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Abstract. Benthic foraminifera have been utilized extensively in laboratory culturing experiments to study the
effects of elevated and/or depleted seawater concentrations of trace metals (e.g., on morphological shell ab-
normalities). In addition, past oceanic concentrations of various elements have been reconstructed through the
analyses of benthic foraminiferal calcite. Paleoproxies of several trace metals have been used to track geo-
logically ancient surficial processes (e.g., weathering and redox) by using black shales; however, analyses of
foraminiferal calcite remain underconstrained for many transition metals. Growth experiments with trace ele-
ments, such as molybdenum (Mo) in this study, could be used to explore their potential as proxies to expand the
sedimentary archives beyond those of black shales. Additional calcite proxies would provide more robust long-
term paleo-redox reconstructions, especially for periods of Earth’s history with limited archives. Concentrations
of trace elements in seawater are often extremely low and measurements can be altered by adsorption, contam-
ination, and/or stratification. To assess possible effects in calcifying organisms from trace metal concentration
fluctuations, closed-system experiments using serial flow-through culturing devices can help ensure reliable re-
sults. Minor concentration changes in a trace element, particularly near or lower than seawater concentrations,
can alter the equilibration time required for the modified source seawater to normalize with the seawater that has
passed through the experimental setup. In this study, the stabilization was investigated after Mo-enriched seawa-
ter passed through three serial flow-through culturing systems. System A was an apparatus using a typical 24-
well plastic cell culture plate, System B was based on System A but included modifications such as a customized
block of polytetrafluoroethylene (PTFE) in place of the plastic cell culture plate, and System C was a serial sys-
tem of synthetic perfluoroalkoxy alkane (PFA) vials connected using polytetrafluoroethylene tubing. The three
systems were tested for the duration required to reach steady state to examine Mo adsorption by each system
(A, B, and C) using 5-times and 2-times natural seawater concentrations of Mo ([Mo]sy). Though the three se-
rial flow-through culturing systems reached equilibrium early in the process when [Mo]s,, was 5-times seawater
concentration, the experiments demonstrated that, when the Mo concentration was closer to modern seawater
levels, systems reached equilibrium at different times. Specifically, systems that incorporated more adsorption-
resistant materials and minimized seawater contact with “common” plastic (e.g., polypropylene and polystyrene)
components reached equilibrium more quickly, where System C was the fastest. At low concentrations, equili-
bration takes longer due to the abundance of the element that can be adsorbed by components over time being
lower, while the amount of time may become insignificant at far higher concentrations. Since equilibration time
at lower concentrations with this trace metal differed by system, other foraminiferal trace element experiments
should also consider the effect of adsorption. These setups were further tested in two experiments that compared
the incorporation of Mo at various [Mo], into foraminiferal calcite, and their very low measurements, near
current detection limits, demonstrate the importance of minimizing external effects such as adsorption. Impor-
tantly, with the best experimental setup tested, there was a small but measurable difference in the foraminiferal
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incorporation. Therefore, greater utilization of adsorption-resistant materials in experimental design is advised
when studying very low oceanic elemental concentrations and their incorporation into foraminiferal calcite.

1 Introduction

Paleoclimate studies have long since utilized foraminiferal
carbonate tests to measure elemental concentrations that
were incorporated during calcification using calibrations
based on modern foraminiferal species (e.g., Katz et al.,
2010; Emiliani, 1955; Shackleton, 1977; Chappell and
Shackleton, 1986; Zachos et al., 1994; Miller et al., 2009).
Additionally, minor elements of seawater, such as magne-
sium, have been studied (e.g., Lea, 1999; Lea et al., 2000;
Lear et al., 2002, 2000). Moreover, analyses of trace met-
als, such as cadmium, zinc, barium, boron, uranium, and
lithium, incorporated into foraminiferal calcite have created
a suite of seawater proxies for paleoreconstructions (Katz
et al., 2010; Lea, 1999). The trace element relationship be-
tween that found in foraminiferal calcite with respect to
seawater is presumably expressed by an empirical partition
coefficient (Morse and Bender, 1990), and many early de-
terminations of this empirical partition coefficient were ac-
complished through calibration techniques using estimates
of seawater chemistry and physical conditions at the col-
lection site (e.g., Hester and Boyle, 1982; Lea and Boyle,
1989). However, all biological influences, such as tempera-
ture and light, on biogenic calcite composition are combined
using this approach; consequently, initial laboratory stud-
ies culturing living planktic foraminifera were undertaken
to determine more detail on biological effects (e.g., Delaney
et al., 1985; Lea and Spero, 1992, 1994; Mashiotta et al.,
1997; Lea et al., 1999). A comprehensive overview of plank-
tic foraminifera that includes culture methods was written
by Hemleben et al. (1989), which can be applied to any of
the approximately 50 extant planktic foraminiferal species
recognized (Hemleben et al., 1989; Schiebel and Hemleben,
2005), and new culturing methods continue to emerge for
planktic foraminifera (e.g., Allen et al., 2016; Westgard et
al., 2023; Meilland et al., 2024). However, thousands of ben-
thic species exist, and laboratory studies using living benthic
foraminifera also continue to develop (e.g., Chandler et al.,
1996; Wilson-Finelli et al., 1998; Havach et al., 2001; Fil-
ipsson et al., 2010; Kramar et al., 2010; Barras et al., 2018;
Diz et al., 2015; Smith et al., 2020). Importantly, certain ben-
thic species are conducive to collect, maintain, and culture in
a laboratory environment. Many controlled culturing exper-
iments have been used to study foraminiferal responses like
dormancy and propagation to environmental factors such as
pH, temperature, and salinity (e.g., Bradshaw, 1957; Dissard
et al., 2010; LeKieffre et al., 2017) and to study the effects
of changes in elemental concentrations of foraminiferal tests.
In one instance, a large 1600 L system was designed and im-
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plemented for culturing deep-sea benthic foraminifera, and
the authors envisioned the apparatus as a way to conduct ex-
periments to assess geochemical proxies (Hintz et al., 2004).
However, smaller and less elaborate systems can be em-
ployed to study trace metal responses in the calcitic shells
of shallow-water benthic foraminifera, such as Ammonia spp.
and Elphidium spp. For example, heavy metal concentrations
like copper (Cu) can be monitored, as they may reach toxic
levels in a small body of water (e.g., bay or fjord) or poten-
tially up to an entire basin due to anthropogenic pollution
(e.g., Le Cadre and Debenay, 2006; Polovodova Asteman et
al., 2015; Martinez-Colén et al., 2018; Schmidt et al., 2022).

Redox-sensitive trace metals such as molybdenum, ura-
nium, vanadium, and zinc (Algeo and Maynard, 2004) — mi-
nor constituents in modern seawater including several tran-
sition metals — have been constrained for punctuated events
(e.g., oceanic anoxic events) indirectly through black shale
enrichments (e.g., Gill et al.,, 2011; Owens et al., 2016;
Reinhard et al., 2013). Additionally, redox-sensitive trace
elements affect enzymatic processes for primary producers
(Bruland et al., 1991). In particular, while Mo is the most
abundant transition metal in modern open-ocean oxic seawa-
ter conditions with concentrations of approximately 104 nM
(e.g., Miller et al., 2011), where it is present in the form of
molybdate (Algeo and Lyons, 2006; Kendall et al., 2017),
low seawater Mo concentrations have been hypothesized to
suggest significant increases in global anoxic/euxinic condi-
tions during the geological past (e.g., Owens et al., 2016; Gill
etal.,2011; Reinhard et al., 2013; Dickson et al., 2016). Even
though benthic foraminifera have been used as local prox-
ies in modern applications (e.g., as a bioindicator) and their
usage in paleoceanography has mainly been associated with
deep-ocean environments, research on redox-sensitive trace
metals from foraminiferal calcite has been limited. Given
their extensive distribution, benthic foraminifera have the
potential to complement the local and global sedimentary
oceanic archives. To test the utility of foraminifera to track
the global seawater trace metal inventory using controlled
culturing experiments, adsorption of Mo by three serial flow-
through culturing systems was first assessed to ensure robust
results. Data from subsequent experiments on extant benthic
foraminifera were then utilized to evaluate the feasibility of
using well-preserved foraminiferal tests as a proxy to recon-
struct the marine trace metal concentration of redox-sensitive
elements.

Laboratory experiments are time-consuming and require
careful planning and preparation (Murray, 2006). Potential
emerging proxies may come from trace metals that are nor-
mally in nanomolar (nM) concentrations in natural seawa-
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ter, such as iodine at ~450nM, molybdenum at 104 nM,
and vanadium at 35nM (Bruland et al., 2014). However,
bulk shell analyses of foraminiferal calcite concentrations
by inductively coupled plasma mass spectrometry (ICP-MS)
would be measured as parts per billion (ppb), since concen-
trations would not be those of a solute in solution. To study
trace metal incorporation in the individual chambers formed
during the experiment, the fluorescent dye calcein can be
added to seawater utilized in growth experiments (Bernhard
et al., 2004), and laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) analyses can be performed
on specific test chambers (e.g., Filipsson et al., 2010; Bar-
ras et al., 2018). Consequently, advances in analytical preci-
sion in conjunction with very low seawater concentrations of
trace elements and their effects on calcifying organisms re-
quire that thoughtful consideration be taken in experimental
studies with living foraminifera. This study aims to quantify
the time for the source input to reach equilibrium at 5-times
and 2-times [Mo]gy for the three experimental systems that
could provide a constant flow of the treated seawater to the
benthic foraminifera in subsequent Mo-uptake research.

2 Materials and methods

Three serial flow-through culturing systems (Fig. 1) were
evaluated prior to two subsequent [Mo]g,, experiments us-
ing benthic foraminifera in order to assess their performance
with respect to minimizing fluctuations in elemental concen-
trations due to adsorption by the systems. The first experi-
ment that assessed the uptake of Mo into foraminiferal calcite
utilized seawater at 1x, 2x, and 3 x [Mo]sw, and a second
experiment applied 1x, 3%, 5x, and 10 x [Mo]sy. All three
systems had flat chamber bottoms but could have round or
conically shaped chamber bottoms instead. Each system is
described in the following sections.

2.1 Serial flow-through culturing systems

Conceptually, serial flow-through culturing systems bring re-
plenished, circumfluous seawater in contact with a single in-
dividual or a group of benthic foraminifera in each compart-
ment, passing it through the first chamber to the next until
the last. As long as stratification is avoided (Martinez-Coldn,
2016), organisms are exposed to a flowing, consistent sea-
water treatment. For example, if a chamber’s input and out-
put were both near the top of the chamber, the source sea-
water — herein defined as the modified seawater used in an
experiment (e.g., seawater with an increased [Cu]) — would
remain in the upper layer, thereby reducing exposure to the
foraminifera of the element(s) studied. Although the system
is constantly being replenished with source seawater from the
initial source seawater reservoir, there may be some seawater
variability among system chambers due to foraminiferal up-
take or other factors. A schematic diagram showing the hypo-
thetical flow of seawater to and from a chamber is shown in
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Fig. 2. However, the components of the system itself may al-
ter the consistency of the treatment (i.e., seawater with mod-
ified concentrations of one or more trace elements) due to
adsorption by elements depending on their material. There-
fore, before the start of an experiment utilizing foraminifera,
the input of a system should be checked against its output
until equilibrium has been reached.

Note that feeding benthic foraminifera during an exper-
iment requires that the peristaltic pump be stopped so the
chambers of a system can be accessed. Foraminifera can ei-
ther be transferred to separate Petri dishes to be fed or be fed
directly in place, which will reduce stress and the probabil-
ity of harm. If an organism or group in each compartment is
transferred to a Petri dish and fed, alterations or effects by
food particles will be minimized, and each can then be re-
turned to its location in the apparatus so the operation can
be resumed. Additionally, external feeding using sterile Petri
dishes may reduce the risk of contamination to the entire sys-
tem. If foraminifera are directly fed in the chambers of a
system instead, handling specimens will be minimized and
the process will be more straightforward, but residual food
particles and/or additional metabolites may affect outcomes.
However, for the experiments on the systems, foraminifera
were not used, as the focus was on adsorption by the plastic
components.

2.1.1  System A: polystyrene plastic cell culture plate

The first vessel (Fig. 1a) was a modified version of the
one originally designed and utilized to analyze [Cu] in
foraminiferal calcite after exposure to high levels of sea-
water concentrations (de Nooijer et al., 2007). Martinez-
Colén (2016) tested the system by running colored dis-
tilled water through the vessel and observed stratification
in the chambers. This problem was solved by introducing
a longer “inflow” piece of tubing that extended to near the
bottom of the chamber and a shorter “outflow” piece of
tubing. For these trials, a single device consisting of a 24-
well polystyrene plastic cell culture plate was inserted be-
tween two acrylic plates. Acrylic or polymethyl methacrylate
(PMMA), more commonly known by various trade names
such as Plexiglas® and Lucite®, is a lightweight and shatter-
resistant transparent plastic compared to glass. A silicone
membrane with circular holes corresponding to the wells
was placed above the cell culture plate to create a seal be-
tween it and the upper acrylic plate, and the unit was se-
cured by 12 plastic nylon screws. The upper and lower plates
were machined with holes for the screws and positioned to
balance compression of the plates. Individual 3.5 mL com-
partments or wells were connected by short pieces of sili-
cone tubing, roughly 4 cm in length, using luer locks (i.e.,
straight polypropylene fittings with a male luer slip to a hose
barb adapter). Each well had a longer piece of polytetrafluo-
roethylene (PTFE) tubing (= 2.5 cm) connected to a luer lock
for incoming seawater and shorter one (= 1.5 cm) connected
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A) Device using a manufactured plastic cell culture plate

grooved acrylic rectangular block with 12 tapped holes”
24-well polystyrene cell culture plate with 2 drilled holes
+ silicone membrane with 12 drilled holes”

« acrylic rectangular block with 12 tapped holes”

* 12 plastic nylon screws

23 pieces of flexible plastic tubing (4 cm)

48 luer locks

24 pieces of PTFE tubing (1.5 cm)

* 24 pieces of PTFE tubing (2.5 cm)

B) Bespoke block of polytetrafluoroethylene (PTFE)
inset: connector using 3 pieces of tubing and 2 luer locks

* PTFE rectangular block with 24 drilled wells and 12
tapped holes”
silicone membrane with 12 drilled holes”
PTFE rectangular block with 12 tapped holes”
* 12 plastic nylon screws
» 23 pieces of PTFE tubing (6—10 cm)
48 luer locks
24 pieces of PTFE tubing (1.5 cm)
* 24 pieces of PTFE tubing (2.5 cm)

5cm

C) Synthetic perfluoroalkoxy alkane (PFA) vials & closures
inset: transfer closures with tubing, disconnected from vials

* 10 PFAvials

* 10 PFA transfer closures

* 10 pieces of PTFE tubing (7 cm)
* 1 luer lock

Figure 1. Three serial flow-through culturing systems and components, excluding input and output tubing. System (A) is a polystyrene
plastic cell culture plate between two acrylic plates, where chambers are coupled using silicone tubing. System (B) is a customized block of
PTFE with a fitted PTFE lid, where wells are joined using PTFE tubing. System (C) is an interconnected series of synthetic perfluoroalkoxy
alkane vials using PTFE tubing without luer locks. Custom components are indicated with a red asterisk (*).

to the other luer lock for seawater flowing to the next well
or final collection container. Seawater mixing was verified
by testing the system with colored distilled water. The first
well in the series was connected to the PharMed® biocom-
patible pump tubing (BPT), composed of a polypropylene-
based thermoplastic elastomer or rubber, used by the peri-
staltic pump. The last well was connected to PTFE tubing
leading to the collection jar using a custom-made connector,
0.5 cm of BPT attached to a luer lock. All 24 wells were used
for a single treatment in the configuration of the apparatus.

2.1.2 System B: customized block of
polytetrafluoroethylene (PTFE)

The next device (Fig. 1b) was a reconceptualized adapta-
tion based on the aforementioned vessel using a bespoke
block of PTFE and was also utilized to analyze [Cu] in
foraminiferal calcite (Martinez-Colén, 2016). Both PTFE
components were machined as specified by the details within
the aforesaid article. PTFE, also referred to by the trade
name, Teflon®, is hydrophobic and has a very low coeffi-
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cient of friction. The device consisted of a PTFE base with
24 wells, a comparable silicone membrane as previously de-
scribed placed above the base, and a PTFE lid. The unit was
also secured by 12 plastic nylon screws, but the arrangement
was altered from the preceding design using a cell culture
plate to evenly compress the apparatus, as PTFE is softer
than acrylic. Separate 4 mL compartments were connected
by short pieces of PTFE tubing, 6~10cm in length, using
luer locks. Because PTFE is not as flexible as silicone, longer
pieces were used to eliminate kinks that alter the diameter of
the tubing, thereby impeding flow. For these trials, heat was
applied during the shaping of the PTFE pieces to achieve
arcs with shorter lengths, whereas a previous configuration
used longer PTFE pieces to avoid kinks. As mentioned in
Sect. 2.1.1, each well had a longer and shorter piece of PTFE
tubing connected to the luer locks to ensure mixing of the
seawater. Also, as before, the initial luer lock of first well
in the series was connected to the BPT used by the pump,
and the last was linked to a collection jar by a custom-made
connector and PTFE tubing. All wells of the PTFE unit were
used for a single treatment in the setup. In addition, the unit
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Figure 2. Cross-sectional schematic diagram of seawater flow through a chamber of each system. Solid blue lines (“b” and “c” in each
drawing) indicate known incoming and outgoing seawater flow, while blue arrows with dashed lines infer turbulent mixing based on tests
with dyed water and not the actual direction of seawater flow in each system. Label descriptions: (a) chamber of a plastic well for System
A and of a PTFE well for System B and interior of a PFA vial for System C, (b) PTFE tubing into the lower part of the chamber, (c) return
PTFE tubing near the top of the chamber to circumvent stratification, (d) silicone gasket, (e) top acrylic plate, (f) plastic luer lock, (g) silicone
tubing connecting the next chamber in the series, (h) bottom acrylic plate, (i) PTFE cover, (j) PTFE tubing connecting the next chamber in
the series, (k) base PTFE plate, (1) PFA transfer closure, (m) plastic vial tray (optional). Illustration is not to scale.

was tested beforehand using dyed distilled water to ensure
that seawater would not stratify and flow serially through all
wells. The surface of the PTFE blocks can deform slightly
over time due to its relative softness; therefore, despite the
silicone membrane, uneven areas can develop that allow the
seawater flow to circumvent its intended route. The unit uti-
lized in these experiments did not have such an issue; thus the
two blocks did not have to be planed to re-establish uniform
thickness and level surfaces; however, planing the blocks
periodically to keep the block flat across the top is recom-
mended to maintain a leak-free system.

2.1.3 System C: synthetic perfluoroalkoxy alkane (PFA)
vials

The third experimental setup (Fig. 1c) was a serial system
of perfluoroalkoxy alkane (PFA) vials and transfer closures
connected by PTFE tubing, re-engineered from the prior two
culturing designs in order to support redox-sensitive trace
metal research using controlled culturing experiments (Gfat-
ter and Owens, 2021). The system was not limited by number
of vials, but, rather than using 24 vials to create 24 chambers
like the previous devices, 10 PFA vials were selected, as the
7 mL volume of a vial was greater than that of a well in either
previously discussed system. A total of ten 7cm pieces of
PTFE tubing (i.e., a PTFE “connector”), with one side cut at
a 45° angle, connected the PFA transfer closures, each with
two openings. For every transfer closure, one opening was
fitted with a piece of tubing where the angled side of the
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Figure 3. Underside view of the PTFE connector inserted into
the PFA transfer closure where a new rubber band, positioned as
demonstrated, was then pulled taut to assist with bending the piece
into place as shown in Fig. 4.

PTFE connector would reach the bottom of the vial when
the transfer closure caps the vial. Because of the tight toler-
ance of the opening and the limited flexibility of the tubing,
a new strong rubber band was used to help the PTFE con-
nector make the bend beyond the inside rim (Fig. 3). After
the PTFE connector with the angled end was inserted to the
center of the closure, the rubber band was placed so that it
could be pulled downward while the connector was pushed
forward, thereby forcing the connector down and away from
the opening on the opposite side. Rubber bands utilized in
the technique were discarded after all PTFE connectors were
completed.
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Figure 4. PFA transfer closures connected in sequence for the last
3 of 10 flat bottom PFA vials as shown in Fig. 5.

2cm

Figure 5. System C setup using 10 PFA vials and transfer closures
in succession

Aside from the first vial, the external portion of the con-
nector by the transfer opening was placed into the opening
of the preceding transfer closure (Fig. 4). Once the 10 trans-
fer closures were interconnected, each vial was positioned to
receive a connector and then screwed tightly into its transfer
closure. The connector of the first transfer closure was cou-
pled with a luer lock to the BPT used by the pump, while the
last transfer closure was connected directly to PTFE tubing
leading to the collection jar (Fig. 5). Seawater flowed into
the bottom of the vial with this configuration, where the an-
gled side prevented a restriction of flow; thus no stratification
occurred out of the top as well. The setup was tested to en-
sure there was no stratification: the flow of the system was
checked with colored distilled water, thus verifying that the
solution was mixed. Two plastic vial trays were used to orga-
nize the series of vials, though not essential for the system.

The use of manufactured PFA vials and closures, typically
utilized in trace metal research, along with the PTFE tubing,
minimizes elemental adsorption, which is required for low-
concentration experiments. The serial connection ensures a
uniform flow of the seawater through all vials.

2.2 Seawater preparation and experimental setup

Source seawater was collected into a cleaned and rinsed SO L
Nalgene™ low-density polyethylene (LDPE) carboy from
the Florida State University (FSU) Coastal and Marine Lab
in St. Teresa, FL, where seawater from the Gulf of Mexico
is drawn into holding tanks through pipes, sand-filtered, and
then passed through a cartridge filtration system using 10 pm
filters. At FSU in Tallahassee, the seawater was additionally
filtered to 0.2 um, using polycarbonate and nylon membrane
filters, and stored in a 20L Nalgene™ LDPE carboy. The
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seawater in the carboy had a pH of 8.14 at 21.9 °C, and salin-
ity was 29.5 %o. The initial and filtered seawater [Mo] from
the Gulf of Mexico was 102 and 120nM, respectively. All
experiments were conducted at a temperature of 20-22 °C
and exposed to indirect sunlight for approximately 12h. A
total of 4 L of the 0.2 pm filtered natural seawater was placed
in a high-density polyethylene (HDPE) container. The con-
centration of Mo in natural seawater is 100-108 nM (e.g.,
Bruland et al., 2014; Collier, 1985; Morford and Emerson,
1999; Miller et al., 2011), and Mo from a stock solution by
Inorganic Ventures was added so that the concentration in
the container would be about 5 times that of natural seawa-
ter. The experiment with a lower [Mo] used the same HDPE
container after being cleaned, but Mo was added to 4L of
0.2 um filtered seawater to reach approximately twice that of
the Mo concentration in natural seawater.

For both experiments, three new 95cm pieces of PTFE
tubing — to bring source seawater from the reservoir into each
of the three systems — were placed into holes made in the cap,
reaching the bottom of the container, and then connected to
a 406 mm 3-stop PharMed® BPT (0.89 mm tubing inner di-
ameter) with a luer lock. Flexible tubing was needed for the
peristaltic pump, and this tubing made from a polypropylene-
based thermoplastic elastomer, which has broad chemical re-
sistance, outlasts silicone tubing. The first and second stops
(i.e., plastic tabs on the tubing) of each BPT piece were fitted
into a cartridge for the channels of an Ismatec® C.P. 78017-
10 peristaltic pump and then connected to a luer lock that
fed into one of the three serial flow-through systems (Fig. 6).
The first two stops were utilized, so the outgoing portion of
tubing was longer and thus connected to the systems without
difficulty. The peristaltic pump was set to advance seawa-
ter from the reservoir at 9mLh~! through each system, as
previously done by de Nooijer et al. (2007) and Martinez-
Col6n (2016). This rate provided ample mixing as observed
in the tests of each system for stratification using dyed dis-
tilled water. A rate of 9mLh~! allowed & 2-3 exchanges
of seawater in each system chamber for System A and Sys-
tem B but only ~ 1.5 for System C, which would need a sep-
arate peristaltic pump to reach a similar exchange. At each
collection interval, source seawater samples of ~ 3 mL were
pipetted from the reservoir. Next, system samples of ~ 3 mL
were taken directly from the output tubing into test tubes for
approximately 20 min. An initial sample of the untreated nat-
ural seawater was taken along with periodic samples from
the experiments. During each trial, excess seawater between
collection times was collected in amber Nalgene™ HDPE
bottles.

2.3 Collection of algae and juvenile benthic foraminifera

Sediment samples were collected from the Wadden Sea mud-
flat in Den Oever, NL (52°56’25.2” N, 5°01’ 24.9” E), and
later stored in an environmental chamber set at 10 °C. The
sediments were then sieved to 75-90 um and stored in the en-
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Figure 6. Experimental setup of components and culturing sys-
tems where seawater from the reservoir (1) was drawn by the peri-
staltic pump (2) and advanced through each of the three serial flow-
through systems (3, 4, and 5) and then into the output collection
bottles (6, 7, and 8), which were capped between sampling periods.

vironmental chamber. Prior to the start of an experiment, por-
tions of 75-90 pm sediment were placed in Petri dishes, and
a 3-5mL aliquot of the chlorophyte, D. perfecta, was added.
After 24 h, living foraminifera — identified by the uptake of
the green algae causing a color change in the foraminifera
— were picked from the other particles and sorted by gen-
era (Ammonia spp., Elphidium spp., or other spp.). The pri-
mary species sought was Ammonia cf. molecular type T6 or
T7 (North Sea tidal flats and US Atlantic coastal microtidal
marshes, respectively; Hayward et al., 2004), herein referred
to as Ammonia tepida, which is readily found in mud flats
and coastal areas. Although Richirt et al. (2019) found that
species may be distinguished by their morphological charac-
teristics, A. tepida was not sorted further. Lots of A. tepida
(100 specimens) were utilized for each treatment in an ex-
periment.

Six cultures of algae (two Chlamydomonas spp.,
Dunaliella tertiolecta, Dunaliella salina, Phaeodactylum
tricornutum, and Isochrysis galbana) used in previous
foraminiferal growth studies with Ammonia spp. (e.g., Bern-
hard et al., 2004; Bradshaw, 1957; de Nooijer et al., 2007;
Munsel et al., 2010; van Dijk et al., 2019), along with three
additional cultures of algae (Porphyridium cruentum, Ti-
sochrysis lutea, and Dunaliella primolecta), were obtained
from the Milford Laboratory of the National Oceanic and At-
mospheric Administration. The cultures were maintained in-
dependently using f/2 medium, an enriched seawater medium
made with nutrients for marine algae and artificial seawa-
ter, and split every 2—3 weeks with added /2 medium. Algal
subsamples of the nine different algal cultures were taken
monthly, combined into a container, and then killed via heat
to be used later as foraminiferal food.
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2.4 Experimental setup to test molybdenum
incorporated into foraminiferal calcite

System C was utilized for both experiments utilizing A. tep-
ida. For the first Mo uptake experiment, filtered seawater was
prepared in the same manner as described in Section 2.2.
After filtration, the seawater had a pH of 8.17 at 21.0°C,
and salinity was 30.7 %o. The salinity of the Wadden Sea
mudflats ranges between approximately 20 %o and 30 %0 and
salinity of the filtered seawater was within the range needed
for normal growth and reproduction by A. fepida (Bradshaw,
1957). Seawater treatments with elevated concentrations of
Mo were made with stock liquid Mo from Inorganic Ven-
tures to create 2x and 3 x [Mo]sw, While untreated seawater
represented the control of 1 x [Molsy. Seawater treatments
of 3%, 5%, and 10 x [Mo]sy also took place for the second
Mo uptake experiment.

For each seawater treatment and control, approximately
100 juvenile specimens of A. tepida, =~ 63-90 um in diam-
eter, were placed in 10 PFA vials with 0.5 mL of algal detri-
tus. A single feeding at the start of each experiment was cho-
sen for simplicity to replicate. After 8 weeks, the experiment
was stopped, and foraminiferal tests greater than 90 pm were
collected. A portion of the original samples, about 25-45 in-
dividuals depending on the shell size, was transferred into
4 mL PFA vials to be analyzed for elemental concentrations
via ICP-MS. All shells in each of the foraminiferal calcite
samples were first dissolved in 80 uL of twice-distilled trace-
metal-grade nitric acid (HNO3) for 24—48 h. For analysis, the
samples were then diluted to 2 % HNO3 using ultrapure (i.e.,
Type 1) water.

2.5 Data collection and analyses

Seawater molybdenum analyses were performed utilizing an
Agilent 7500cs quadrupole inductively coupled plasma mass
spectrometer (ICP-MS) using standard procedures as out-
lined in previous work from the Geochemistry Group at the
National High Magnetic Field Laboratory (NHMFL) at FSU
(e.g., Lowery et al., 2018; Bowman et al., 2020; Kozik et al.,
2022; Them et al., 2022). Calibration standards were attained
by serial dilution of a nitric acid solution composed of 21
High-Purity Standards or Inorganic Ventures ICP-MS stan-
dard elements. The calibration standards for seawater sam-
ples were not matrix-matched because all salts contain trace
metals, which would introduce errors in the measurements.
Excluding the blank, Mo had a range of 0-2500 nM in these
standards. Aliquots of the seawater samples were diluted
10: 1 with trace-metal-grade 2 % HNO3 and then analyzed
with the Agilent 7500cs ICP-MS. The precision of the in-
strument, measured by relative standard deviation of Mo, for
the 5 x [Mo]sw analysis was approximately 4.6 % and about
1.5 % for the 2 x [Mo]sy analysis. The average counts per
second were roughly 49 000 and 24 000, respectively. The
conversion of the quantitative output of Mo to nM was ver-
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ified with the calculation of calcium (Ca) from its measure-
ments, which remained nearly constant, as it should not have
changed given the source seawater was the same for all Mo
concentration samples.

Foraminiferal calcite molybdenum analyses were per-
formed on a Thermo Fisher Scientific Element 2 ICP-MS us-
ing the standard procedures as noted above at the NHMFL.
Measurements of Mo (ppb) and Ca (ppm) were collected,
and the calibration standards for foraminiferal samples were
matrix-matched to Ca at 20 &= 5 ppm. That is, matrix effects
that interfere with or attenuate the measurements due to vari-
able amounts of Ca were minimized by matching samples
within 25 % of the standards for Ca values. Samples that did
not match the Ca target were rediluted with 2 % HNOs3 and
reanalyzed. Molybdenum—calcium ratios (Mo/Ca) are pre-
sented as Mo (x 1000) ppm / Cappm to normalize for the
amount of foraminiferal calcite dissolved, which is similar to
other elemental applications (e.g., Lu et al., 2010; McCorkle
et al., 1995; Rosenthal et al., 1997; Lea et al., 1999; Hintz et
al., 2006a, b).

3 Results

The three serial flow-through culturing systems were as-
sessed on their ability to reach equilibrium quickly using
a higher and lower [Mo]gy. This information was reviewed
to select the system for the subsequent experiments using
foraminifera. Seawater concentrations of Mo at 1x, 2x, and
3 x [Mo]sw were used in the first experiment that assessed
the uptake of Mo into foraminiferal calcite, and seawater
concentrations of Mo at 1x, 3x, 5x, and 10 x [Mo]sw wWere
utilized in the next. Results are presented in the following
subsections.

3.1 Equilibration time of the serial flow-through culturing
systems

A seawater standard solution — used to compare seawater ele-
mental concentrations to those measured from actual seawa-
ter samples — was measured and calculated to be 105 nM for
Mo, whereas the initial seawater and filtered seawater from
the Gulf of Mexico were 102 and 120 nM for Mo, respec-
tively. The source seawater in the trial that tested the de-
vices at 5-times [Mo]sw had a mean of 564 nM (Table Al
in the Appendix) and was 579 nM at the onset of the trial,
and all three configurations had an average value within 5 nM
of 564 nM. The source seawater at the beginning of the ex-
periment measured fractionally higher than 578 nM, but this
measurement was less than 1 nM beyond the 95 % confidence
interval (i.e., within 2 standard deviations of the mean) of
551-578 nM, and data remained within that range thereafter.
Furthermore, the means of all three systems were within 2
standard deviations of the mean source seawater value.

The [Mo]sw measurements at the beginning of this trial
were 557, 559, and 562nM for System A, System B, and
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System C, respectively (Fig. 7). Samples were collected for
the seawater and all systems at the onset, 6 h point, 12 h point,
and then every 24 h starting from the 24 h point forward. This
trial ran for 7d, and the 40 samples were subsequently ana-
lyzed for [Mo]. At the 168 h mark, all four measurements
were 560 £ 3 nM. Although there may be some variability
prior to the 6 h point, all serial flow-through systems reached
equilibrium by the 6 h mark.

For the trial that tested the devices at twice [Mo]gy, source
seawater had an average value of 287 nM (Table A2), and
all initial measurements were within the 95 % confidence in-
terval of 268—-306 nM. The experiment at the lower [Mo] had
more variability between the systems. The standard deviation
of System A (24 nM) was nearly 3 times higher than that of
the source seawater (9 nM), whereas System B (18 nM) was
about twice as high. On the other hand, the standard devia-
tion of System C (4 nM) was much lower than that of System
A and System B and lower than that of the source seawater.

The [Mo]sw measurements after the source seawater
flowed through the devices for 1 h were 293, 280, and 284 nM
for System A, System B, and System C, respectively (Fig. 8).
Samples were collected for the seawater and all systems at
the 1h point and then every 12h from the 12h point for-
ward. This trial ran for 5d, and the 44 samples were sub-
sequently analyzed for [Mo]. The first measurement of the
source seawater was 299 nM and, aside from one measure-
ment less than 1nM below 268 nM recorded at the 60h
mark, remained within the 95 % confidence interval. System
A trended downward, falling below the lowest seawater mea-
surement of 268 nM about halfway through the experiment,
until the 108 h mark. System B had two values that diverged
beyond the 268-299 nM range of the source seawater at the
12 and 48 h points and then remained within the 95 % confi-
dence interval except for the measurement of 322 nM at the
108 h point. The measurements from System C ranged from
272 to 287 nM, with an average value of 281 nM — compa-
rable to that of 287 nM for the source seawater. Although
only System C equilibrated with the source seawater from
the start, measurements of all serial flow-through systems re-
turned to the 95 % confidence interval by the fifth day.

Since System C remained within the 95 % confidence in-
terval for all periods, additional measurements were taken
at 2, 3, 6, and 9 h intervals. These four measurements (292,
288, 289, and 290 nM, respectively) were between 288 and
292 nM. Although slightly higher than its 272-287 nM range,
all measurements still remained within the 95 % confidence
interval of the source seawater. These additional measure-
ments suggest that System C reached equilibrium with the
2 x [Mo]sw source seawater in no more than 2h. Thus,
it is likely that System C reached equilibrium with the
5 x [Mo]sw source seawater by the 2 h point as well.
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Figure 7. Molybdenum concentrations of seawater after being moved by a peristaltic pump through each culturing system, where the
source was 5 times that of natural seawater. The blue bar highlights the 95 % confidence interval of the source seawater (mean £ 2 standard
deviations), where the mean was 564 nM and the range was 551-578 nM.
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Figure 8. Molybdenum concentrations of seawater after being moved by a peristaltic pump through each culturing system, where the source
was twice that of natural seawater. The blue bar highlights the 95 % confidence interval of the source seawater (mean = 2 standard deviations),

where the mean was 287 nM and the range was 268-306 nM.

3.2 Molybdenum incorporation into foraminiferal calcite

The seawater Mo concentration measurements obtained from
the Agilent 7500cs ICP-MS for the 1x, 2x, 3%, 5x, and
10 x [Mo]sw used in the foraminiferal uptake experiments
were 97, 209, 329, 554, and 1025 nM, respectively. The first
experiment compared foraminiferal uptake of Mo at concen-
trations of 1x, 2x, and 3 x [Mo]sy, and the average ratios
were 0.09, 0.27, and 0.41 with standard deviations of 0.07,
0.19, and 0.15, respectively (Fig. 9). The 2 x [Mo]gw only
had two values (Table A3); thus the statistical importance
of these data is less robust. However, values from 1x and
3 x [Mo]sw had some separation, as indicated by the error
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bars (mean & 1 standard deviation) and the box and whisker
plots (Fig. 9). Ratios from the first set of foraminiferal cal-
cite samples had a narrow spread, ranging from a minimum
of 0.01 for 1 x [Mo]sw to a maximum of 0.59 for 3 x [Mo]sw-

The second Mo uptake experiment tested seawater con-
centrations of Mo at 1x, 3x, 5%, and 10 x [Mo]w, and the
average ratios were 0.40, 0.85, 1.61, and 6.93 with stan-
dard deviations of 0.12, 0.52, 0.83, and 1.05, respectively
(Fig. 10). Two possible outliers of 0.26 for 3 x [Mo]sw and
0.58 for 5 x [Mo]sw (Table A4) may have distorted the re-
sults. Exclusion of those data would have shifted the error
bars and altered the box and whisker plot such that there
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Figure 9. Incorporation of Mo into calcite by A. tepida at 1, 2, and
3 times the concentration of seawater. The Mo/Ca data are repre-
sented by a cross (i.e., “x”). For each concentration, the blue di-
amond shows the average Mo/Ca, with black error bars indicat-
ing £1 standard deviation. In addition, the blue center line of the
boxplot represents the median, the blue box shows the interquar-
tile range, and the blue whiskers mark the minimum and maximum
values.

would have been no overlap between all four [Mo]sy, com-
positions; therefore, the differences between 1x, 5x, and
10 x [Mo]sw may be statistically significant, but further work
is needed. Ratios from the second set of foraminiferal calcite
samples had a wider spread, ranging from a minimum of 0.24
for 1 x [Mo]sw to a maximum of 7.67 for 10 x [Mo]sw.

4 Discussion

All three serial flow-through systems stabilized within 6 h us-
ing the higher [Mo]sy, but System C was the fastest to reach
equilibrium using the lower [Mo]sy. Since System C reached
equilibrium with the 2 x [Mo]sy within 2h, it is likely that
System C also reached equilibrium that quickly with the
5 x [Mo]sw. Because of its performance and consistency with
both the lower and higher [Mo]sy, System C was chosen for
our Mo-uptake experiments and considered more suitable for
experiments with low and high trace metal concentrations.
The impact of metabolite accumulation is also likely inter-
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Figure 10. Incorporation of Mo into calcite by A. tepida at 1, 3,
5, and 10 times the concentration of seawater. The Mo/Ca data are
represented by a cross (i.e., “x”). For each concentration, the blue
diamond shows the average Mo/Ca, with black error bars indicat-
ing £1 standard deviation. In addition, the blue center line of the
boxplot represents the median, the blue box shows the interquar-
tile range, and the blue whiskers mark the minimum and maximum
values.

related to the number of system chambers and quantity of
foraminifera utilized in a serial system, so configuration flex-
ibility contributed to our decision to use System C.

4.1 Evaluation of the three serial flow-through culturing
systems

System A utilizing the plastic cell culture plate was compar-
atively inexpensive to construct and has many readily avail-
able parts, although the acrylic plates and silicone sheet re-
quired additional machining. It was easier to disassemble and
reassemble if feeding and/or examining organisms during tri-
als was needed; therefore, it was practical for experiments
that isolated individual benthic foraminifera or groups. Be-
cause of the many adsorptive surfaces, System A did not per-
form well at the lower [Mo]gy with an average of 287 nM.
Specifically, [Mo] declined from the onset and dropped be-
low the 95 % confidence interval of 268-306 nM after the
48 h mark. Furthermore, [Mo] did not return to the 268—
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306 nM range until the final analysis. Despite improving to
296 nM, which was within the 95 % confidence interval, the
high standard deviation of 24 nM insinuates that more time
may be needed to determine if equilibrium is maintained by
System A when utilized in experiments with low [Mo]. This
rapid return to the range considered in equilibrium with the
source seawater may be a result of its surfaces becoming sat-
urated with Mo. During this time between 108 and 120 h, it is
possible that the system became supersaturated, which could
release Mo from the chamber walls to the overlying seawater.
Additional data from shorter intervals and from periods be-
yond 120 h would help to identify the mechanism driving the
observed changes in System A (Fig. 8). System A, though,
did perform well at the higher [Mo]s, with an average of
564 nM. Here, notwithstanding minor fluctuations, it main-
tained measurements within the 95 % confidence interval of
551-578 nM (Fig. 7). As a result, it is likely that this system
is unsuitable for experiments with lower trace metal concen-
tration, but the configuration may be useful and cost-effective
for trials utilizing high elemental concentrations. Three simi-
lar devices (i.e., without the adaptation to circumvent stratifi-
cation) were used by de Nooijer et al. (2007), who studied six
treatments, and each device served two treatments employing
12 wells of the plastic cell culture plate. Four foraminiferal
specimens per well were used in their first experiment, and
only two specimens of another species per well were used
in the second. The range of Cu in natural seawater is 0.4—
5nM, with an average concentration of ~ 3 nM (Bruland et
al., 2014), whereas de Nooijer et al. (2007) used enrichments
of 0, 0.10, 0.20, 0.50, 10, and 20 uM. The initial enrich-
ment of 100 nM was about 30 x [Cu]sw, so the experimental
concentrations were exceptionally high compared to natural
seawater and thus likely brought the system to equilibrium
quickly. However, System A has over 100 small parts and re-
quires a few hours to set up. The repair time is modest, for
example, if a luer lock were to break during operation, but
there are many points of potential leakage.

System B, implementing the bespoke PTFE block with
machined wells, offers a solution for experiments with lower
elemental concentration that benefit by having fewer adsorp-
tive surfaces, and it is well adapted to experiments on in-
dividual benthic foraminifera or groups that require routine
feeding (e.g., twice weekly). However, it was more expen-
sive to produce and required considerable customization. Be-
cause of fewer adsorptive surfaces, it performed well at the
lower [Mo]syw, only deviating three times from the 95 % con-
fidence interval of 268—-306 nM, with values of 247, 308, and
322 nM (Fig. 8). Although the 322 nM was the penultimate
measurement, which then returned back within the 95 % con-
fidence interval, System B had four prior measurements that
were in the range; hence, 5 d is considered the probable time
needed for the system to reach equilibrium for lower trace
metal concentrations. System B also performed well at the
higher [Mo]yw, where small oscillations were well within the
95 % confidence interval. Accordingly, this system is consid-
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ered appropriate for experiments with a wide range of trace
metal concentrations, but equilibration time needed for a spe-
cific element should be determined beforehand. Its function-
ality is comparable to System A, which employs a plastic
cell culture plate. Similarly, it has more than 100 small parts,
a lengthy setup time, and numerous points of possible fail-
ure. Maintenance time varies, for example, if a luer lock ver-
sus a nylon screw were to break. Furthermore, a unit must
be checked periodically as the seal weakens over time; that
is, flow to all cells should be verified routinely. While de
Nooijer et al. (2007) used high enrichments of Cu in their
study, Martinez-Col6n (2016) applied lower enrichments of
0, 0.22, and 0.32 uM and thus sought to minimize Cu ad-
sorption by the system itself through the application of trace-
metal-resistant materials where possible. For those experi-
ments, only one foraminiferal specimen was placed in each
well. Martinez-Colén (2016) determined that, with a lower
Cu enrichment of approximately 0.38 uM, the unit reached
equilibrium at the fifth day of a 7d trial. At the lower [Mo],
the unit may have reached equilibrium after 60h (2 1/2d)
if the anomalous measurement at the 108 h point was re-
jected; otherwise, 5d would be the minimum required for
lower [Mo] to reach equilibrium throughout the system, sim-
ilar to lower [Cu]. Conversely, System B required consid-
erably less time to reach equilibrium for higher [Mo], likely
within 6 h, and comparable performance is hypothesized with
higher concentrations of other trace elements, as adsorption
by non-PTFE components should be faster due to greater ex-
posure, while adsorption-resistant surface areas repel most
elements.

System C, composed of synthetic PFA vials, was config-
ured with readily available parts with the least adsorptive sur-
faces. An assortment of vial volumes is available that pro-
vides adaptability to monitor trace metal effects on larger
organisms or groups, and, although the configuration herein
used 10 vials, the number of vials utilized is at the discre-
tion of the researchers. Due to the minimal amount of ad-
sorptive surfaces, it performed well at the lower [Mo]gy, al-
ways within the 95 % confidence interval. As expected, it
performed well at the higher [Mo]y, also never deviating
from the 95 % confidence interval. Moreover, in both the
low- and high-[Mo] experiments, equilibrium was reached
quickly, likely 2 h or sooner. In addition, the standard devi-
ation in both experiments was about 4-5nM. As a result of
its performance, System C is considered suitable for experi-
ments with low or high trace metal concentration. After the
PTFE connectors are in place, which can take 5—15 min per
PFA transfer closure, the setup time is quick, requiring ap-
proximately 15 min to configure a 10-vial system. Notably,
a PTFE connector and associated PFA transfer closure can
be kept together when it is cleaned for future use. Since
compartments are unitary and there are no customized parts,
maintenance is straightforward. For example, it is possible
for a transfer closure to have one of its openings lose its
tight tolerance, thereby causing a leak, and would thus be
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replaced immediately with another transfer closure. Even so,
the PTFE tubing fits very tightly in the transfer closure open-
ings, and there are fewer points of leakage in a 10-vial sys-
tem. Because the vials themselves need to be turned in or-
der to disassemble and reassemble the system, the setup is
more practical for trials on groups of organisms such as 5-10
foraminifera. The main caveat of this system is the expense
of the PFA vials and transfer closures, but those components
are durable and reusable. For reuse, items were first soaked
in ultrapure (i.e., Type 1) water, the PFA container was sealed
and agitated, and then excess water was emptied. Next, 2 %
high-purity nitric acid was added to the container with the
components, and then the sealed container was placed on a
hot plate at 100 °C for a minimum of 24 h. These steps were
repeated once more followed by a final rinse using ultrapure
water. Other components, such as the reservoir and bottles,
were rinsed three times with ultrapure water, soaked in a ni-
tric acid bath, and then triple-rinsed with ultrapure water. The
configuration of System C used 10 PFA vials and transfer
closures, and all components cost slightly more than those in
System B; however, larger or more vials and transfer closures
could appreciably increase initial setup expenditures. Never-
theless, the highest expense for any of the aforementioned
systems is likely to be the peristaltic pump.

4.2 Experimental setup considerations

When any of these serial systems are used for culturing ex-
periments, the accumulation and influence of metabolites
should be considered as seawater passes sequentially from
one system chamber to the next, where the impact would
be greatest in the last system chamber. Limiting such ef-
fects, which is important with very sensitive foraminiferal
species, can be achieved by using fewer specimens in the se-
ries through the reduction of system chambers and/or quan-
tity in the groups. Metabolites, however, may have a nom-
inal impact on the results when single benthic foraminifera
or a small group of benthic foraminifera more tolerant of
highly variable conditions, such as A. tepida (e.g., Brad-
shaw, 1957; LeKieffre et al., 2017), are placed in individ-
ual chambers (depending on chamber volume relative to that
of the foraminifera, flow rate, temperature, starting gas sol-
ubility, etc.). Furthermore, the potential impact on results
from the feeding technique implemented (e.g., stress on the
foraminifera or contamination) should also be considered.
Dissolved oxygen measurements may be required for experi-
ments conducted over longer time periods or using more sys-
tem chambers per series.

Historically, and in the setup here, the systems are meant
to be completed in series, as more than one chamber is used
for a specific elemental concentration; thus, seawater com-
position steadiness might be more important at low concen-
trations. The seawater exposed to the foraminifera in the
first chamber will vary in composition as it passes through
other chambers with foraminifera. That is, the trace metal
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concentration may change, and the composition of other
chemical species in the seawater (e.g., lower Oy and higher
CO» from aerobic respiration) will change as the seawater
moves in series from one chamber to the next. Larger cham-
bers, fewer individuals per chamber, and/or higher flow rate
could reduce metabolite effects that likely need to be calcu-
lated for species-specific impacts. To evaluate the impact of
metabolites (i.e., the change in chemical species available to
the foraminifera), measurements from individual chambers
should be compared. In addition, a sample of source seawa-
ter from the beginning of the experiment could be compared
to the final output, along with output collected at periodic
intervals (e.g., weekly).

Importantly, the configuration of System C does not have
to be connected in series. Experiments can be performed in
many different configurations in which each PFA vial could
be isolated. Consequently, trace metal concentrations should
remain steady and the impact of metabolites should be mini-
mized in such an arrangement.

4.3 Selection of a serial flow-through culturing system

For the trial with 5 x [Mo]sw, the three culturing systems
may have had some minor variability prior to the 6 h mark,
but all stabilized no later than that point. System C was the
best-performing system in the first trial with 2 x [Mo]sw, and
additional measurements indicated that it stabilized within
2h. System B was the next best with three measurements
that diverged beyond the 268-299 nM range of the source
seawater, while System A had measurements below the 95 %
confidence interval of the source seawater (i.e., 268-306 nM)
from the 60 h mark to the 108 h mark. For our Mo-uptake
experiments, System C was selected because of its speed to
reach equilibrium and consistency with both the lower and
higher [Mo],y tested.

Trace elements presumably have different saturation lim-
its and affinities to adsorb onto surfaces; however, equilib-
rium may be reached more rapidly for higher concentrations
because the adsorptive surfaces are exposed to higher ele-
mental densities, whereas equilibration may take longer be-
cause more time is needed for adsorptive surfaces to reach
saturation at lower concentrations. Although the systems had
flat chamber bottoms and stratification of the source seawa-
ter was avoided by using two different lengths of tubes per
chamber as illustrated in Fig. 2, round or conically shaped
chamber bottoms could improve mixing in the chamber due
to their concave form. A synopsis of assessments for each
system is provided in Table 1.

4.4 Molybdenum uptake into benthic foraminiferal calcite

Both experiments demonstrated that foraminifera incorpo-
rated Mo into their calcite tests with differences among
the various [Mo]sy. Notably, differences between 5x and
10 x [Mo]sy in the second experiment may be statistically
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Table 1. Summary of advantages and disadvantages of System A using a plastic cell culture plate, System B utilizing a customized block of
PTFE, and System C implementing a serial system of PFA vials. Constructive aspects are indicated by a check mark “v"”, neutral evaluations

@

are marked with an open circle “o”, and shortcomings are indicated by a cross “x”.

Characteristic System A System B System C
Limited area of adsorptive surfaces X v v
Readily available components v o v
No customized pieces o X v
Few small parts X X v
Efficient setup stage o o v
Quick repair time o o v
Disassembly and reassembly time for periodic feeding v v o
Few points of potential leakage X X v
Resilient seal v o v
Expansion flexibility o o v
Configuration adaptableness ) o v
Option of flat, round, or conically shaped chamber bottoms v v v
Low expense v ) o
Performance using very high [Mo]sw v v v
Equilibrium speed at lower [Mo]sw X o v

significant, but, when the seawater Mo concentrations were
closer to one another (e.g., 1 x versus 2 x [Mo]gy in the first
experiment), overlap of standard deviation error bars sug-
gests that the differences between those data sets are not or
likely not statistically significant. In the initial and proof-of-
concept foraminiferal uptake experiment with Mo concentra-
tions of 1x, 2x, and 3 x [Mo]gw, the Mo/Ca data were in a
narrow range of approximately 0.0-0.6. The range of each
treatment of [Mo]sw (mean=+ 1 standard deviation and/or
interquartile range) overlapped with the adjacent range(s).
However, there was no overlap in the range of data between
1x and 3 x [Mo]gy. In the second experiment, this was as-
sessed further for reproducibility and to test a wider range
of concentrations for potential relationships. Importantly, the
low measurements in the first foraminiferal uptake experi-
ment demonstrated the importance of stabilizing the levels of
redox-sensitive trace elements like Mo, as fluctuations could
easily complicate the results and indicated that the lower the
concentration, the more important adsorption onto the exper-
imental setup could be.

In comparison to the previous experiment, the ratios for
Ix and 3 x [Mo]sw in the second experiment were in a
slightly wider range of approximately 0.2—-0.5Mo/Ca and
0.3-1.2 Mo/Ca, respectively. However, for the first and sec-
ond experiments, the mean for 1 x [Mo]gsy was 0.09 and
0.40Mo/Ca and the mean for 3 x [Mo]sw was 0.41 and
0.85Mo/Ca, respectively. In the second experiment, a mea-
surement for Mo at 3 x [Mo]sw was exceptionally low com-
pared to the [Ca] measurements. If this measurement was
discarded, the mean for 3 x [Mo]sy in the second experi-
ment would increase from 0.85 to 1.15 Mo/Ca. Between the
experiments, there is a difference of approximately 4 times
among the 1 x [Mo]sy, means. Similarly, there is a difference
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of about 2 times among the 3 x [Mo]s, means. Some of the
low [Mo] values may be due to differences in the samples be-
tween the first and second experiments (e.g., average starting
size of the juvenile foraminifera) and seem to lead to a larger
range of Mo/Ca ratios. As expected, there is less variabil-
ity for samples with increased Mo/Ca, which suggests that,
as [Mo]sw increases, there is more consistent uptake. Further
experiments that implement more precise controls on factors
that have some variability should elucidate additional chal-
lenges and lead to greater consistency at these lower [Mo]y
values.

The concentrations tested in the second experiment were
also further apart, and, because it had two higher concen-
trations (i.e., Sx and 10 x [Mo]sw), the complete range was
about 0.2-7.7. Unlike the first experiment, in which there
was a gap between 1x and 3 x [Mo]sy, the range of each
[Mo]sw overlapped with the adjacent range(s) for all com-
positions except 10 x [Mo]sw. That is, there was an overlap
between adjacent ranges of 1x, 3x, and 5 x [Mo]sw. How-
ever, one measurement for Mo for 3 x [Mo]sw and another
for 5 x [Mo]sw were exceptionally low compared to corre-
sponding measurements, so the ratio values were very low
despite associated Ca measurements being within the target
range of 15-25 ppm. Nonetheless, there was a considerable
separation of ranges between 5x and 10 x [Mo]sw. Further-
more, if those two possible outliers were discarded, there
would have been separation of all ranges between compo-
sitions of 1x, 3x, 5%, and 10 x [Mo]gw. Alternatively, if the
data from 3 x [Mo]sw were discarded, there also would have
been a greater separation between the other [Mo]gy. In both
scenarios, the lack of overlap between adjacent error bars of
seawater Mo concentrations would indicate a greater likeli-
hood that differences in the Mo/Ca data are statistically sig-
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nificant. Thus, System C, the experimental design using PFA
vials and PTFE tubing, will provide new avenues of research
due to its ability to help maintain trace element concentra-
tions.

5 Conclusions and future applications

Three serial flow-through systems (A, B, and C) were re-
viewed that can be used for culturing experiments with ben-
thic foraminifera, each having their benefits and drawbacks.
These results from [Mo]sy demonstrate that, even though the
three systems reached equilibrium early in the process when
the source seawater was elevated to 5 x [Mo]sw, equilibration
time varied for each device when the Mo seawater concentra-
tion was closer to that of natural seawater at 2 X [Mo]sw. In
both cases, however, measurements from System C suggest it
performed best, as it reached equilibrium with [Mo]gy within
hours. Notably, System C did not deviate from the 95 % con-
fidence interval of the source seawater for all periods in both
experiments. Therefore, it is posited that lower concentra-
tions of most elements are also reasonably expected to reach
equilibrium faster with designs that use a significant amount
of PTFE, PFA, and other adsorption-resistant materials.

Using the new experimental design with PTFE and PFA
materials, Mo was tested at near-seawater concentrations,
which were much lower than previously published experi-
mental data on comparable redox-sensitive transition met-
als. These initial tests utilizing 1x, 2x, 3x, 5x, and
10 x [Mo]sy indicated that additional and more precise
data are needed to elucidate the minor differences in the
Mo/Ca data at lower concentrations. The second experiment
also showed that utilizing larger spreads between trace ele-
ment concentrations could provide more discernable results.
Lastly, these foraminiferal uptake experiments indicate that
there are statistical differences between near-modern con-
centrations for Mo and that there will likely be similar dif-
ferences for other trace elements, which could provide new
insights for a range of modern and ancient seawater concen-
trations.

It is also postulated from the 5 x [Mo]sy results, and from
foraminiferal calcite data of the second experiment at 5x and
10 x [Mo]sw, that very high amounts of a trace element are
unlikely to pose an issue due to adsorption by any of the
aforementioned devices; however, the amount of time for
a serial flow-through system to reach equilibrium with its
source seawater can only be attained by trial. Future mod-
ifications could improve their utility or reliability. As more
foraminiferal calcite data for trace elements in ppb or lower
quantities from ICP-MS become attainable, the element it-
self and the amounts to be tested must be assessed when de-
termining the optimal approach that does not impact uptake
by the organisms studied.

For future research, System C is likely the best selection
for trace metal uptake experiments due to consistency (as
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shown by its low standard deviation in both [Mo]sy exper-
iments), interchangeable parts, and configuration flexibility.
These results advocate incorporating fluoropolymer products
when conducting trials that culture calcifying organisms to
study their incorporation of trace metals. We expect depend-
able results from our subsequent experiments that will utilize
living benthic foraminifera to measure the uptake of redox-
sensitive trace metals. More broadly, experimental designs
for low oceanic elemental concentrations should benefit from
the utilization of more adsorption-resistant materials.

Appendix A

Table A1. Data and statistics of the source seawater and three sys-
tems tested for the time to reach equilibrium using 5 x [Mo]sw.

Hour Source seawater System A System B System C
[Mo] (mM) [Mo] (nM) [Mo] (nM) [Mo] (nM)

0 579 557 559 562
561 560 562 558

12 561 557 566 558
24 559 564 567 561
48 574 557 558 565
72 561 565 560 557
96 558 562 570 564
120 562 561 561 551
144 567 563 554 553
168 562 560 562 557
Minimum 558 557 554 551
Maximum 579 565 570 565
Mean 564 561 562 559
SD 7 3 5 4

Table A2. Data and statistics of the source seawater and three sys-
tems tested for the time to reach equilibrium using 2 x [Mo]sw.

Hour Source seawater  System A System B System C

[Mo] (nM) [Mo] (nM) [Mo] (nM) [Mo] (nM)
1 299 293 280 284
12 296 291 247 280
24 271 285 284 277
36 291 272 284 282
48 289 271 308 280
60 268 245 286 282
72 283 246 279 283
84 290 240 286 277
96 286 238 285 282
108 290 238 322 287
120 289 296 283 272
Minimum 268 238 247 272
Maximum 299 296 322 287
Mean 287 265 286 281
SD 9 24 18 4
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Table A3. Data and statistics of foraminiferal calcite where A. fepida was exposed to seawater at 1x, 2x, and 3 x [Mo]sw. Quartiles were
calculated by the inclusive method when there were only two values.

Subsample 1 x [Molsw 2 X [Molsw 3 X [Mo]sw

Ca (ppm) a 21.19 20.48 24.69
b 20.64 21.16 21.26
c 21.48 20.11
d 21.58 21.33
e 21.37

Mo (ppb) a 0.00 0.01 0.01
b 0.00 0.00 0.01
c 0.00 0.01
d 0.00 0.00
e 0.00

(Mo x 1000)/Ca a 0.01 0.41 0.47
b 0.08 0.14 0.36
c 0.16 0.59
d 0.16 0.23
e 0.03
Minimum 0.01 0.14 0.23
Maximum 0.16 0.41 0.59
Mean 0.09 0.27 0.41
SD 0.07 0.19 0.15
Quartile 1 0.02 0.21 0.26
Median 0.08 0.27 0.41
Quartile 3 0.16 0.34 0.56
Interquartile range 0.14 0.13 0.30

Table A4. Data and statistics of foraminiferal calcite where A. tepida was exposed to seawater at 1x, 3x, 5x, and 10 x [Mo]sw. Quartiles

were calculated by the inclusive method when there were only two values.

Subsample 1 x [Molsw 3 x[Molsw 5 x[Molsw 10 x [Molgw
Ca (ppm) a 20.37 20.25 20.98 21.01
b 20.34 20.38 21.88 20.67
c 21.24 17.50 20.56
d 21.01 20.81
e 19.87
Mo (ppb) a 0.01 0.02 0.03 0.16
b 0.01 0.02 0.01 0.13
c 0.01 0.00 0.05
d 0.01 0.05
e 0.01
(Mo x 1000) /Ca a 0.54 1.08 1.31 7.67
b 0.52 1.21 0.58 6.19
c 0.33 0.26 2.31
d 0.24 2.26
e 0.39
Minimum 0.24 0.26 0.58 6.19
Maximum 0.54 1.21 2.31 7.67
Mean 0.40 0.85 1.61 6.93
SD 0.12 0.52 0.83 1.05
Quartile 1 0.28 0.26 0.76 6.56
Median 0.39 1.08 1.78 6.93
Quartile 3 0.53 1.21 2.30 7.30
Interquartile range 0.24 0.95 1.54 0.74
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