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Abstract As a recorder of the hydrological cycle and ocean circulation, salinity is one of the most
wanted parameters in paleoceanography. Current paleosalinity reconstructions mostly rely on the
interpretation of stable oxygen isotope signals combined with an independent paleotemperature proxy.
Due to error propagation, this indirect approach is associated with large uncertainties. Recent culture
studies and a Red Sea field study have shown that incorporation of Na in foraminiferal shell calcite
depends on salinity, providing a potential direct proxy for salinity. However, application of a Na/Ca-based
salinity proxy requires further calibration, which should also consider settling of foraminifera through the
water column and burial in the sediment. Here we compare Na/Ca in living specimens from Red Sea
surface waters with specimens collected from 0- to 500-m water depth and sedimentary specimens from
core-tops. This shows that Na/Ca in Globigerinoides ruber and Trilobatus sacculifer shells decrease with
increasing water depth and until the sediment surface. For both species, laser-ablation-ICP-Q-MS
measurements combined with electron-probe microanalysis show that Na is enriched in the spines. Loss of
spines during settling of foraminifera through the water column hence provides a mechanistic explanation
for the observed Na decrease in bulk specimens with water depth. In contrast, average Mg/Ca values
increase toward the seafloor in both species, coinciding with deposition of gametogenic calcite, which is
enriched in Mg but has Na/Ca values similar to that in lamellar calcite. Both spine shedding and
gametogenic calcite addition hence affect the average minor/trace element composition of
foraminiferal calcite.

Plain Language Summary Investigating past climates (paleoclimatology) potentially provides
valuable information of climatic functioning, which is essential in times of ongoing global warming. The
amount of salts dissolved in seawater is an important factor when trying to reconstruct past ocean
conditions. The distribution of salt—together with temperature—reflects ocean circulation, the balance
between rainfall and evaporation (the hydrological cycle), and, on longer time scales, ice sheet formation or
melting. Foraminifera, small organisms that produce shells consisting of calcite, record the conditions in
which they grew by incorporating elements from the seawater in which they grew. For example, with more
salts (e.g., sodium, Na) dissolved in seawater, foraminifera incorporate more Na their shells. Therefore, shell
Na/Ca values can be used to reconstruct salinity. The accuracy of these reconstructions depends on the
calibrations we have and also on the fundamental understanding involved in the preservation of the
original Na/Ca ratio in shell carbonate. In this study, we found a difference in Na incorporation between
foraminifera living in the surface water of the sea, floating with spines connected to the shell and shells
recovered from the sediment. We describe the effect of the presence or absence of spines, high in Na, on
total shell Na/Ca.

1. Introduction

Seawater salinity drives, together with temperature, the global thermohaline circulation, and therefore, it is a
highly desired parameter in paleoceanographic reconstructions. Changes in salinity reflect important
hydrological processes including river runoff, evaporation/precipitation and sea ice formation, and, on
geological time scales, also the waxing and waning of continental ice sheets. Whereas many temperature
proxies have been developed and are widely applied (e.g., Uk0

37 (Prahl & Wakeham, 1987), TEX86 (Schouten
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et al., 2002), Mg/Ca (Elderfield & Ganssen, 2000; Lea et al., 1999; Nürnberg et al., 1996), and foraminiferal δ18O,
for example (Zachos et al., 2001), proxies for past salinity remain, however, rather scarce (e.g., (Allen et al.,
2016; Mezger et al., 2016; Rohling & Bigg, 1998; Schouten et al., 2006; Wit et al., 2013).

Paleosalinity reconstructions mostly involve combining independent (in-)organic temperature proxies with
(foraminiferal) stable oxygen isotopes (Elderfield & Ganssen, 2000; Rohling & Bigg, 1998; Schouten et al.,
2006; Vasiliev et al., 2017). Such an approach assumes a strong and constant relationship between salinity
and stable isotopic composition of seawater. Since it is known that this relationship differs spatially (Zahn
& Mix, 1991) and most probably also on geological time scales, a more sophisticated approach is required,
involving modeling of the hydrosphere and its isotopes (Rohling & Bigg, 1998). Error propagation from
calibrations and model assumptions on the hydrological regime result in relatively large uncertainties in
reconstructed salinity (Rohling, 2007). These uncertainties can be circumvented by a more direct approach,
that is, a salinity proxy that directly depends on elements defining seawater salinity (e.g., Na and Cl).

Salinity is defined as the total mass in grams of all dissolved substances in 1 kg of seawater. Although salinity
varies because of differences in total amounts of dissolved salts, the relative contribution of the major con-
stituents are constant. These elements, such as chloride, potassium, sulfur, and sodium, display a so-called
conservative behavior. Most other elements do not show a one to one relation to salinity but vary as a con-
sequence of many environmental parameters.

For most conservative elements, element incorporation does not vary with salinity, and a constant
partitioning has been reported (De Nooijer et al., 2007; Evans et al., 2015; Hönisch et al., 2011; Lea & Boyle,
1991; Segev & Erez, 2006). However, for barnacle shells (Gordon et al., 1970), Atlantic oysters (Rucker &
Valentine, 1961), and inorganic precipitates (Ishikawa & Ichikuni, 1984; Kitano et al., 1975), a correlation has
been reported between salinity of the growth medium and carbonate bound Na/Ca. This implies that,
although Na is a conservative element in seawater, its incorporation in calcium carbonate is not conservative.
More recently, a significant positive relation between Na incorporation in foraminiferal shells and salinity was
observed in culturing studies with benthic (Geerken et al., 2018; Wit et al., 2013) and planktonic foraminifera
(Allen et al., 2016). A field study with living planktonic species (Globigerinoides ruber and Trilobatus sacculifer)
from surface waters (plankton pump) collected from a transect spanning the largest part of the Red Sea
(Mezger et al., 2016) confirmed the impact of salinity on foraminiferal Na incorporation, although absolute
Na/Ca values are higher than those found in culturing studies. For applicability of a Na/Ca-based salinity
proxy and to understand this offset between studies, further calibration studies are needed. Ideally, such
studies should also take into account settling of foraminifera through the water column and their subsequent
burial in the sediment.

To what extent primary signals are preserved in the sedimentary record is still unknown. Primary trace metal
signals may be altered both during changes in habitat depth of living foraminifera in the water column
(ontogenetic vertical migration) as well as during settling of the empty shells and upon burial in the sediment
(taphonomic effects). These effects need to be quantified before such a potential proxy can be applied to
sediment cores for paleoceanographic reconstructions. Therefore, we studied the alteration of the primary
signal by comparing Na/Ca in specimens of G. ruber and T. sacculifer from surface waters with those collected
by depth-stratified plankton tows to 500-m depth and from core-tops (0–1 cm) in the Red Sea. Comparing
primary and potentially altered signals allows unraveling the influence of life stages as well as the export flux
of postgametogenic (GAM) empty shells and early diagenesis from the impact on the shell chemical compo-
sition. Several processes, including the formation of GAM calcite (Nürnberg et al., 1996; Sadekov et al., 2005),
crust formation (Steinhardt et al., 2015), inorganic overgrowths in high salinity environments (Hoogakker
et al., 2009), or other diagenetic processes (e.g., etching due to partial dissolution [Brown & Elderfield,
1996] or Na leakage due to aging [Yoshimura et al., 2016]) might affect the original Na/Ca-salinity
relationship. These ontogenetic (Nürnberg et al., 1996; Steinhardt et al., 2015) and diagenetic (Brown &
Elderfield, 1996; Hoogakker et al., 2009) processes are known to influence the Mg/Ca composition of the shell,
occasionally to such a degree that these can no longer be used for reliable temperature reconstructions.
Because these processes impacting Mg/Ca are related to for instance a change in calcification strategy or
early diagenesis, they could potentially also affect Na/Ca. To test this hypothesis, we perform electron-probe
microanalyses (EPMA) of individual shells to investigate potential effects of ontogeny and depositional
processes on the within-shell microdistribution of Mg and Na.
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2. Materials and Methods
2.1. Study Area and Sample Collection

For the present study, we sampled shells of planktonic foraminifera from
sediments and the water column of the Red Sea to investigate the salinity
dependency of foraminiferal Na/Ca along a strong natural salinity
gradient. The Red Sea is characterized by a pronounced antiestuarine cir-
culation (Rohling, 1994, and references therein), resulting in a strong
south-north gradient in surface salinity. In contrast, annual mean tempera-
ture shows the opposite trend, with highest values in the middle to South.
Red Sea and Gulf of Aden surface sediment samples were collected during
three different cruises (for details see Siccha et al., 2009) from south to
north (Table 1 and Figure 1).

After collection, core-top samples were washed over a 63-μm sieve, air
dried and dry-sieved over a 150-μm mesh. The isolated specimens of
G. ruber and T. sacculifer were cleaned according to the protocol described
in Barker et al. (2003), with the exception of the reductive step.
Foraminiferal diameters were determined by measuring the distance from

the top of the final chamber (F) to the bottom between the F-1 and F-2 chamber. Based on their size, speci-
mens were divided into four size categories corresponding to themesh sizes used for the plankton tows (later
this section). We targeted the symbiont-bearing planktonic foraminiferal species G. ruber and T. sacculifer as
these species were most abundant and commonly used as proxy signal carriers globally. Average mean
annual surface water temperature and salinity were taken from the world ocean atlas (WOA09: Antonov
et al., 2010; Locarnini et al., 2010).

Depth-stratified plankton tows were taken using a modified Hydro Bios Multinet in May 2000 (RV Pelagia
cruise 64PE158), covering the upper 10–500 m of the water column in eight discrete depth intervals at
~23.7°N and 36.8°E (which is close to core-top sample M5/2 MC-71, Figure 1 and Tables 1 and 2). Salinity
and temperature profiles are based on the in situ measurement by a CTD cast deployed immediately prior

to the Multinets (Table 2 and Figure 2). Upon collection, samples were
drained on a 75-μm mesh sieve, shortly washed with ultrapure water to
remove the salts, frozen, and stored at�40 °C. Sample processing was per-
formed at the Royal Netherlands Institute for Sea Research (Royal NIOZ),
located on the island of Texel, Netherlands. Samples were freeze dried,
and a Low-Temperature-Asher was used to remove organic matter and
thereby concentrate foraminiferal specimens (Fallet et al., 2009). A few
drops of ethanol and ultrapure water were added to disperse the ashed
residue, wet-sieved over a 63-μm mesh, and dried at 50 °C. According to
Fallet et al. (2009), both methods (Barker protocol [Barker et al., 2003]
and Low-Temperature-Asher) remove all organic material from foraminif-
eral shells and yield the same stable oxygen and carbon isotope and
Mg/Ca values. To divide foraminiferal shells into several size categories,
different mesh sizes were used for dry sieving (150, 250, 355, and
500 μm, respectively). Identification of species was performed using the
ontogenetic species concept of (Brummer et al., 1987) for Globigerinoides
sacculifer (Brady), later assigned to as Trilobus sacculifer (Spezzaferri et al.,
2015), and G. ruber (d’Orbigny). Surface water (plankton pump) samples
collected during the same cruise at the same location (respectively plank-
ton pump 7) were described and analyzed in (Mezger et al., 2016).

2.2. LA-Q-ICP-MS Analyses

For the core-top samples, a total of 286 specimens with 37–11 specimens
per location for G. ruber and 288 specimens with between 45 and 47 speci-
mens per location for T. sacculifer were analyzed. For each plankton tow
sample, at least 30 specimens were selected when available, measured,

Table 1
Overview Cruises and Location of the Red Sea Core-top Samplesa

Cruise Name Type
Lat
[°N]

Long
[°E]

Depth
[m] SSS

SST
[0C]

M 44/3 MC-601 MC 27.71 35.05 863 40.3 25.3
M 31/2 MC363 MC 25.52 35.61 941 40.0 25.8
M 31/2 MC364 MC 24.76 36.23 1185 39.8 26.7

M 5/2 MC-71 MC 23.39 36.98 1387 39.6 26.8

VA 29 707KG BC 21.43 38.10 1985 39.1 28.0
M 5/2 MC-101 MC 20.11 38.42 2309 38.7 28.7
M 5/2 MC-107 MC 19.13 39.12 1161 38.3 29.1
M 31/2 MC366 MC 17.36 40.02 475 38.0 29.3
SO 121 SO-98 MC 15.94 41.68 959 37.3 29.0
SO 121 SO-100 MC 15.00 42.21 826 37.1 28.7
SO 121 SO-110 MC 12.25 44.47 740 36.3 28.0

aSea surface salinities (SSS) and sea surface temperatures (SST) are
retrieved from the WOA09_annual average. The gray bar coincides with
the plankton tow location. MC: multicore, BC: box core.

Figure 1. Map of sampling locations in the Red Sea. The star represents the
location of plankton tows, the squares represent the core-top locations, and
the surface water sample transects (published in Mezger et al., 2016) are
indicated with the dots (start and end of transect) and dashed lines
(transect).
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and grouped into one of four size classes to allow for testing the relation between size/life stage and element
composition of the shells. In total, 238 specimens were measured for G. ruber and 133 specimens for
T. sacculifer. Multiple measurements per specimens for subsequent chamber stages and duplicates on the
same chamber were often performed and outliers removed by �2SD and +2SD.

After the cleaning, foraminifera were mounted on a stub with double-sided sticky tape with a nondetectable
amount of the measured elements, ensuring that the tape does not affect the measurements. Laser ablation
quadrupole inductively coupled plasma mass spectrometry (LA-Q-ICP-MS) was used to measure the elemen-
tal composition of the shells at the Royal NIOZ. The setup consisted of a NWR193UC (New Wave Research)
laser, containing an ArF Excimer laser (ExciStar) with deep UV 193-nm wavelength and<4-ns pulse duration,
coupled to a quadrupole ICP-MS (iCAP-Q, Thermo Fisher Scientific). Due to different ablation thresholds, laser
ablation for calcite was performed with a fluence of 1 J/cm2 at a repetition rate of 6 Hz, while the glass NIST-
610 and NIST-612 standards were ablated with a fluence of 5 J/m2. This difference in fluence was found pre-
viously not to influence results for Mg and Sr (Dueñas-Bohórquez et al., 2011; Hathorne et al., 2008).

Table 2
Position, Depth, Salinity, and Temperature During Plankton Tows, Derived From CTD Profiles (RV Pelagia cruise 64PE158)

Net Lat [°N] Long [°E] Depth range [m] Average salinity Average temperature [0C]

05c-net4 23.70 36.78 10–25 39.5 25.6
05c-net3 23.70 36.78 25–50 39.8 24.7
05c-net2 23.70 36.78 50–75 40.0 23.7
05c-net1 23.70 36.78 75–100 40.2 23.3
05a-net4 23.64 36.82 100–150 40.2 23.1
05a-net3 23.64 36.82 150–200 40.2 23.1
05a-net2 23.64 36.82 200–300 40.3 22.5
05a-net1 23.64 36.82 300–500 40.4 21.7

Figure 2. In situ depth profiles of the water column at the site where the plankton tow samples were collected. Depth inter-
vals of the plankton tows are indicated at the left side of the graphs.
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Specimens were ablated between 40 to 60 s, depending on the thickness of the wall and size of the chamber.
Using a dual-volume cell, helium was used as a carrier gas with a flow rate of 0.5 L/min, which is mixed
between the ablation cell and mass spectrometer with Argon (Ar) makeup gas and 0.003 mL/min N2. The
Ar makeup gas was adjusted using the normalized Ar index (Fietzke & Frische, 2016). Torch position, collision
cell technology focus and extraction lens were optimized daily. The ThO/Th ratio, a measure for oxide forma-
tion, was always<0.5%. The masses monitored by the ICP-MS were 7Li, 11B, 23Na, 24Mg, 25Mg, 27Al, 43Ca, 44Ca,
57Fe, 88Sr, 138Ba, and 238U, with a duration of 0.12 s for one cycle through these 12 masses. In between the
laser and ICP-MS, a smoother is used optimizing the signal. Every run started and ended with a 20-s gas blank.
A spot size of 80 μmwas used to ablate the shells. Elemental ratios of the shells and standards were calibrated
and calculated following the method described in van Dijk et al. (2017). The calcium carbonate standard
MACS-3 (Wilson et al., 2008) was used for a linear correction for potential drift during each run and therefore
ablated after every 10 samples. Relative analytical precision (in RSD) of all MACS-3 measurements is 3.9% for
23Na, 3.3% for 24Mg, and 3.1% for 25Mg, with accuracies of 100.2% for Na/Ca (based on 23Na) and 100.1% for
Mg/Ca (averaged 24Mg and 25Mg) compared to the reference values. Results from our in-house foraminiferal
standard (NFHS-1; Mezger et al., 2016) indicated a relative analytical precision of 5.8% for 23Na, 11.3% for
24Mg, and 11.6% for 25Mg, with accuracies of 96.7% for Na/Ca and 90.3% for Mg/Ca. At the start and end
of each measurement series, the glass NIST-610 and NIST-612 standards were measured and compared to
elemental values reported earlier (Jochum et al., 2011). For NIST-610, a relative precision of 4.4% for 23Na,
4.6% for 24Mg, and 3.9% for 25Mg was observed, with accuracies of 106.7% for Na/Ca and 110% for Mg/Ca
compared to reference values. For NIST-612, a precision of 3.5% for 23Na, 2.9% for 24Mg, and 3.2% for 25Mg
was observed, with accuracies of 107.8% for Na/Ca and 94% for Mg/Ca compared to reference values.

For LA-Q-ICP-MS of the foraminiferal spines, settings used were similar to the shell carbonate analyses, but
with a rectangular (40 × 80 μm) shaped “spot” and a delay of only 1 s after switching on the laser. In total,
31 measurements on foraminiferal spines of both G. ruber and T. sacculifer were performed, focusing on clus-
ters of spines outside of different shells (example measured specimens: Figure 3). Aliasing was avoided by
using very short cycle times, with every cycle, measuring 23Na, 24Mg, and 43Ca, costing only 0.03 s, whereas
the laser ablated every 0.17 s (6 Hz).

For some ablations Mg was excluded from the analytical matrix (in which case a cycle lasted only 0.02 s), as
we used the first series of analyses to test our setup for Na/Ca only. Due to the low quantity of calcium car-
bonate when ablating spines, laser ablation profiles were relatively short. Using only the data with at least a
modest Ca signal, data acquisition lasted between 2 and 16 s for the individual analyses (Tables 5 and 6). Such
short profiles are generally disregarded (e.g., Mezger et al., 2016), however, for our purposes and due to the
very short cycle times used, still suitable. During spine measurements, for MACS-3, a relative precision of
8.88% is observed for Na/Ca based on 23Na and 6.76% for 24Mg, with accuracies of 100.6% and 99.97% com-
pared to reference values.

2.3. Electron Probe Micro Analyses and Scanning Electron Microscopy

Surface structures of the laser-ablated foraminifera were studied using scanning electron microscopy
(SEM3000, Hitachi). For this, magnifications between 150 and 2.5 * 103 were used.

Directly upon low-temperature ashing, multinet specimens (RV Pelagia cruise 64PE158) were isolated for
spine analysis and transferred without sieving to preserve the spines. After addition of ethanol and a few

Figure 3. Scanning electron microscopy pictures of foraminifera from plankton tow 05c-net4, with (a and b) G. ruber with
spines and examples of LA-spots and (c) T. sacculifer with spines (and zoomed-in, d and e).
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drops of ultrapure water, to disaggregate the sample, a saturated CaCO3 solution was added to avoid any
dissolution of spines. G. ruber and T. sacculifer specimens were transferred with a glass pipette into a clean
Petri dish, in which they were rinsed with ultrapure water three times. Multiple specimens with abundant
spines (which were most specimens isolated this way) were embedded in resin (Araldite 20/20) in a
vacuum chamber to avoid air bubbles being trapped in the samples. After 48 hr in an oven at
approximately 50 °C, the resin was fully hardened and specimens were polished and carbon coated.

Whole shell and spine element mapping for Na, Mg, and Ca was performed with an electron microprobe at
Utrecht University (JEOL JXA-8530F Field emission Electron ProbeMicro Analyzer). Maps were generated with
a focused electron beam with a beam current of 10 nA and an accelerating voltage of 7 kV. The dwell time
was set at 300 ms and a step/pixel size of 0.2 μm (Figure 4). Counts, representing current strength, were con-
verted to elemental ratios using analyses on standard material. We used Jadeite for Na, foraminiferal calcite
for Ca, and Forsterite for Mg, assuming a linear dependency of concentration (in mass %) on the signal and a
constant background. Background intensities, measured for the same (foraminiferal) samples with similar set-
tings as the measurements, were first subtracted from the total element intensities before converting tomass
%. Pixel-based quantifications were eliminated from further analyses when the Ca mass percentage was
below 30%. Identification of spines and spine-related structures was based on backscatter and secondary
electron imaging (Figure 4).

3. Results
3.1. Depth-Stratified Plankton Tows
3.1.1. Na/Ca
For G. ruber, average Na/Ca values from the plankton tows (per depth interval) vary between 10.30 ± 0.24 and
6.93 ± 0.05 mmol/mol, and for T. sacculifer between 9.28 ± 0.11 and 6.69 ± 0.11 mmol/mol (Table 3 and
Figure 5). Very few specimens of T. sacculifer were found at depths between 200 to 500 m, thereby limiting
observations of Na/Ca change at larger depth. Still, for both species, a significant negative trend is observed
between Na/Ca and depth (m) (Na/Ca = �0.027 * depth [m] + 9.14, r2 = 0.53 and p < 0.001 for G. ruber and
Na/Ca = �0.032*depth [m] + 9.93, r2 = 0.77 and p < 0.001 for T. sacculifer) in the upper 100 m of the water
column, when combined with surface water plankton samples (Mezger et al., 2016; Figure 5). This trend

Figure 4. Example of the identification of a (in this case) T. sacculifer spine still attached to the shell by secondary electron
and backscatter electron imaging, with its corresponding electron probe micro analysis Na (counts) and Mg (counts) map.
The number of pixels (1 pixel: 0.2 μm) is indicated at the left side and bottom of the images.
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reverses below 100 m, as Na/Ca in both species increases slightly from 100 to 200 m depth (Figure 5). In
general, lower Na/Ca values are observed for larger sized foraminiferal shells of T. sacculifer (Figure S1 and
Tables S2 and S3 in the supporting information). For G. ruber no clear trend is observed with shell size
within the water column, albeit that Na/Ca values of size class 2 (250–355 μm) lower than or similar to size
class 1 (150–250 μm; Figure S1). For further details on shell size and relative distributions, see supporting
information 1.1.
3.1.2. Mg/Ca
AverageMg/Ca values per depth interval for G. ruber vary between 4.65 ± 0.16 and 6.85 ± 0.12mmol/mol, and
for T. sacculifer between 3.92 ± 0.10 and 6.62 ± 0.32 mmol/mol (Table 3), with almost consistently higher
Mg/Ca for G. ruber compared to T. sacculifer. From 0- to 150-m depth (including surface water specimens),
Mg/Ca values for both species increase significantly with water depth (G. ruber: y = 0.013x + 5.5, r2 = 0.50,
p < 0.001, T. sacculifer: y = 0.016x + 3.94, r2 = 0.64, p < 0.001). In the upper 150 m, average Mg/Ca values
decrease again and subsequently remain similar with increasing water depth. No clear trend of Mg/Ca with
size is observed for G. ruber nor T. sacculifer from the plankton tows, even though in some depth intervals,
differences between size classes are observed (Figure S2 and Tables S4 and S5).

3.2. Core-Tops
3.2.1. Na/Ca
The final chamber (F), F-1, and F-2 were measured where possible, depending on size and preservation, while
avoiding the sac-chamber for T. sacculifer. Average Na/Ca values per core-top location vary from 6.34 (±0.07)
mmol/mol to 8.00 (±0.22) mmol/mol for G. ruber and between 5.36 (±0.04) and 6.76 (±0.07) for T. sacculifer
(Table 4). For G. ruber, relative standard deviations are between 5 and 9.9% per location, whereas the RSEs
aremuch smaller (between 0.8 and 1.3%) because of the relatively large number of measurements performed
(Table 4). For T. sacculifer, relative standard deviations are between 7 and 13.2% percent per location, whereas
the RSEs are between 0.5 and 2.1% (Table 4).

With salinity (WOA09: Antonov et al., 2010; Locarnini et al., 2010), T. sacculifer Na/Ca shows a significant cor-
relation (y = 0.14x + 0.41, R2 = 0.15, p < 0.0001), whereas for G. ruber, salinity and Na/Ca are not correlated
(y = 0.005x + 6.52, R2 = 0.0004, p = 0.8; Figure 6). Shell size does not have a significant effect on the Na/Ca
ratio with depth for either species (for further details: supporting information 2.1).
3.2.2. Mg/Ca
For G. ruber and T. sacculifer (Figure 6), Mg/Ca changes significantly with SST from north to south along the
investigated transect (p < 0.001 for both species, y = �0.41x + 19.03 and r2 = 0.16 for G. ruber,
y = �0.62x + 23.46, r2 = 0.58 for weighted averaged T. sacculifer). Highest values are observed in the

Table 3
Overview of Sampling Depth and Elemental Ratios (*mmol/mol) of Specimens From Red Sea Plankton Tows, With n = Number of Specimens, nm = Number of
Measurements Performed, Including Duplicates of Specimens Excluding Outliersa

Net Depth range [m] Species n nm Na/Ca* SD SE nm Mg/Ca* SD SE Avg S Avg T

05c-net4 10–25 G. ruber 30 52 10.3 1.74 0.24 54 4.65 0.87 0.12 39.5 25.6
T. sacculifer 30 61 9.28 0.86 0.11 62 4.58 0.90 0.11

05c-net3 25–50 G. ruber 34 65 8.22 0.63 0.08 65 6.38 0.89 0.11 39.8 24.7
T. sacculifer 30 40 8.06 0.93 0.15 40 3.92 0.62 0.10

05c-net2 50–75 G. ruber 34 62 7.16 0.61 0.08 65 5.68 1.19 0.15 40.0 23.7
T. sacculifer 30 82 8.44 0.82 0.09 86 5.00 1.11 0.12

05c-net1 75–100 G. ruber 30 54 8.08 0.42 0.06 56 6.85 1.17 0.16 40.2 23.3
T. sacculifer 20 33 6.69 0.66 0.11 33 4.95 1.41 0.24

05a-net4 100–150 G. ruber 25 46 6.93 0.35 0.05 46 6.43 1.02 0.15 40.2 23.1
T. sacculifer 4 13 7.11 0.52 0.14 14 6.62 1.18 0.32

05a-net3 150–200 G. ruber 30 78 7.48 0.68 0.08 76 6.85 1.34 0.15 40.2 23.1
T. sacculifer 16 62 9.12 1.10 0.14 62 4.54 1.00 0.13

05a-net2 200–300 G. ruber 25 62 7.94 0.71 0.09 62 5.86 1.19 0.15 40.3 22.5
T. sacculifer 1 - - - - - - - -

05a-net1 300–500 G. ruber 30 48 7.17 0.49 0.07 49 5.92 1.17 0.17 40.4 21.7
T. sacculifer 2 3 7.46 0.74 0.43 3 4.74 0.22 0.12

aSalinity (S) and temperatures (T) are derived from CTD profiles during RV Pelagia cruise 64PE158, n:no specimens.
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northern part of the transect, which is characterized by the lowest temperatures and highest salinities. A
slight significant positive correlation between shell size and Mg/Ca is observed for T. sacculifer, albeit that
r2 is very low (supporting information: y = 5.6x + 636.9, r2 = 0.013, p = 0.001). This is in line with the high
variability observed in the data (Figure S4 and supporting information 2.2). For T. sacculifer, highest Mg/Ca
values are found in specimens larger than 500 μm in size, a size class that was not observed in the water
column plankton samples.

3.3. Spines
3.3.1. Laser Ablation
Since spine laser ablation profiles are relatively short, outliers potentially have a major effect on average
element/Ca (El/Ca) ratios. Therefore, raw data were first evaluated and 43Ca intensities below 6,000 counts
per second (with an average 43Ca background of approximately 1,000 counts per second) were eliminated
from further calculations. Subsequently, averages were calculated based on two different approaches: First
the molar ratio was calculated using the integrated profile (i.e., the average of the El/Ca ratios throughout
the profiles) and second by averaging single scan ratios. The last approach allows distinguishing mean (aver-
age Na/average Ca) and median for all spine measurements per species combined (Figure 7). Calculating the
median minimizes the effect of tailing or outliers compared to the mean. When combining Na/Ca ratios from

Figure 5. Plankton tows (a) Na/Ca and (b) Mg/Ca box-whisker plots, indicatingmedian, first and third quartiles, andmaxima
and minima. The dots that fall outside this plot indicate individual single-chamber Na/Ca and Mg/Ca. For clarity, the
highest Mg/Ca values of the sediment surface fall partly outside the plotted range (Table 4 and Figure 6). For comparison,
examples of expected Na/Ca and Mg/Ca values are also indicated, based on salinity and temperature depth profiles and
existing Na/Ca-salinity calibrations (Allen et al., 2016; Mezger et al., 2016), Mg/Ca-temperature calibrations (Anand et al.,
2003; Nürnberg et al., 1996), and an Mg/Ca-temperature and salinity calibration (Kısakürek et al., 2008).
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Table 4
Overview Measured Elemental Ratios (*mmol/mol) Red Sea Core-top Samples, With n = Number of Specimens, nm = Number of Measurements Performed, Including
Duplicates of Specimens Excluding Outliersa

Cruise Name Species n nm Na/Ca* SD SE nm Mg/Ca* SD SE SSS SST[0C]

M 44/3 MC-601 G. ruber 31 58 6.64 0.45 0.06 59 7.70 2.16 0.28 40.3 25.3
T. sacculifer 37 64 5.86 0.65 0.08 63 6.47 2.71 0.34

M 31/2 MC363 G. ruber 11 12 8.02 0.75 0.22 12 9.77 3.15 0.91 40.0 25.8
T. sacculifer 38 69 6.76 0.60 0.07 68 7.47 3.39 0.41

M 31/2 MC364 G. ruber 30 62 6.39 0.39 0.05 63 9.35 3.22 0.41 39.8 26.7
T. sacculifer 30 62 5.72 0.76 0.10 60 6.86 3.29 0.42

M 5/2 MC-71 G. ruber 22 76 6.89 0.68 0.08 76 9.29 4.17 0.48 39.6 26.8
T. sacculifer 36 242 6.08 0.49 0.03 242 7.44 4.67 0.30

VA 29 707KG G. ruber 30 59 6.37 0.42 0.05 57 6.09 1.32 0.17 39.1 28.0
T. sacculifer 28 154 5.79 0.41 0.03 156 5.31 1.40 0.11

M 5/2 MC-101 G. ruber 37 55 6.93 0.53 0.07 53 8.25 2.39 0.33 38.7 28.7
T. sacculifer 45 93 6.05 0.55 0.06 93 5.66 2.19 0.23

M 5/2 MC-107 G. ruber 30 28 6.86 0.48 0.09 30 8.02 2.18 0.40 38.3 29.1
T. sacculifer 16 41 6.02 0.43 0.07 41 6.09 2.22 0.35

M 31/2 MC366 G. ruber 30 53 6.63 0.50 0.07 54 7.15 1.92 0.26 38.0 29.3
T. sacculifer 32 113 5.36 0.46 0.04 111 4.79 1.37 0.13

SO 121 SO-98 G. ruber 20 43 7.02 0.35 0.05 43 7.72 1.65 0.25 37.3 29.0
T. sacculifer 12 42 6.17 0.67 0.10 42 5.37 2.25 0.35

SO 121 SO-100 G. ruber 17 39 7.01 0.34 0.05 40 6.67 1.66 0.26 37.1 28.7
T. sacculifer 7 22 5.98 0.59 0.13 22 6.67 1.79 0.38

SO 121 SO-110 G. ruber 28 47 6.34 0.49 0.07 46 5.01 1.17 0.17 36.3 28.0
T. sacculifer 7 14 5.82 0.63 0.17 12 4.10 0.98 0.28

aSea surface salinities (SSS) and sea surface temperatures (SST) are retrieved from the WOA09_annual average.

Figure 6. (a and c) Core-top Na/Ca and (b and d) Mg/Ca values, plotted against SSS (Na, WOA09) and latitude (Mg, WOA09)
with (a) G. ruber Na/Ca, averages, and SE are indicated, as well as the linear regression and 95% confidence interval; (b)
G. ruber Mg/Ca; (c) T. sacculifer Na/Ca; (d) T. sacculifer Mg/Ca.
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all individual scans (Figure 7), average G. ruber spine Na/Ca values vary from 27.5 (median) to 28.0 mmol/mol
(mean), and average Na/Ca values for T. sacculifer spines vary from 28.5 (mean) to 28.8 mmol/mol (median;
Figure 7). For Mg/Ca, average G. ruber spine values vary from 7.8 (median) to 9.1 mmol/mol (mean),
whereas T. sacculifer spine values vary from 5.8 (median) to 6.6 (mean). Because the ablations of the spines
were more or less of similar duration, the data from the individual scans (average of individual scans) and
from combined ablations (combining raw data from all measurements) compare well. Average spine
Na/Ca and Mg/Ca (mmol/mol) values of the separate measurements are hence similar to the average of
the combined raw data (Tables 5 and 6 and Figure 7). For G. ruber, average spine Na/Ca values from
separate profiles (Table 5) vary from 26.7 (median) to 27.4 mmol/mol (mean), while for T. sacculifer
averages vary from 29.3 (median) to 30.6 mmol/mol (mean; Table 6). Values for Mg/Ca vary on average
from 7.4 (median) to 11.0 (mean) for G. ruber and from 5.1 (median) to 6.9 (mean) for T. sacculifer (Tables 5
and 6). The standard deviation per ablation is less than the average standard deviation for the grouped
analyses (Tables 5 and 6).
3.3.2. EPMA
For both species, EPMAs show that Na is not homogeneously distributed within the shell wall (Figures 4, 8,
and 9). However, unlike Mg, the distribution of Na does not show clear banding, but a more patchy distribu-
tion with clear zones of higher concentrations in the spine region. Measurements on spines of both species
show Na/Ca values similar to those established by LA-ICP-MS (section 3.3.1), which are much higher than the
average shell Na/Ca values (Figures 4, 8, and 9). However, it was more challenging to measure G. ruber spines
than T. sacculifer spines, as these were much thinner and more easily lost in the polishing process. Spine
Mg/Ca values are similar to or lower than shell Mg/Ca values (Figures 7 and 4), based on both LA-ICP-MS
and EPMAs.

Figure 7. Spine distribution plots for all Na/Ca and Mg/Ca (mmol/mol) measurements for G. ruber and T. sacculifer, includ-
ing average Na/Ca and Mg/Ca ranges (entire Red Sea) for specimens from core-tops, plankton tows (multinet), and
plankton pump (PP) specimens.
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3.4. Shell Wall Surface Structure

Scanning electron microscopy pictures reveal that the shells of specimens collected from core-tops differ
from those of the same species collected from the water column (~17.5 m, Figure 4) in terms of wall thickness,
average test size (within the plankton pump samples specimens never reached the size observed in the core-
tops), and surface texture (Figures 4, 10, and 11). In general, surface water specimens are smaller (~125–
500 μm for T. sacculifer and ~125–350 μm for G. ruber), have spines, and are thin-walled. The outer surface
of the final chamber is often smoother than the other chambers, particularly for preadult or young adult spe-
cimens (Brummer et al., 1987). Coarse surface textures with spines growing from or near the corners are

Table 5
Overview of Spine Measurements With Elemental Ratios in mmol/mol, With s: Duration Spine Integration Interval (s) and n: number of Measurements During s

Net

Depth
range
(m) Species

Mean Median

s n (~) Na/Ca ± Mg/Ca ± Na/Ca ± Mg/Ca ±

net 4 10_25 G. ruber 14 538 34.1 1.6 17.8 0.9 32.1 1.5 9.2 0.4
net 4 10_25 G. ruber 2 77 27.7 0.8 7.7 0.2 27.3 0.8 7.1 0.2
net 4 10_25 G. ruber 4 121 28.8 1.1 27.7 1.1
net 4 10_25 G. ruber 4 154 23.7 1.0 8.9 0.4 23.2 0.9 7.4 0.3
net 4 10_25 G. ruber 9 346 22.3 0.7 5.9 0.2 21.9 0.7 5.2 0.2
net 4 10_25 G. ruber 10 385 37.3 1.5 14.5 0.6 35.4 1.5 9.5 0.4
net 4 10_25 G. ruber 5 192 27.2 1.3 5.3 0.3 27.2 1.3 4.9 0.2
net 4 10_25 G. ruber 2 77 26.7 1.1 7.6 0.3 25.9 1.1 5.6 0.2
net 4 10_25 G. ruber 4 154 20.3 0.8 14.4 0.6 19.9 0.8 9.6 0.4
net 4 10_25 G. ruber 3 115 26.4 1.1 17.2 0.7 26.4 1.1 8.6 0.4
Total number of measurements 2,159
Average (mmol/mol) 27.4 11.0 26.7 7.4
(Average) SD 5.1 1.1 4.9 0.5 4.6 1.1 1.9 0.3
(Average) SE 1.6 1.6 1.5 0.6

Table 6
Overview of Spine Measurements With Elemental Ratios in mmol/mol, With s: Duration Spine Integration Interval (s) and n: number of Measurements During s

Net

Depth
range
(m) Species

Mean Median

s n (~) Na/Ca ± Mg/Ca ± Na/Ca ± Mg/Ca ±

net 4 10_25 T. sacculifer 5 130 32.0 4.9 7.3 0.3 31.7 4.8 4.0 0.2
net 4 10_25 T. sacculifer 5 130 28.7 3.5 8.2 0.5 28.5 3.5 5.9 0.3
net 4 10_25 T. sacculifer 3 78 26.9 3.5 6.4 0.2 26.8 3.5 3.8 0.1
net 4 10_25 T. sacculifer 10 261 23.7 1.7 5.8 0.3 23.5 1.7 5.2 0.2
net 4 10_25 T. sacculifer 7 183 23.0 2.0 4.2 0.2 22.9 2.0 3.3 0.1
net 4 10_25 T. sacculifer 5 130 19.1 2.2 4.9 0.2 18.9 2.2 3.5 0.2
net 4 10_25 T. sacculifer 8 209 32.2 3.5 7.6 0.3 31.2 3.4 6.2 0.3
net 4 10_25 T. sacculifer 3 78 29.2 5.2 6.9 0.3 28.8 5.2 3.1 0.1
net 4 10_25 T. sacculifer 13 339 33.7 3.2 7.6 0.4 32.6 3.1 6.2 0.3
net 4 10_25 T. sacculifer 16 417 28.9 2.5 10.4 0.5 29.1 2.5 9.4 0.5
net 4 10_25 T. sacculifer 2 98 33.7 1.0 32.4 1.0
net 4 10_25 T. sacculifer 6 294 34.1 1.1 29.3 0.9
net 4 10_25 T. sacculifer 5 245 29.0 1.0 28.4 1.0
net 4 10_25 T. sacculifer 6 294 27.3 0.9 27.2 0.9
net 4 10_25 T. sacculifer 6 294 27.1 0.9 26.6 0.9
net 4 10_25 T. sacculifer 7 343 27.6 0.9 27.2 0.9
net 4 10_25 T. sacculifer 2 98 48.7 2.0 37.0 1.6
net 4 10_25 T. sacculifer 2 98 41.5 1.0 39.9 1.0
net 4 10_25 T. sacculifer 5 245 34.2 0.9 32.3 0.9
net 4 10_25 T. sacculifer 3 147 31.8 0.7 31.1 0.7
total number of measurements 4,115
average (mmol/mol) 30.6 6.9 29.3 5.1
(average) SD 6.5 2.1 1.8 0.3 4.7 2.1 1.9 0.2
(average) SE 1.4 0.6 1.1 0.6
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commonly observed in living T. sacculifer but are less pronounced in G. ruber (Figures 4 and 10). Such topo-
graphy arising from the spine-shell interface is usually more pronounced in larger specimens, where the
buildup of calcite plaques around the spine bases (Bé, 1980; Hemleben, 1975) results in terraced structures.
Unfortunately, spines partially broke off in specimens collected from surface water due to the plankton pump
sampling and sample processing. In the depth-stratified plankton tows (~17.5 m depth, Figure 4), specimens
have thicker and longer spines and shell walls appear also somewhat thicker compared to those from surface
waters. The former also show a better developed cancellate surface texture in T. sacculifer, as well as a thicker
buildup of calcite plaques around the base of the spines in G. ruber.

Compared to specimens collected from the water column, those from core-tops are larger (184–516 μm for
G. ruber and 229–1,284 μm for T. sacculifer), do not have spines, and have much thicker shell walls, which also
appears to be reflected in generally longer laser ablation profiles. Both species show surface textures with
indications for processes preceding gamete release, for example, “smoother” surfaces caused by deposition
of GAM calcite, spine holes, thicker shell walls, and terminal ontogenetic features like the sac-like chamber in
T. sacculifer (Bé, 1980; Bijma & Hemleben, 1994; Brummer et al., 1987; Figure 11). Often, specimens with

Figure 8. T. sacculifer electron-probe microanalysis spine measurements and accompanying histograms.
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(abnormally) high Mg/Ca values in the northernmost part of the Red Sea also display signs of dissolution of
the shell’s surface in combination with a thick shell wall that no longer displays clear ridges and/or hexagonal
patterns (Figure 11). The high-Mg phase of these specimens is often visible in the laser ablation profiles as
elevated Mg/Ca at the outer surface (Figure 11), while inorganic overgrowth crystals appear absent.
Depending on the thickness and absolute Mg/Ca of this layer, the average Mg/Ca may be elevated.

4. Discussion

Average shell Na/Ca values of G. ruber and T. sacculifer collected from Red Sea core-tops (Figure 12) corre-
spond well to values reported in previous culture and field studies of the same species (Allen et al., 2016;
Delaney et al., 1985) and to those of cultured benthic foraminifer Ammonia tepida (Wit et al., 2013) but are
significantly lower than those of the same species collected from surface waters of the Red Sea (Mezger
et al., 2016). In addition, the correlation between Na/Ca and salinity of surface water planktonic species col-
lected in situ (Mezger et al., 2016) is absent in the specimens from the core-tops.

In the southern Red Sea Mg/Ca values are similar to those reported earlier (Allen et al., 2016; Anand et al.,
2003; Kısakürek et al., 2008), but in the northern Red Sea, we find values higher compared to earlier work
(Allen et al., 2016; Anand et al., 2003; Kısakürek et al., 2008) and also higher than in the same species collected
from surface waters of the Red Sea (Mezger et al., 2016). Mg/Ca values in the northern Red Sea are too high to
be explained by known temperature and salinity dependencies and reach values comparable to those from
earlier Mediterranean studies (Ferguson et al., 2008), a sea which is also a known for its overall high salinity.
Still, other studies in the Mediterranean looking at Mg/Ca values suggest calibrations rather similar to that for

Figure 9. G. ruber electron-probe microanalysis spine measurements and accompanying histograms.
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the open ocean (Wit et al., 2010). Values measured are considerably lower compared to paleo Red Sea studies
exhibiting inorganic overgrowth (Hoogakker et al., 2009). Still, average values are also similar to those
observed for specimens of T. sacculifer that underwent GAM calcification (Nürnberg et al., 1996; Figure 13).

Figure 10. Specimens of (top row) T. sacculifer and (bottom row) G. ruber from surface water (plankton pump samples 4 and 7), showing an incipient cancellate sur-
face with elevated spines bases.

Figure 11. (a) Etched and thick gametogenesis (GAM) of a T. sacculifer from the northern Red Sea (core-top MC71, M5/2) with a (b) close-up of the surface structure,
and (c) LA crater with a visible thick GAM calcite layer as indicated by (d) elevated Mg/Ca in the laser ablation profile. (e) Thick-walled G. ruber specimen from
the same core-top with (f and g) GAM calcite and overgrown spine holes. Also slight signs of dissolution are visible and accompanying laser ablation
profile showing a high Mg layer (GAM) at the outside of the shell.
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For foraminiferal specimens collected by plankton tows in the Red Sea
(Figure 5) between 10 and 500 m of water depth, Na/Ca values are similar
to those reported in previous studies (Allen et al., 2016; Delaney et al.,
1985; Wit et al., 2013). However, Na/Ca and Mg/Ca in our specimens do
not show a clear relationship to changes in salinity and/or temperature
with depth. Whereas Na/Ca decreases with increasing water depth,
Mg/Ca increases over the same depth interval (Figure 5). Given an approx-
imate sinking speed between 198 and 838 m per day (G. ruber) and
between 200 and 1,396 m per day (T. sacculifer) for postmortem planktonic
foraminifera (Fok-Pun & Komar, 1983; Takahashi & Be, 1984; Van Sebille
et al., 2015), only a very small fraction of specimens collected in each sam-
ple were sinking post mortem. Assuming that this has no appreciable
effect on the results presented here, these trends in elemental composi-
tions through the water column may reflect a combination of (1) ongoing
calcification with depth-related environmental changes (e.g., salinity and
temperature), (2) changes related to different life stages, and (3) chemical
alteration of the shell within the water column.

4.1. Environmental Changes
4.1.1. Water Column Na/Ca and Mg/Ca
For both species, Na/Ca values decrease with increasing water depth within
the upper 10–100 m of the water column and are consistent with the Na/Ca
values observed in the surface water specimens (Mezger et al., 2016;
Figure 12). Since it is known that Na/Ca in cultured benthic as well as cul-

tured and field collected planktonic foraminiferal shells increases with salinity (Allen et al., 2016; Mezger
et al., 2016; Wit et al., 2013) and salinity increases with depth in the Red Sea, it is unlikely that the observed
decrease in Na/Ca is due to ongoing calcification with depth. In addition, temperature also decreases with
depth, which would have an additional, albeit small, positive effect on Na/Ca (Allen et al., 2016).

The depth-resolved pattern inMg/Ca is opposite to that in Na/Ca (Figure 5), as
Mg/Ca increases with depth. Similar to Na/Ca, ongoing calcification with
depth and the lower subsurface temperatures would result in lowering
Mg/Ca rather than increasing it. Although salinity is known to affect Mg/Ca,
the observed change of ~1 salinity unit (Figure 2) over the studied depth
range is insufficient to fully explain the observed difference inMg/Ca between
living surface water specimens and plankton-tow specimens, as
Mg-incorporation depends only to a limited extent on salinity compared to
temperature (between 0.11 and 0.21 mmol/mol per salinity unit for an envir-
onmental relevant salinity range; Dueñas-Bohórquez et al., 2009; Gray et al.,
2018; Hönisch et al., 2013; Kısakürek et al., 2008). Moreover, the difference in
Na/Ca between G. ruber and T. sacculifer is not correlated with the difference
in Mg/Ca between these species from the same depth interval.

These observations and the resulting opposing trends in Na/Ca and Mg/Ca
compared to the seawater temperature and salinity profiles imply that
continued calcification with depth cannot explain the observed trends.
Consequently, the shell chemistry must have been altered by precipitation
of chemically distinct calcite during changes in habitat and/or life-stage
changes of the foraminifer.
4.1.2. Core Top Na/Ca and Mg/Ca
A small difference was observed between the deepest (300–500 m) water
column samples and core-tops, with the core-top specimens being slightly
lower in Na/Ca and slightly higher in Mg/Ca. A decrease in Na/Ca in fossil
specimens has been observed before but was associated with aging over
a time scale of several millions of years (Yoshimura et al., 2016). It was

Figure 12. Core-top Na/Ca values versus sea surface salinity, compared to
published relationships. Plankton pump 9 is excluded from the calibration,
as described in Mezger et al. (2016).

Figure 13. All core-top Mg/Ca values, compared to interglacial (IG) and gla-
cial (G) Mg/Ca values for G. ruber specimens (whole-batch measurements FT-
TRA-ICP-MS) including overgrowths (Hoogakker et al., 2009) and cultivated
T. sacculifer specimens under different salinities and temperatures that
underwent gametogenesis (GAM) and did not undergo gametogenesis (no-
GAM; Nürnberg et al., 1996). The distinction between the northern (N) and
southern (S) Red Sea is at 22.4°N and longitude of 37.5°E. Data from the Red
Sea is based on single-chamber Mg/Ca (one dot is one laser ablation mea-
surement), whereas variability in the other two data sets represents maxi-
mum and minimum values, resulting from interspecimen variability.
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observed that Na/Ca values decrease in a Quaternary core in the planktonic species Globorotalia tumida,
which was attributed to ongoing leaching of Na from the crystal lattice. However, such an effect unlikely plays
a role in foraminifera from core-tops as the time scale involved is much shorter.

Values reported for Mg/Ca here are also higher than those previously published for Mg/Ca in G. ruber and
T. sacculifer species from culture studies and field calibrations (e.g., Allen et al., 2016; Anand et al., 2003;
Kısakürek et al., 2008; Nürnberg et al., 1996). Since sea surface temperatures decrease toward the north of
the Red Sea, Mg/Ca in specimens from the core-top samples show an apparent negative correlation to tem-
perature and a positive correlation to salinity.

While T. sacculifer and G. ruber show similar Mg/Ca values at the sea surface (Mezger et al., 2016), both water
column and core-top T. sacculifer show lower Mg/Ca values compared to G. ruber. Such an offset is consistent
with results from several other studies (e.g., Anand et al., 2003; Nürnberg et al., 1996). In many culturing stu-
dies (e.g., Kısakürek et al., 2008) and field studies (e.g., Anand et al., 2003), it was found that Mg incorporation
is positively correlated to temperature. Assuming continued calcification in the colder subsurface water,
lower Mg/Ca values are expected for the plankton tow and core-top collected shells compared to specimens
from surface waters (Allen et al., 2016; Anand et al., 2003; Kısakürek et al., 2008; Nürnberg et al., 1996). Even if
salinity would have a much larger effect on Mg incorporation (Ferguson et al., 2008) than explained in
section 4.1.1, the large changes in Mg/Ca with water depth observed here cannot be explained solely by con-
tinued calcification in deeper water, which is merely one salinity unit higher.

4.2. The Role of Spines on Shell Chemistry

One clue to explain the changes in Na/Ca of the shells comes from changes in shell preservation. The EPMA-
based element distribution shows that Na is enriched in the spines and at the spine bases (Figures 4, 8, and 9).
This is in contrast to the Mg/Ca distribution, showing a banding of the lamellar wall calcite similar to that
observed earlier (e.g., Erez, 2003). The inhomogeneity in Na/Ca, related to the foraminiferal spines, offers
an alternative explanation for the depth-related changes observed in Na/Ca. Loss of the spines during a for-
aminifer’s life cycle would clearly result in an overall lowering of Na/Ca values (see mass balance calculation
below). Foraminifera are known to shed their spines deeper in the water column before gamete release and
also when under stress (e.g., Bé, 1980; Caron et al., 1990; Hemleben, 1975). Additionally, crystal growth rates
for spines versus those for the shell calcite may explain differences in Na/Ca, as was shown in synthetically
grown calcites (Busenberg & Plummer, 1985). As early stage foraminifera have a faster growth rate
(Hemleben & Bijma, 1994), this could potentially also result in enhanced Na incorporation, whereas adult spe-
cimens with lower calcification rates might incorporate less Na. The combined effect of spine loss and
decreasing growth rates with life stage and hence depth could therefore contribute to the observed decrease
in Na/Ca values with depth. Since foraminifera do not secrete their shell at the same conditions throughout
their life cycle, it remains, however, difficult to deconvolve such potential effects.
4.2.1. Spine-Related Na/Ca Change With Depth
Already the pioneering foraminiferal culture studies of (Bé, 1980; Caron et al., 1990; Hemleben, 1975) showed
that foraminifera lose their spines at the end of their life cycle preceding gamete release or due to stress. For
both species studied here spines protrude from the POS (primary organic sheet) through the entire chamber
wall (Hemleben, 1975). During successive episodes of calcification, on the outer surface of the shell wall, cal-
cite plaques build up around the spine bases, giving the surface a terraced structure (Bé, 1980; Hemleben,
1975; Spero, 1988; e.g., Figure 10). At the same time, a polygonal pattern of interpore ridges is deposited
by the same process in T. sacculifer (Bé, 1980; e.g., Figure 10). In preparation for gametogenesis, these spines
are possibly partially resorbed and subsequently shed by rhizopodial activity, resulting in the appearance of
spine holes (Bé, 1980) similar to those observed here (Figure 11). Because of the high Na/Ca values of the
spines, this results in shell Na/Ca values to decrease in fossil specimens as the relative contribution of the
spines decreases. Often, only spine bases remain when specimens are deposited at the sediment.
Confirming this hypothesis, all specimens collected from the surface water contain spines (Figure 4), whereas
spines were no longer present for the specimens collected from the sediment surface (Figure 11).

For both species, lowest Na/Ca values are observed for the smallest size class in the water column (supporting
information 1.1). Potentially, shell size could have an effect on the elemental ratios measured. For
example, for Mg/Ca, Elderfield et al. (2002) found that with increasing shell size, Mg/Ca values increase. For
Na/Ca, values increase with decreasing shell size in culture experiments with the benthic A. tepida (Wit
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et al., 2013) or chamber number (Mezger et al., 2016). However, it is argued that this relation is indirect, with salinity
being the primary factor affecting shell size and thereby also Na incorporation (Mezger et al., 2016; Wit et al., 2013).
In this study, no correlation is found between shell size and single-specimen Na/Ca for the core-top specimens,
confirming that for spinose planktonic foraminifera, life stage (spines) rather than shell size determines the
average Na/Ca measured. For T. sacculifer, highest core-top Mg/Ca values are observed for the largest
specimens, albeit that this is also most probably associated with life stage (section 4.2.2) rather than shell size.

Measured spine LA-Q-ICP-MS Na/Ca values, confirmed by EPMA spine measurements, were up to 3 times
higher compared to average foraminiferal shell Na/Ca values (Tables 3–6). A simple mass balance, based
on measured spine Na/Ca values and the difference between core-top and surface water specimen Na/Ca
values, shows that the difference between living and core-top specimens would require a relative spine con-
tribution of 18.9% in T. sacculifer and 16.7% in G. ruber, respectively (Tables 5 and 6). These percentages repre-
sent the lower limit, as spines are often partly broken during sample collection and preparation. Bé (1980) and
Erez and Honjo (1981) previously showed that GAM deposition potentially adds up to 28% or even 50%
weight to the pre-GAM shell. Assuming that this calcite is possibly derived from resorbed spines (Bé, 1980),
such a contribution of spines to the overall shell carbonate is not unrealistic. The loss of spines with depth
hence likely explains the significant decrease of Na/Ca with depth in the upper 100 m of the water column,
as reproduction in the Red Sea mostly occurs before 80 m depth (Bijma & Hemleben, 1994). Moreover, as
spines have similar Mg/Ca-values as the shells (Tables 6), loss of spines unlikely affects the Mg/Ca signal.

Since the previously published Na/Ca to salinity relationships were based on chamber-specific spot analysis
of the whole shell of specimens collected from the Red Sea surface water, a major part of this correlationmust
be due to spine chemistry. Such an (additional) impact of spine chemistry is in line with results obtained from
a culturing study with the benthic foraminifer A. tepida (Wit et al., 2013), which is nonspinose, having much
lower overall Na/Ca values and also a lower sensitivity toward salinity. Similarly, the cultured planktonic spe-
cies used by Allen et al. (2016) likely lost part of their spines due to stress in a culture setting, explaining con-
centrations and sensitivity corresponding to the benthic species.

Figure 14. Morphology of T. sacculifer with depth and potential different life stages, based on Red Sea assemblage and
depth studies of (Bé, 1980; Bijma & Hemleben, 1994; Brummer et al., 1986; Brown & Elderfield, 1996; Hemleben & Bijma,
1994; Brummer et al., 1987; Hoogakker et al., 2009). We assume the processes to be alike for G. ruber, but reproduction
depths might be somewhat shallower.
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4.2.2. Spine Related Morphological Changes: Mg/Ca Change With Depth
As the Mg/Ca value of spines is similar compared to the shell Mg/Ca, higher Mg/Ca in the core-tops speci-
mens cannot be explained by spine loss. However, also other morphological/terminal changes in many
planktonic species may occur, potentially associated with spine loss (Figure 14).

After shedding of spines, ridged/terraced surface structures are replaced by a relatively smooth outer layer
(GAM calcite) produced before gametogenesis (Bé, 1980; Bijma, Erez, et al., 1990; Brummer et al., 1987).
Resorption of spines precedes precipitation of this GAM calcite (Bé, 1980), reducing the average Na/Ca. GAM
calcite, as well as formation of another terminal feature like crust calcite, is known to change the elemental com-
position of the whole shell (Bijma, Faber, et al., 1990; Steinhardt et al., 2015). Because under natural conditions,
deposition of GAM calcite often occurs in a deeper temperature and salinity environment compared to lamellar
calcite precipitation; the impact of GAM and/or crust carbonate is difficult to quantify. Nürnberg et al. (1996)
showed that T. sacculifer specimens that underwent GAM in culture under constant temperature conditions
had much higher (up to 276% in GAM) Mg/Ca values compared to no-GAM specimens.

Values for Mg/Ca measured in planktonic foraminiferal shells collected in the northern Red Sea are similar to
values reported by Hoogakker et al. (2009) for interglacial specimens of T. sacculifer collected down-core
(Figure 13). With the exception of a few single tests, values are considerably lower than those of the glacial
specimens, which according to Hoogakker et al. (2009) are related to the abnormally high salinities at those
times causing secondary high Mg-rich overgrowths. Such inorganic overgrowths were not observed in SEM
or EPMA images of the specimens studied here. van Raden et al. (2011) also found a layer of elevated (diage-
netic) Mg/Ca values outside of the shell of G. inflata with laser ablation analysis, which was not visible in SEM
images. We also observed a thin layer of high Mg/Ca on the outside of the shell of both species with laser
ablation. The layer thickness seems to correspond to what morphologically seems GAM calcite adhered to
the outside of the shell. The very high Mg/Ca values of this layer suggest that either the GAM calcite was pre-
cipitated strongly offset from pre-GAM carbonate or subsequently altered chemically without changing the
morphology. The relatively high Mg/Ca of the GAM calcite makes this layer more prone to postmortem dis-
solution, causing the etched features on the outside of the shell (Figure 11).

For the Red Sea core-top specimens, a GAM layer is observed not only for T. sacculifer but also in G. ruber
(Figure 11). The (increase in) average Mg/Ca and high variability in Mg/Ca for specimens >500 μm in
T. sacculifer likely reflects differences in thickness of the GAM layer (Figure 11). After reproduction/gamete
release (below 80 m depth), spinose foraminifera lose their buoyancy (Bijma & Hemleben, 1994). In the sedi-
ment, specimens containing a thick GAM layer are dominant over thin ontogenetic (only, or pre-GAM) shells
(Bé, 1980). The relative contribution and thickness of GAM shells (Figure 11) and associated processes (spine
loss) hence explains the increase in Mg/Ca with depth (increased contribution GAM shells), as well as the
observed decrease in Na/Ca. Especially in the northern Red Sea core-tops, thick GAM shells are found
(Figure 11), possibly explaining the observed extreme Mg/Ca values in the north and the apparent anti cor-
relation with temperature.
4.2.3. Spine Ontogeny
Assuming that the loss or relative contribution of spines is responsible for observed differences in Na/Ca
values between surface water, subsurface water column, and core-top specimens, this still does not explain
the observed differences in slope for Na/Ca to salinity relationships (Allen et al., 2016; Mezger et al., 2016; Wit
et al., 2013). Whereas the Na/Ca of specimens collected alive in surface waters show a high sensitivity to
changes in salinity (Mezger et al., 2016), the response to salinity is more dampened in foraminiferal culture
studies (Allen et al., 2016) and benthic species (Wit et al., 2013). Since we argue that spine chemistry may
explain the observed difference between surface water and core-top specimens, this suggests that either
spine Na/Ca or foraminiferal spine density (spines per chamber and/or spine length) increases with increasing
salinity (Figure S5). Based on the measured Na/Ca values of the spines at a salinity of 39.6, this implies that for
the Red Sea salinity range from 36 to 41 either G. ruber spine densities have to increase about three times
(from 6.9 to 20.5%) and for T. sacculifer about 2 times (from 11.3 to 21.9%), or Na/Ca values increase approxi-
mately two times within the spines. These values have been calculated with two simple mass balances,
assuming that the difference in Na/Ca between core-top and surface water calibrations for both species
can be fully explained by an increase in spine density (assuming a constant spine Na/Ca) or spine Na/Ca
values (assuming constant spine density). Although it is not possible to fully exclude a change in spine length,
a shift in spine density high enough to explain the shift in Na/Ca values was not observed. Still, also the shell
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chemistry itself will respond to salinity as observed for the benthic species A. tepida (Wit et al., 2013) and cul-
tured planktonic ones (Allen et al., 2016), albeit with a much reduced sensitivity.

The relatively high Na/Ca in foraminiferal spines and spine bases may be associated with a difference in
growth mechanism between spines and the rest of the shell. Assuming that the formation of foraminiferal
spines is comparable to that of some other biogenic calcium carbonate structures (e.g., the spines of sea urch-
ins), they consist of a single calcite crystal (Beniash et al., 1997; Hemleben, 1975; Rodriguez-Blanco et al.,
2011). Such a single crystal-structure might result from an initial deposition of nanoparticles consisting of
amorphous calcium carbonate that spontaneously form a single calcite crystal (Rodriguez-Blanco et al.,
2011). Since the fluid-amorphous calcium carbonate transition is relatively fast compared to rates observed
in nonbiogenic stepwise growth described from laboratory studies (Morse et al., 2007), the fractionation
against, for example, Na, is less strong, and hence, the spines may have a higher Na/Ca than the rest of the
shell. Also, this would imply a more direct, one to one, uptake of Na in spine carbonate in relation to salinity.

5. Conclusions

In this study, we tested the applicability of the foraminiferal Na/Ca-based salinity proxy by comparing the
chemical composition of core-top and plankton tow collected planktonic foraminifera from the Red Sea to
those living in surface waters. Results show that Na/Ca of both G. ruber and T. sacculifer decreases with
increasing water depth, thereby dampening the initial Na/Ca to salinity signal. In contrast, Mg/Ca values
increase for both species toward the seafloor. Laser-ablation-ICP-Q-MS measurements combined with
EPMA show that for both species, Na is concentrated at the spines. Loss of spines in the water column pro-
vides a mechanistic explanation for the observed Na/Ca decrease with depth. Additionally, SEM pictures
and LA profiles show that the deposition of GAM calcite—high in Mg, but with Na/Ca values similar to lamel-
lar calcite—or (diagenetic) recrystallization of GAM calcite explains the increasing Mg/Ca values. Na/Ca values
of the core-top specimens coincide with the earlier established correlation with salinity for benthic and plank-
tonic foraminifera from controlled growth experiments. This study revealed the unexpected role of spine cal-
cite on foraminiferal Na/Ca and found that Mg/Ca is elevated beyond known salinity and temperature
calibrations, requiring an additional process enriching Mg in shells. The origin of the Na/Ca signal is better
understood now but still requires more research to serve as a robust proxy for salinity.
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