveal true trace metal availability. Thus foraminiferal calcite
has the potential to become an excellent tool for monitoring
marine pollution. However, except for Cu (de Nooijer et al.,
2007), there are no experimental data available for first row
transition metals such as Mn and Ni. To shed additional light
on this subject, we conducted a multi-element experiment
under controlled laboratory conditions for oxidising condi-
tions using the shallow-water, benthic foraminiferAmmonia
tepida.

2 Methods

2.1 Sampling and culturing procedures

Ammonia tepida(a shallow-water benthic foraminifer) is
known to have a broad tolerance range for temperature and
salinity, to withstand strong seasonal regimes, and to sur-
vive severe environmental conditions. Furthermore,Ammo-
nia tepidaare also easy to grow in the laboratory, where they
can form new chambers and even reproduce (e.g. Bradshaw,
1957; Alve and Murray, 1999; Stouff et al., 1999; Pascual
et al., 2002; le Cadre and Debenay, 2006; de Nooijer et al.,
2007). Ammonia tepidawas collected by sampling the up-
per 0.5 cm of sediment at low-tide in an intertidal mudflat of
the Wadden Sea, part of the North Sea. The locality is sit-
uated near the Lower Saxony town of Dorum Neufeld, Ger-
many (withinNationalpark Nieders̈achsisches Wattenmeer).
In the laboratory, the sediment was sieved over a 125 µm
mesh sieve and was washed with filtered (0.2 µm) sea wa-
ter. Foraminifera were hand picked under a binocular mi-
croscope using a very fine brush and screened under a Zeiss
Axiovert 200 M inverted microscope for pseudopodial acti-
vity – which expresses vitality. Four hundred live individuals
were transferred into and divided evenly among four sepa-
rate sediment-free aquaria, each containing 1.25 L of culture
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Fig. 1 

Fig. 1. Ammonia tepidaunder the light microscope (top),Ammonia
tepidaunder UV light showing newly grown chambers marked with
calcein (bottom).

solution. Before use, the aquaria were thoroughly cleaned
with 10 vol.-% HNO3 and rinsed with reverse osmosis water
(ROW, conductivity<0.067 µS cm−1).

A stock solution with defined concentrations of Mn,
Co, Ni, and Cu was prepared using ICP-standard solutions
(1000 µg/mL in 5 vol.-% HNO3 each) (Specpure, Alfa Ae-
sar, Germany) and ROW water. Concentrations used in the
experiments are listed in Table 1. The pH of the stock so-
lution was raised to 8.0± 0.1 with 1 M NaOH (p.a.) in
order to match the pH of the natural sea water. Then,
the stock solutions were added to the sea water (filtered
with a 0.2 µm membrane filter) until trace metal concen-
trations within the culture solutions reached approximately
5-, 10-, and 20 times that of the natural North Sea wa-
ter. In addition, a reference batch without any additional
trace metals was prepared. Finally, the culture solutions
were filtered again using a 0.2 µm membrane filter to avoid
introducing possible inorganic precipitates in the aquaria.
To mark newly grown chambers (Fig. 1), the fluorescent

Table 1. Mean concentrations of Mn, Ni, and Cu in the culture so-
lutions. Reference = North Sea water without added trace elements,
5-, 10- and 20-fold indicate 5-, 10-, and 20-fold concentrations of
natural North Sea water.

Manganese Nickel Copper
[nmol/L] [nmol/L] [nmol/L]

Mean reference 30± 13 48± 14 195± 27
Mean 5-fold 86± 33 231± 70 1012± 233
Mean 10-fold 113± 45 371± 52 1697± 155
Mean 20-fold 209± 56 649± 105 3290± 263

label calcein (bis[N,N-bis(carboxymethyl)aminomethyl]-
fluorescein) (Sigma-Aldrich) was added to the sea water at
a concentration of 5 mg/L before it was mixed with the stock
solution (Bernhard et al., 2004).

Foraminiferal cultures were performed without sediments
or any other substrate to avoid artefacts, which could be in-
duced by adding sediments (e.g. pore water chemistry). Con-
sequently, only the water chemistry had to be controlled and
monitored. The four aquaria were covered with a fibre-glass
plate, to minimise evaporation, and then they were placed
in a temperature controlled cabinet. Salinity (24 psu), pH
(8.0± 0.1) and temperature (14.5◦C ± 0.2◦C) were moni-
tored every other day and were stable over the course of the
experiments (Fig. 3). To prevent bacterial build-up, the cul-
ture solutions were changed every 4 weeks. Vitality of speci-
mens was checked bi-weekly: Ten specimens were randomly
selected from each tank and screened for pseudopodial acti-
vity with the aid of an inverted microscope. Food, which con-
sisted of approximately 5 mg of a mixture of air dried algae
(Phaeodactylum triconortum, Dunaliella salinaandIsochri-
sis galbana), was added to the aquaria at the beginning of the
experiment and every time food was no longer visible (6 and
8 weeks after the start of the experiment). The total duration
of this experiment was 82 days.

The elemental composition of the culture solutions were
measured weekly using High Resolution Inductively Cou-
pled Plasma Mass Spectroscopy (HR-ICP-MS, type Axiom
from VG Elemental). The analyses showed that the target
trace metal concentrations remained within an acceptable
range throughout the experiment (Table 1). Accuracy of the
analyses was verified by measuring the certified water refer-
ence sample CRM-TMWD (High Purity Standards, USA) in
every analytical batch.

At the end of the experiment, all specimens were screened
for pseudopodial activity before the tests were cleaned of or-
ganic material during which the specimens were soaked in
a solution of 6–8 vol.-% NaOCl (Merck), twice, for two to
three hours at a time (Mashiotta et al., 1999; Pak et al., 2004).
Finally, the tests were rinsed four times with ROW water and
allowed to dry thoroughly before being analysed.
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2.2 Analytics

2.2.1 µ-synchrotron XRF

Using a liquid glue (Tesa, Beiersdorfer, Germany), two rows
(each consisting of five individuals) of tests were affixed
with their spiral side onto a 3 µm mylar film that was at-
tached to plastic slide mounts. The glue as well as the my-
lar film were tested for their trace element constituents be-
fore use. The abundances of all elements of interest were
clearly below the detection limits for µ-synchrotron X-Ray
Fluorescence Spectroscopy (XRF) determinations. Newly
grown chambers as well as some old chambers were anal-
ysed by µ-synchrotron XRF at the FLUO-beamline of ANKA
synchrotron facility (Karlsruhe) and at HASYLAB beam-
line L (DESY, Hamburg) where confocal µ-XRF measure-
ments were carried out (for details about the confocal mea-
surements, see Kramar et al., 2010). Using an excitation en-
ergy of 12.5 keV, and focussing refractive lenses to a point
size of 2×5µm, the chambers were analysed by line scans,
averaging five points per line in newly grown chambers and
three points per line in old chambers. In unfiltered sample
spectra, the Ni-K lines were strongly overlain by the intense
Ca sum-peak due to the calcium carbonate matrix of the in-
vestigated foraminiferal tests. To reduce this interference,
a 20 µm secondary beam aluminium filter was mounted in
front of the fluorescence detector. Due to low trace element
concentrations in the sub µg/g and lower µg/g range, long
measuring times (500 s) were necessary at each point. Trace
element contents in the tests were quantified by fundamental
parameters using PyMCA 4.2.2 (Solé et al., 2007). The fun-
damental parameter calculations were recalibrated for trace
element calibration purposes by using a pressed calcite pellet
(containing 756 µg/g Cr and 727 µg/g As) and the MPI-DING
reference glass StHS6/80-G standard (Max-Planck-Institut
für Chemie, Germany) (Jochum et al., 2000) as primary stan-
dards. Geometry effects caused by the uneven shape of the
tests were corrected by calculating the absorption of the in-
coming beam from the count rate of the primary monitor
(in front of the sample) and the secondary monitor (behind
the sample). Because the calcium concentration (40 wt%) is
constant in calcite, the average path length of the outgoing
beam could be calculated using Ca as internal standard (Kra-
mar et al., 2010). Replicate measurements of the same spots
lay within 5% relatively, while errors resulting from the path
length calculations through the chamber walls are estimated
to 10–20% relatively. These effects are discussed in detail in
Kramar et al. (2010).

2.2.2 LA-ICP-MS

The non-destructive nature of µ-synchrotron XRF allowed
Laser Ablation Inductively Coupled Plasma Mass Spec-
troscopy (LA-ICP-MS) measurements of the same chambers.
For these measurements, specimens were fixed on a double-
sided adhesive tape and mounted on plastic stubs.

The analyses were conducted at Utrecht University (De-
partment of Earth Sciences) by means of an excimer laser
(Lambda Physik, Germany) equipped with GeoLas 200Q op-
tics at a wavelength of 193 nm. The ablation was conducted
in a helium atmosphere. Pulse rate was adjusted to six pulses
per second with an energy density of 1 J/cm2 at the surface of
the sample. The laser beam was set to a diameter of 80 µm.
The ablated material was analysed with a quadrupole ICP-
MS (Micromass Platform). A collision and reaction cell was
used to minimise spectral interferences on the minor isotopes
of Ca (Mason and Kraan, 2002). Calcium was used as an in-
ternal standard, via the44Ca isotope, with simultaneous mon-
itoring of 42Ca and43Ca. For calibration of trace element
contents, the NIST SRM 610 glass standard (National Insti-
tute of Science and Technology, USA) (Pearce et al., 1997)
and an in-house matrix-matched calcite standard (GJR) were
applied. Concentrations of Cu and Ni were calculated using
the 63Cu and60Ni isotopes, to correct for their natural iso-
topic abundances. Mn was quantified using its only natural
isotope,55Mn. Internal relative precision of Mn, Ni, and Cu
was better than 4.5%, 4.7%, and 4.8%, respectively.

2.3 Calculation of partition coefficients

Partition coefficients were calculated using the resulting trace
element (TE) and calcium concentrations according to the
following expression:

DTE = (TE/Ca)calcite/(TE/Ca)sea water.

DTE were calculated using the medians of each set of con-
centration measurements. Because the analytical data did not
show a Gaussian distribution, the medians are a more reliable
and robust parameter (e.g. Hoaglin et al., 1983; Zhou, 1987)
than the means. Subsequently, the mean of the medians of
the reference, 5-, and 10-fold concentrations was calculated
as the distribution coefficient. The error envelope was cal-
culated using the standard error of the mean (e.g. Howarth,
1983). The results of the 20-fold concentration solution ex-
periment were not included in the calculations. For more
details see Sect. 3.4 and the Discussion.

3 Results

3.1 Culture media

Continuous monitoring of the culture solution revealed that
the trace element concentrations corresponded well to the
targeted concentrations. The elements of the stock solution
therefore did not precipitate or absorb when mixed with the
culture solution, nor were they consumed to an appreciable
degree over the course of the experiment (Fig. 2 and Table 1).
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Table 2. Chamber addition of the cultured foraminifera.

Aquarium No. of Living No. of chambers formed Individuals No. of
individuals individuals that offsprings

(start of (end of formed
experiment) experiment) 1 2 3 4 5 chambers

[%] [%]

Reference 100 98 10 14 12 9 2 47± 7 0
5-fold NSW 100∗ 97 22 19 8 0 0 53± 7 0
10-fold NSW 100 94 22 16 0 0 0 41± 6 1
20-fold NSW 100 93 20 9 0 0 0 29± 5 0

∗ Seven individuals were lost during water changes; NSW = North Sea water.
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Fig. 2 

Fig. 2. Variation in the concentration [nmol/L] of Mn (top), Ni (lower left) and Cu (lower right) of each culture solution during the experiment;
R = reference (natural sea water). Values in parentheses are theoretical values calculated on basis of pure sea water measurements performed
before the experiment.

3.2 Newly grown foraminiferal calcite

Nearly all specimens, 95.5% on average, survived the cul-
ture period of 82 days – exact values for each experiment
are listed in Table 2. In one of the aquaria (10-fold con-
centration), reproduction occurred, but only one juvenile
foraminifer was recovered after termination of the experi-
ments. Seven individuals of the 5-fold concentration experi-
ment were lost during water changes. New chambers formed
in all experiments. For the reference experiment, 47% of the
specimens formed at least one new chamber. In the 5-, 10-
and 20-fold concentration experiments, 53%, 41%, and 29%
of the individuals formed at least one new chamber, respec-
tively (Table 2 and Fig. 4).

3.3 Comparison of the applied analytical techniques

The precision of measurements for Co analyses was low as
the measured concentrations were too close to or under the
detection limit for both analytical methods. For the other ele-
ments (especially Cu and Ni) the LA-ICP-MS measurements
display a similar range to that measured by µ-synchrotron
XRF.

Although the analyses show a wide range of variability in
trace metal uptake among individual specimens, clear trends
are observed for Cu and Ni. Similar variability between
specimens grown under identical conditions was observed
for both Mg and Sr (e.g. Reichart et al., 2003; Dueñas-
Bohórquez et al., 2009; Dissard et al., 2010a,b) and seems
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Fig. 3 

Fig. 3. Salinity [psu] (◦) and pH (•) monitoring of each culture solution throughout the 82 days of the experiment.

to reflect differences in elemental uptake between individ-
uals rather than analytical uncertainties. This is confirmed
by the fact that irrespective of the analytical technique used
(LA-ICP-MS or µ-synchrotron XRF), the concentrations of
Ni and Cu in the calcite increase with increasing concentra-
tions in the sea water (Table 1, Figs. 2 and 5), except for the
tests grown at the highest concentration (20-fold).

3.4 Partition coefficients

Partition coefficients for Ni and Cu were deduced from mo-
lar foraminiferal test Ni/Ca and Cu/Ca ratios and the corre-
sponding sea water values (Fig. 5). The solid lines in Fig. 5
represent calculated partition values, based on the calculated
medians for the different experiments. The dotted lines show
the highest upper and the lowest lower quartile values, which
display the area of uncertainty.

As shown in Fig. 5,DCu ranges between 0.08 and 0.25,
and DNi ranges between 0.4 and 2.0. The scatter in the
Mn data (Fig. 6) allows only an estimate ofDMn, being at
least 2.4.

A systematic decline in the concentration of Ni and Cu
incorporated in newly grown chambers was observed in the
specimens from the 20-fold experiment in comparison to
those cultured in the 10-fold solution (Fig. 5). This suggests
that an additional process may have affected the incorpora-
tion of Ni and Cu at high concentrations (see Sect. 4.2). For
this reason the partition coefficients were calculated without
the data of the 20-fold concentration experiment. The de-
crease in values was quantified by both the µ-synchrotron
XRF and the LA-ICP-MS analytical techniques.
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Fig. 4 

Fig. 4. Total number of newly formed chambers plotted against
concentration of culture solutions.

4 Discussion

4.1 Considerations of experimental uncertainties

The element concentrations in the culture solutions were re-
markably stable, and values for both Cu and Ni concentra-
tions show only minor scatter (Fig. 2 and Table 1). The vari-
ability observed in Mn is somewhat more significant, possi-
bly because Mn readily forms oxides and hydroxides under
oxic conditions (e.g. Middelburg and de Lange, 1988; Heiser
et al., 2001).
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Fig. 5. Calculated partition coefficients of Ni (upper two graphs) and Cu (lower two graphs) – based on LA-ICP-MS (left side) and µ-
synchrotron XRF (right side) measurements. The black filled circles (•) display the median value of the observed concentration ratios, the
short horizontal lines (–) symbolise the 25% (lower line) and the 75% quartile (upper line). Solid lines show the range in median values for
reference, 5-, and 10-fold concentration solutions; dotted lines display the upper and/or lower quartiles and mark the area of uncertainty.
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Fig. 6. Estimates for the partition coefficients for Mn. Explanation of the symbols as in Fig 5.

Calcein binds to Ca as calcium carbonate is precipitated
and is therefore incorporated into the mineralised structure
(Bernhard et al., 2004). Although Lu and Allen (2002) re-
port that Cu incorporation competes with Mg and Ca (its in-
corporation is reduced at increased Ca and/or Mg concen-
trations), Hintz et al. (2004) as well as Dissard et al. (2009)
suggest that the (trace) element incorporation is not affected
by the use of calcein. De Nooijer et al. (2007) also report
that Cu binding to calcein is negligible. Hintz et al. (2004)

argue that measured Mg/Ca ratios in calcein labelled cham-
bers were of the same magnitude as the ratios in unlabelled
chambers. Similarly, Dissard et al. (2009) showed that cal-
cein does not affect the incorporation of the elements Mg
and Sr into foraminiferal calcite. Our measured Mg/Ca ra-
tios (not shown here) confirm this assumption.

As shown in Table 2, 41 (± 6) % of the foraminifers in the
culture solutions grew at least one chamber, with the excep-
tion of the 20-fold solutions in which a lower percentage
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(29± 5%) added new chambers. No malformed chambers
were observed during this experiment and nearly all individ-
uals (95.5%, Table 2) survived. In pollution studies, mal-
formed chambers of foraminiferal tests are often considered
indicative of great stress, for instance resulting from pollu-
tion by heavy metals (e.g. Alve, 1991; Yanko et al., 1998).
Given that the chamber formation and survivor rate were still
quite high, and the absence of malformed chambers, we as-
sume that the experimental conditions were quite acceptable
for Ammonia tepida. The low reproduction rates observed
here may indicate that the overall conditions for the exper-
iment were perhaps suboptimal for this species, but that is
not necessarily the case. Microcosm experiments similar to
those conducted by Havach et al. (2001) or Hintz et al. (2006)
might have improved the overall survival and chamber for-
mation rate, but would have also introduced other complica-
tions, particularly with regard to keeping the trace element
concentrations constant.

Data remains inconclusive for some of the individual tests.
This can primarily be explained by the fact that some cham-
bers had very thin walls, which resulted in a reduction of
the ablation time as less material was available to ablate and
thus yielded poor signal statistics. Unfortunately, the lim-
ited size (size of newly formed chambers<100 µm) of the
newly added chambers prevented multiple analyses on a sin-
gle chamber with LA-ICP-MS.

4.2 Biological effects and influences

The elements Mn, Ni, and Cu usually are present only at very
low levels in sea water (e.g. Table 1). Of these, Mn occurs
at lowest concentration in the North Sea water we used (see
Table 1). All of these metals seem to be essential for the
growth of primary producers and exhibit a nutrient-type dis-
tribution or a hybrid distribution (a combination of nutrient-
type and scavenged-type distributions) in the oceans (Jones
and Murray, 1984; Bruland and Lohan, 2004; Morel et al.,
2004). Although well below concentrations generally con-
sidered toxic (e.g. Hunt et al., 2002; Croteau and Luoma,
2009), the severe drop in trace element concentrations in
the tests grown in the 20-fold concentration tank (shown in
Fig. 5) suggests that a biological mechanism is involved. The
trace metals considered are all somehow involved in different
enzymatic activities (Nelson and Donkin, 1985). Whereas a
deficiency in these elements may lead to limited productivity,
conversely, an excess of these elements may inhibit growth
(Sunda, 1988–1989; Bruland et al., 1991). The lower number
of chambers added in these experiments, particularly in the
20-fold experiment (see Table 2 for details), seems to point
in this direction as well. As a consequence of using a multi-
element mixture in the culture medium, it is possible that one
(or more) of the added elements reached its toxic (although
non-lethal) level with respect toAmmonia tepida.

Ni is known to be a highly toxic element even though it
is very common in nature as a cofactor in the urease en-
zyme that hydrolyses urea, which is an important source
of nitrogen in the oceans (Oliveira and Anita, 1986). Ni
also serves as a cofactor in various other enzymes. Accord-
ingly, Ni must be considered an important prerequisite for
diatom growth (Syrett and Peplinska, 1988). Dyhrman and
Anderson (2003) made similar observations with respect to
Ni for some dinoflagellate species. Apart from this, Ni is
also essential for microbiologically-induced calcite precipi-
tation. Culture experiments withEscherichia colireveal that
adding 5 µM Ni enhances calcite precipitation considerably,
whereas an addition of more than 100 µM Ni will inhibit cal-
cite precipitation (Bachmeier et al., 2002). Similar obser-
vations were made during this study. The chamber growth
rate for specimens cultured in the 5-fold solution increased
6% over those cultured in the reference solution, whereas the
rate decreased 6% below reference values in the 10-fold solu-
tion; the rate decreased even more dramatically in the highest
concentrated solution (Table 2 and Fig. 4). Results of Mann
et al. (2002) indicate that Cu may be toxic and/or harmful to
various phytoplankton species. In this particular case, how-
ever, it is rather unlikely that Cu inhibited shell development
as de Nooijer et al. (2007) used significantly higher concen-
trations in their experiments (in that study, up to 17.8 µmol of
Cu was applied, which is equivalent to a 100-fold concentra-
tion increase compared to the sea water we used in our study)
and still achieved new chamber growth. However, interac-
tions between trace metals, in which one element becomes
toxic due to the limitation of another, have been observed.
For example, Egleston and Morel (2008) reported that Ni be-
came toxic due to the limitation of Zn, resulting in toxicity
to diatoms. Bruland et al. (1991) found that synergistic and
antagonistic interactions between Cu and potential biolimit-
ing metals, such as Fe, Mn, and Zn, might have large effects
on the production of marine biota. Such an antagonistic ef-
fect, also described by Sunda and Huntsman (1998b) for Cu
and Mn, seems to be present in our experiments as well. Fig-
ures 5 and 6 show that tests from the 20-fold concentration
experiments might display such an antagonism between Cu
(as well as Ni) and Mn.

The fact that high concentrations of Ni and Cu may harm
marine life could potentially trigger a cellular expulsion or
blocking mechanism in order to prevent Foraminifera from
incorporating these metals in proportion to their sea water
concentrations. It is also known that toxic metals such as
Cu, Cd, Ni, or Zn inhibit Mn uptake, when Mn is present
in low concentrations (e.g. Sunda and Huntsman, 1998a,b).
In terms of chemical competition, Mn binding is blocked
by (toxic) trace metals, which bind to the receptor sites on
transport-specialised membrane proteins designed for the ac-
quisition of nutrients (Sunda and Huntsman, 1983, 1996,
1998a). Once the toxins are bound, the membrane nutrient-
metal uptake system cannot distinguish between nutrient and
toxicant.
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4.3 Partition coefficients

The partition coefficients for Cu (DCu) and Ni (DNi) were
calculated based on data measured with two different ana-
lytical methods, µ-synchrotron XRF and LA-ICP-MS. Ac-
cording to both methods,DCu lies between 0.08 and 0.25.
Based on the µ-synchrotron XRF measurements,DCu was
found to be 0.16± 0.04, whereas a value of 0.12± 0.02 was
determined with the LA-ICP-MS. Hence, the averageDCu is
0.14± 0.02. This is slightly lower than – but in the same
range as – the previously determined partition coefficient
for Cu by de Nooijer et al. (2007: 0.25± 0.15 using LA-
ICP-MS as well). Although de Nooijer et al. (2007) used
the same LA-ICP-MS configuration as the current study, our
µ-synchrotron measurements compare better with their find-
ings.

A broader range of values was observed with respect to
Ni. DNi varied between 0.4 and 2.0 (averageDNi=1.0± 0.5)
and between 0.5 and 1.7 (averageDNi=1.0± 0.4) using µ-
synchrotron XRF and LA-ICP-MS, respectively. Again, re-
sults from both analytical techniques are found to agree.
CombiningDNi from both analytical methods gives a value
of 1.0± 0.5.

Because both analytical techniques yield very similar
results, it is valid to calculate a totalD for Ni and Cu by
taking the mean of the individually calculated partition coef-
ficients from both methods. In this way, possible systematic
errors of both analytical techniques are reduced and averaged
out.

5 Conclusions

The present study, based on analysis of calcareous tests of
the benthic foraminiferAmmonia tepida, was conducted to
determine partition coefficients for trace elements (Cu, Ni,
and Mn) that are typically associated with changing redox
conditions, hydrothermal activity, and environmental pollu-
tion. The conditions in multi-element culture experiments
better mimic natural environmental conditions than those
commonly used in single element experiments. If results
from single element experiments are to be applied to the nat-
ural environment, then potentially quenching effects must be
taken into account, as demonstrated in this experiment by
the decreased uptake of both Ni and Cu when those metals
are present in higher concentrations. Ignoring inter-element
interference might result in artificially high toxic or subtoxic
concentrations of certain elements and, thus leading to inac-
curate reconstructions.

The partition coefficients for Cu and Ni are calculated
to be 0.14± 0.02 and 1.0± 0.5, respectively. These coeffi-
cients can now be used in environmental and palaeo studies
based on fossil Foraminifera to more accurately determine
the Cu/Ca and Ni/Ca ratios of sea water.

This study also reveals that in addition to LA-ICP-MS, µ-
synchrotron XRF is a very useful method to assess the con-
centration of trace elements in calcareous foraminiferal tests,
with the additional advantage that the sample material is not
destroyed and, therefore, at the same measuring point analyt-
ical conditions can be optimised.
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