
1. Introduction
1.1. Trace Element Chemistry of Planktic Foraminifera (PF) Shells

Planktic Foraminifera (PF) shells are instrumental in the study of the history of Earth's climate and oceans (e.g., 
Berggren et al., 1995; Gupta, 1999; Kucera, 2007; Rosenthal, 2007; Schiebel, 2002; Schiebel & Hemleben, 2017). 
The PF shells capture water column conditions during calcification as shown by the trace element ratios in the 
calcium carbonate (Katz et al., 2010; Lea, 1999; Mortyn & Martínez-Botí, 2007). Of these, the Mg/Ca of PF 
shells is a widely applied tracer of past surface seawater temperatures (e.g., Allen et  al.,  2016; Elderfield & 
Ganssen,  2000; Elderfield et  al.,  2002; Evans et  al.,  2018; Friedrich et  al.,  2012; Hastings et  al.,  1998; Lea 
et al., 1999; Nürnberg et al., 1996; Rosenthal et al., 1997; Wefer et al., 1999). Paleo-temperature reconstructions 
apply Mg/Ca-T calibrations derived empirically from modern PF shells, which commonly display a positive 
relationship, that is, increasing Mg/Ca with increasing water temperature (e.g., Anand et  al.,  2003; Cléroux 
et al., 2008; Elderfield & Ganssen, 2000).

The trace element composition of PF can be misinterpreted when ecological requirements at the species level and 
specific regional characteristics are not considered. Assuming a positive Mg/Ca-T relationship, deeper dwelling 
PF will incorporate less Mg into their shell relative to shallow dwelling species due to temperature differences. 
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surface temperature reconstructions. However, compared to open marine environments, hypersaline (>40) 
oligotrophic seas have been shown to accommodate PF with higher Mg/Ca and divergent temperature to Mg/
Ca relationships. To investigate influencing factors of PF Mg uptake in hypersaline regions, we measured the 
Mg/Ca of two flux-dominating PF species, Globigerinoides ruber albus and Turborotalita clarkei, derived 
from a monthly resolved time series of sediment traps in the Gulf of Aqaba, northern Red Sea as well as the 
corresponding temperature, salinity, and pH values. The PF exhibit elevated Mg/Ca which cannot be explained 
by post-deposition or interstitial sediment diagenetic processes. G. ruber albus displays Mg/Ca trends that 
strongly follow seasonal mixed layer temperature changes. Conversely, T. clarkei Mg/Ca trends do not follow 
temperature but rather show significant Mg/Ca enrichment following mixing of the surface water column. We 
present a framework for incorporating elevated Mg/Ca into global Mg/Ca-T calibrations for G. ruber albus and 
present a new Mg/Ca-T calibration suitable for hypersaline marine environments.

Plain Language Summary Past seawater temperature is reconstructed from the 
magnesium-to-calcium ratio (Mg/Ca) in the calcareous shells of a group of marine microplankton called 
foraminifera. Two foraminifer species, Globigerinoides ruber albus and Turborotalita clarkei, are abundant 
in the Gulf of Aqaba, northern Red Sea, at year-round high temperatures and salinities. The shells of these 
foraminifera have elevated Mg/Ca relative to other marine regions, and here, we explore the factors causing 
this. The Mg/Ca values of both G. ruber albus and T. clarkei reflect the environmental conditions of the water 
column. For G. ruber albus, temperature and salinity appear to be factors responsible for the Mg/Ca trends 
and elevated values. We incorporate the new Mg/Ca data for G. ruber albus to calibrate elevated Mg/Ca 
with temperature for high-salinity (>40) marine environments. The Mg/Ca of the deeper dwelling T. clarkei 
show higher ratios following deep mixing of the surface water column and may indicate annually recurring 
phytoplankton blooms caused by nutrient input into the sunlit ocean surface.
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Although temperature is assumed the predominant control on the Mg content 
of PF shells, other oceanographic parameters such as salinity and pH can 
control Mg/Ca (Arbuszewski et al., 2010; Broecker & Clark., 1999; Dissard 
et  al.,  2010; Dueñas-Bohórquez et  al.,  2009; Evans, Brierley, et  al.,  2016; 
Evans, Wade, et  al.,  2016; Ferguson et  al.,  2008; Gray & Evans,  2019; 
Gray et al., 2018; Hönisch et al., 2013; Hoogakker et al., 2009; Kisakürek 
et  al.,  2008; Lea et  al.,  1999; Le Houedec et  al.,  2021; Mathien-Blard & 
Bassinot,  2009; Sadekov et  al.,  2009; Saenger & Evans,  2019). Addition-
ally, biological effects and processes of remineralization and dissolution 
during sedimentation add complexity to the understanding of the behav-
ior of proxies in different species (Bijma et al., 2002; Eggins et al., 2003; 
Johnstone et  al., 2011; Lea et  al., 1999; Nürnberg et  al., 1996; Regenberg 
et al., 2006, 2014).

In most marine environments, the Mg/Ca in PF varies between ∼0.5 and 
5  mmol/mol (Gupta,  1999; Schiebel & Hemleben,  2017). Higher Mg/
Ca values have been measured in PF shells from higher salinity (>36.8) 
oligotrophic basins such as the Red Sea (Hoogakker et  al.,  2009; Mezger 
et  al.,  2018) and the Mediterranean Sea (Boussetta et  al.,  2011; Ferguson 
et al., 2008; Sabbatini et al., 2011). Mg/Ca from core tops in the Mediterra-
nean Sea was reported in the range of 2.6–10.3 mmol/mol, with some meas-
urements reaching up to 35.5  mmol/mol (Boussetta et  al.,  2011; Ferguson 
et al., 2008; Sabbatini et al., 2011). In the more saline Eastern Mediterranean, 

Mg/Ca in core tops are generally higher than 10 mmol/mol. It has been suggested that the elevated Mg/Ca values in 
these high salinity regions may result from recrystallization on the PF shells occurring at the sediment water inter-
face (Hoogakker et al., 2009), a process which raises the question whether Mg/Ca can be used as a proxy for sea 
surface temperature reconstruction in hypersaline environments. In global calibration models, elevated Mg/Ca PF 
data from hypersaline environments are commonly excluded (e.g., Anand et al., 2003; Gray et al., 2018; Tierney 
et al., 2019). However, the exclusion of Mg/Ca PF from hypersaline environments from global calibrations cannot 
be justified when considering the large global ocean salinity changes which occurred in the geological past. It 
is thus critical that the dynamics of Mg incorporation into PF shells in hypersaline environment is thoroughly 
assessed. Specifically, it is still not clear whether elevated Mg/Ca values in PF reflect Mg incorporation in situ in 
the hypersaline water column or in the water-sediment interface. In turn, this hampers the application of Mg/Ca as 
a proxy for temperature in hypersaline environments and its implementation into global temperature calibrations.

1.2. Study Area and Site Background

The Gulf of Aqaba (GOA), northern Red Sea, is considered to be a “natural marine laboratory” and an acces-
sible open ocean proxy environment (Benaltabet et al., 2020; Biton & Gildor, 2011; Chase et al., 2011; Lazar 
et al., 2008; Meeder et al., 2012; Paytan et al., 2009; Reiss & Hottinger, 1984; Torfstein & Kienast, 2018). It is 
approximately 180 km long, 10–25 km wide, with very steep margins, an average depth of 800 m at its north-
ern end, and a maximum depth of 1,830 m (Figure 1). The regional climate is hyper-arid (mean annual rainfall 
<30  mm), resulting in limited direct input of terrigenous material into the GOA from surface runoff waters 
(Chase et al., 2011; Ganor & Foner, 2001; Katz et al., 2015; Reiss & Hottinger, 1984; Torfstein et al., 2017). The 
main source of trace metals to the surface waters is from settling atmospheric dust (Chen et al., 2008).

The GOA is characterized by very high evaporation-driven salinity (∼40.5) as well as large seasonal sea surface 
temperature variations (Biton & Gildor, 2011). These conditions result in seasonal summer stratification and winter 
mixing (Meeder et al., 2012). Bottom waters display a constant temperature of ca. 20°C. During summer, surface 
waters can reach >29°C (Figure 2). Throughout autumn and winter, the surface water cools and becomes denser, 
resulting in deepening of the mixed layer until a maximum depth is reached in later winter and spring. Typically, 
the maximum mixing depth is ∼300–400 m, but every several year the mixing depth can reach 700 m or more.

1.3. Ecology of Planktic Foraminifera in the GOA

The high salinity together with the large surface water temperature variations make the PF ecology in the GOA 
sensitive to seasonal temperature changes and a suitable study site to investigate the incorporation of Mg/Ca in 

Figure 1. Location maps. (a) Red Sea, (b) northern Gulf of Aqaba (GOA), 
and (c) satellite image of the northern tip of the GOA, displaying the location 
of the Interuniversity Institute (IUI) for Marine Sciences. Station A is a long-
term monitoring site located around 4 km off shore where water depths reach 
∼700 m (Meeder et al., 2012). A permanent bottom-tethered mooring mounted 
with vertically stacked sediment traps is deployed proximal to Station A at 
610 m (Torfstein et al., 2020).
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PF shells in hypersaline environments. Total PF fluxes demonstrate strong seasonality, with low values observed 
during summer months and gradually increasing during the autumn-winter (Chernihovsky et al., 2018, Figure 2e). 
This increase is coeval with decreasing sea-surface temperatures and deepening of the mixed layer depth (MLD) 
that drives the admixture of nutrient-replete subsurface waters into the mixed layer. Spinose species constitute the 
majority of the PF assemblage in the GOA. The dominant shell size-fraction is between 63 and 125 μm (∼86% 
of the total flux), which has generally been overlooked in previous studies, resulting in a significant knowl-
edge gap related to the early ontogenetic stages of large-sized species and the small-sized PF species (Brummer 
et al., 1986; Chernihovsky et al., 2018). The 63–125 μm shell size-fraction is dominated by the small species T. 
clarkei, and the >125 μm size-fraction is dominated by the species G. ruber albus (Chernihovsky et al., 2018; 
Morard et al., 2019). Globigerinoides ruber albus bears dinoflagellate symbionts, dwells in the surface sunlit 
ocean, and prospers in a wide range of temperatures (14–31°C) and salinities of 22–49 (Bijma et  al.,  1990). 
It is abundant in oceanic tropical and sub-tropical gyres and is commonly applied as a paleo-thermometer in 
downcore studies (e.g., Gray & Evans, 2019; O’Brien et al., 2014; Schiebel et al., 2004). Turborotalita clarkei 
is a symbiont-barren species that occupies tropical to temperate waters, but has been fairly overlooked in many 
studies, and some aspects of its ecological requirements are still unknown (Boltovskoy,  1991; Chernihovsky 
et al., 2018).

In this study, we investigate the Mg/Ca dynamics in the calcareous shells of the flux dominating PF in the GOA, 
picked from sediment traps and determine the dominant factors for Mg/Ca incorporation in PF. We explore the 
spatial and temporal Mg/Ca changes in two species (G. ruber albus and T. clarkei) and corresponding oceano-
graphic parameter trends (temperature, salinity, pH) over different water column depths at monthly resolutions 
during 2014–2015 (Table 1). We further assess whether Mg/Ca in these species can be used as a water column 
temperature proxy in hypersaline seas and incorporated into local and global Mg/Ca-T calibrations.

Figure 2. Station A depth profiles of monthly measured (a) temperature, (b) salinity, (c) pH, and (d) chlorophyll-𝐴𝐴 𝐴𝐴 concentrations (data from the Israel National 
Monitoring Program; Shaked & Genin, 2016) as well as (e) PF flux time-series during 2014–2015 from five vertically stacked sediment traps deployed proximal to 
Station A (data from Chernihovsky et al. (2018)).



Geochemistry, Geophysics, Geosystems

LEVY ET AL.

10.1029/2022GC010742

4 of 17

2. Materials and Methods
2.1. Sampling and Oceanographic Data

A bottom-tethered mooring has been deployed continuously since January 
2014 near Station A in the northern part of the GOA, 29° 28′95′N, 34° 56′22′E, 
∼610 m water depth (Figure 1). The mooring consists of KC Denmark cylin-
der traps vertically stacked at five different depths, 120, 220, 340, 450, and 
570 m, that were collected at an approximate monthly resolution (Table 2). A 
detailed description of the mooring, sampling, sample processing, and trap-
ping efficiencies can be found in Chernihovsky et al. (2018) and Torfstein 
et  al.  (2020). The PF shells were picked from the monthly bulk samples 
collected between June 2014 and July 2015 (Chernihovsky et al., 2018).

A core top sample (0–1 cm) was collected from the GOA seafloor at Station 
A, using a MC-400 four-barrel multi-corer (Ocean Instruments, San Diego, 
CA). The sample was wet-sieved at 63 μm, oven-dried at 40°C and dry-sieved 
with various mesh-size sieves (100 and 250 μm) at the Max Planck Institute 
for Chemistry.

Hydrologic data is obtained routinely at Station A by the Israel National 
Monitoring Program (NMP, Shaked & Genin, 2016), including sea surface 
and water column temperature (°C), salinity, oxygen concentrations (μmol/l), 
alkalinity (meq/kg), pH, and chlorophyll-𝐴𝐴 𝐴𝐴 concentrations (μg/l). The poten-
tial density anomaly was calculated based on temperature, salinity, and pres-
sure at the surface (σ0(surface)) and all respective water column depths (in 
20  m interval resolution). The MLD has been defined as the water depth 
where the density anomaly (σ0) is equal to, or above, the water density of the 
surface water column plus the density threshold of 0.125 kg/m 3 (Sprintall & 
Tomczak, 1992). Mean values of temperature, salinity, and pH were calcu-
lated for all measured depths above the MLD (Table 1).

2.2. Species Classification and Preparation for LA-ICP-MS

Identification of the PF taxa followed Schiebel and Hemleben (2017) and Morard et al. (2019). For each month 
between June 2014 and June 2015, three clean, translucent individuals without dried cytoplasm or sediment 
residues were picked from the five sediment traps between 120 and 570 m water depths. Preliminary prepa-
ration and cleaning steps, such as rinsing with ultrapure water to remove salts, are described by Chernihovsky 
et al. (2018). A single chamber, individual foraminifer analysis was conducted using Laser Ablation Inductively 
Coupled Plasma Mass Spectrometry (LA-ICP-MS; see Section 2.3) on 156 specimens of the two morphotypes 
of T. clarkei “big” and “encrusted,” and G. ruber albus (i.e., G. ruber sensu stricto (s.s.), white) to account for 
population variability (Fehrenbacher et  al.,  2020) and inter chamber variability. The G. ruber albus tests are 
generally larger than the T. clarkei tests. From the two T. clarkei phenotypes that were picked, one is larger (labe-
led “big”) and all chambers are fully recognizable. The other T. clarkei was overall smaller and “encrusted” with 
an egg-shaped test. The chambers of T. clarkei “encrusted” are harder to distinguish compared to T. clarkei “big.” 
Samples were mounted on a glass slide with a methyl-hydroxy-propyl-cellulose (MHPC 1:100) glue. Reductive 
and oxidative cleaning were not applied on any sample to preserve the original signals related to different stages 
in the PF life cycle and encrustation process, and any outer layers of the shell that are added during ontogeny 
(Jochum et al., 2019; Schiebel & Hemleben, 2017). This is important for T. clarkei, as reductive and oxidative 
cleaning may result in the loss of a significant part of shell material of its 1.9–3.6 μm thin shells (measured from 
Scanning Electron Microscopy (SEM) images including Figure 3).

2.3. LA-ICP-MS and Data Processing

Analyses of the calcium-normalized magnesium (Mg/Ca) and strontium (Sr/Ca) abundances were conducted 
using a 200  nm wavelength NWR femtosecond (fs) LASER system from ESI, combined with a sector-field 

MLD 
(m) T (°C) S pH

Date

 13 May 2014 40 23.5 ± 0.1 40.40 ± 0.01 8.18 ± 0.00

 17 June 2014 60 24.1 ± 0.1 40.49 ± 0.02 8.20 ± 0.00

 16 July 2014 60 25.1 ± 0.2 40.53 ± 0.03 8.18 ± 0.00

 12 August 2014 20 27.5 ± 0.0 40.72 ± 0.00 8.19 ± 0.00

 16 September 2014 40 26.4 ± 0.2 40.65 ± 0.02 8.19 ± 0.01

 21 October 2014 120 24.9 ± 0.1 40.59 ± 0.03 8.19 ± 0.00

 19 November 2014 80 25.0 ± 0.0 40.60 ± 0.00 8.19 ± 0.01

 15 December 2014 250 23.4 ± 0.0 40.65 ± 0.00 8.18 ± 0.00

 12 January 2015 250 22.5 ± 0.0 40.61 ± 0.03 8.18 ± 0.00

 23 February 2015 160 22.1 ± 0.0 40.46 ± 0.03 8.18 ± 0.00

 24 March 2015 250 21.5 ± 0.0 40.60 ± 0.00 8.17 ± 0.00

 20 April 2015 250 21.6 ± 0.0 40.60 ± 0.00 8.17 ± 0.00

 19 May 2015 20 23.3 ± 0.0 40.56 ± 0.00 8.18 ± 0.00

 16 June 2015 60 23.7 ± 0.3 40.53 ± 0.03 8.18 ± 0.00

 14 July 2015 40 25.7 ± 0.2 40.70 ± 0.01 8.18 ± 0.00

 18 August 2015 40 26.8 ± 0.4 40.70 ± 0.06 8.19 ± 0.00

Note. Measuring dates and mean values of temperatures (T), salinities (S), and 
pH at Station A (Shaked & Genin, 2016). MLD gives mixed layer depth in 
meters. Italic numbers are standard deviation.

Table 1 
Monthly Mixed Layer Depth (MLD), and Mean Temperatures, Salinities, 
and pH in the Surface Mixed Layer
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Thermo Element-2 ICP mass spectrometer (Jochum et al., 2014). Measurements were performed using a 15 Hz 
pulse repetition rate at low fluence (0.1–0.6 J/cm 2), and 18 s dwelling time. A 30-μm diameter spot size was chosen 
for analysis as it is the maximum diameter of a single chamber of the small T. clarkei (Figure 3). Calibration was 
performed with the microanalytical synthetic reference material MACS-3 for carbonate, NIST-612, and NIST-
610 for calibration as well as NIST-612 for the tuning of the ICP-MS (Jochum et al., 2019). The measurements 
yielded reproducible results with a relative standard deviation of ∼3%–4% for Mg/Ca and Sr/Ca. Single spot 
measurements were made on each chamber of the individual shells (Figure 3) while verifying the presence of the 

Month Year Start End

Mg/Ca

n

Mg/Ca

n

Mg/Ca

nG. ruber albus T. clarkei “big” T. clarkei “encrusted”

June 2014 02-06-2014 13-07-2014 8.48 ± 1.81 4 8.37 ± 1.09 *1 24.93 ± 22.72 *1

July 2014 13-07-2014 14-08-2014 12.17 ± 2.83 4 7.40 ± 2.07 3 7.56 ± 0.26 3

September 2014 09-09-2014 02-10-2014 10.15 ± 3.32 4 7.31 ± 0.87 4 13.41 ± 10.64 3

October 2014 02-10-2014 06-11-2014 7.98 ± 0.97 3 10.01 ± 5.07 4 9.12 ± 2.28 2

November 2014 06-11-2014 03-12-2014 6.25 ± 1.86 4 9.29 ± 3.51 3 7.21 ± 0.86 3

December 2014 03-12-2014 06-01-2015 7.20 ± 0.48 4 6.47 ± 1.35 3 10.04 ± 1.98 4

January 2015 08-01-2015 03-02-2015 7.00 ± 2.11 4 8.89 ± 3.64 4 9.31 ± 1.75 4

February 2015 03-02-2015 03-03-2015 5.20 ± 0.93 4 8.45 ± 2.41 4 8.25 ± 2.03 4

March 2015 03-03-2015 23-03-2015 5.47 ± 0.69 4 21.28 ± 14.35 4 16.87 ± 11.23 4

April 2015 23-03-2015 26-04-2015 8.38 ± 1.54 3 26.59 ± 10.83 4 16.49 ± 7.33 3

May 2015 26-04-2015 02-06-2015 6.61 ± 2.90 4 15.63 ± 8.07 4 10.78 ± 1.88 3

June 2015 02-06-2015 05-07-2015 6.39 ± 1.74 4 7.15 ± 3.20 3 10.01 ± 2.07 3

Core-top – – 6.93 ± 3.32 *1 10.96 ± 2.62 *1 5.38 ± 0.77 *1

Note. Sampling intervals and Mg/Ca data. Monthly mean Mg/Ca (mmol/mol) for G. ruber albus, T. clarkei “big” and 
“encrusted” of all measurements for the upper four sediment traps. The core top sample was obtained on January 2013 
(Steiner et al., 2017). “n” marks the number of specimens contributing to the mean, and italic font numbers mark the standard 
deviation (SD). For samples consisting of one specimen (n = 1, labeled with *), the SD was calculated for the measurements 
of a single specimen. The accompanying supplementary file contains the specimen Mg/Ca and measurement range. Italic 
values are range.

Table 2 
Monthly Mean Mg/Ca for G. ruber albus, T. clarkei “Big” and T. clarkei “Encrusted”

Figure 3. SEM images of PF shells taken from the upper two sediment traps (120 and 220 m) in the GOA. The ablation holes 
following LA-ICP-MS analyses are evident as large holes. (a) Turborotalita clarkei “big” (non-encrusted), (b) Turborotalita 
clarkei “encrusted,” and (c) Globigerinoides ruber albus. Chambers are labeled F-0 to F-4 from the final to preceding 
chambers. Additional SEM images can be found in Supporting Information S1 (Figure S7).
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spot in the chamber parameters, and not crossing the septae between the chambers. Chambers were named F-0 
(final chamber), F-1 (final minus one, i.e., penultimate chamber), F-2, and so on, for the penultimate, antepenul-
timate, and further chambers, respectively. Average Mg/Ca of single individuals was calculated from all single 
chamber Mg/Ca data in one shell. The mean Mg/Ca of a specific sampling time-interval was calculated for the 
upper sediment traps excluding Mg/Ca data from the deepest sediment trap at 570 m given that resuspension of 
seafloor sediment may have occurred during winter and admixed settled PF shells into the trap (Chernihovsky 
et al., 2018) (Table 2).

2.4. Scanning Electron Microscopy (SEM)

SEM was used to identify the architecture of the shell wall of 23 specimens of T. clarkei (both “big” and 
“encrusted” morphotypes) and G. ruber albus obtained from sediment traps and core top samples. From which, 
20 analyzed specimens were obtained from the upper water column (120–220  m water depth intervals) for 
well-preserved shells of varying Mg/Ca. All samples were coated with gold and analyzed using SEM LEO-1530 
at magnification 900x–15000x.

2.5. Statistical Analyses

The mean Mg/Ca of all measurements on PF assemblages of the same species from multiple sediment trap 
depths (see below for more details) at each given date were calculated and a full description of the specimens 
Mg/Ca means can be found in Table S1. In G. ruber albus, a single outlier measurement was detected where Mg/
Ca = 80.52 mmol/mol (April 2015; 120 m water depth interval; chamber F-0). This value is significantly higher 
than the other measurements (the next highest measurement in G. ruber albus yielded Mg/Ca = 19.09). This 
anomalous value could be related to the lack of oxidative cleaning and/or abnormalities in Mg distribution as it 
was detected in the last chamber of the specimen (F-0). This outlier was removed from the mean Mg/Ca values 
in the subsequent analyses.

To account for the temporal difference between the measurement dates of when the oceanographic parame-
ters were measured, and the time-interval of the sediment trap sample, corresponding oceanographic parameter 
values were calculated using linear interpolation between the dates. The Spearman rank test p-values were calcu-
lated to investigate relationships between mean Mg/Ca and data sets of corresponding oceanographic parameters. 
Furthermore, various non-linear and linear regression models between mean Mg/Ca and oceanographic param-
eters were calculated and their corresponding coefficients of determination (r 2) were calculated (Figures S2, S3, 
S4, and S5 in Supporting Information S1). The Mathematica© software was used to calculate the non-linear 
regressions, based on the “NonlinearModelFit” function, which uses numerical local optimization (Newton 
method) for parameter estimation. The code is provided with the Supporting Information S1.

3. Results
3.1. Hydrography of the GOA in 2014–2015

During the spring and summer months (April–September) of 2014 and 2015, a thermocline developed in the 
upper 200 m (Figure 2a, Table 1). The thermocline separated the more nutrient-depleted warm surface waters 
from the relatively nutrient-replete subsurface layer with a uniform temperature of ∼21°C. In the winter/spring 
of 2014/2015, the thermocline progressively eroded due to surface cooling and a deep mixed surface layer devel-
oped, reaching its maximum depth of ∼250 m by the end of March 2015. The salinity in the deep-water column 
was relatively homogenous ca. 40.75, compared with the slightly less saline-mixed layer (Figure 2b, Table 1). The 
pH values in the GOA ranged between 8.16 and 8.21 in the upper 250 m and between 8.12 and 8.19 beneath the 
thermocline (Figure 2c, Table 1). The depth distribution of chlorophyll-𝐴𝐴 𝐴𝐴 varied during the year (Figure 2d), with 
the highest values in the surface mixed layer during the winter 2014/2015 and spring 2015. A pronounced Deep 
Chlorophyll Maximum between 60 and 120 m occurred during the 2014 summer months. The oceanographic 
parameters of the bottom water at ∼700 m were relatively stable year-round with a temperature of 21°C, salinity 
of 40.75, and pH levels of 8.13.

3.2. Mg/Ca and Sr/Ca Variability With Water Depth and Time

The Mg/Ca in G. ruber albus exhibits variability between different months but generally remains constant within 
each depth profile, suggesting that this species calcifies in the mixed layer (Figure 4). This evidence justifies the 
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calculation of a mean Mg/Ca for multiple sediment traps at each specific time interval (Table 2). Mean monthly 
Mg/Ca values of G. ruber albus were highest in summertime (peaking during July 2014; Mg/Ca = 12.17 ± 2.83) 
and subsequently decreased with the progression of the year reaching a minimum during February 2015 (Mg/
Ca = 5.20 ± 0.93; Table 2).

Compared to G. ruber albus, the profiles of Mg/Ca for T. clarkei with its two morphotypes “big” and “encrusted” 
do not show significant temporal variations in the upper three sampling depth levels 120, 220, and 340 m of the 
water column, apart from a significantly elevated Mg/Ca in spring time (March and April) (Figure 4; Table 2). 
During March and April (2015), the Mg/Ca values of T. clarkei were 21.28 ± 14.35 and 26.59 ± 10.83 for “big” 
and 16.86 ± 11.23 and 16.49 ± 7.33 for “encrusted,” respectively. Generally, the Mg/Ca is higher for T. clarkei 
throughout the year in comparison to G. ruber albus, apart from selected summer months. Based on the error 
bars in the profiles, it is clear that the Mg/Ca in G. ruber albus shows less interchamber variability than the two 
T. clarkei phenotypes. Furthermore, Mg/Ca of the PF shells from the core top are similar to the ratios observed in 
the sediment traps from the water column (Figure 4, Table 2). In addition to Mg/Ca, the Sr/Ca is approximately 
1.5 mmol/mol for G. ruber albus, and both types of T. clarkei (“big” and “encrusted”) and is generally constant 
with depth and time (Figure S1 in Supporting Information S1).

3.3. Mg/Ca and Shell Structure

SEM analyses were conducted in order to detect differences in shell structure between varying Mg/Ca in the three 
PF types as well as to detail changes between the two morphotypes T. clarkei “big” and “encrusted.” SEM anal-
yses of specimens of varying Mg/Ca did not show any differences in their shell structure or signs of overgrowth 
on the inner or outer side of the shell. Minor signs of dissolution are present in T. clarkei “encrusted” specimen 
on the outer calcite layer. T. clarkei “big” exhibits ontogenetic calcite only, while T. clarkei “encrusted” displays 

Figure 4. Sediment trap depth profiles of single-specimen's mean Mg/Ca of G. ruber albus (a–l), T. clarkei “big,” and the T. clarkei “encrusted” (m–x) shells obtained 
between June 2014 and June 2015. Values from a core top sample at Station A (720 m) are displayed by open symbols on the bottom x-axis for comparison. Error bars 
represent the range (i.e., maxima and minima in the set of measurements for each specimen).
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a systematically thick layer of calcite overgrowth on top of the ontogenetic 
calcite.

4. Discussion
4.1. Mg/Ca as a Proxy of Hydrology of the GOA

The decreasing Mg/Ca values from the summer to winter (Table 2) provide 
preliminary evidence that G. ruber albus recorded GOA water tempera-
tures. On a time series plot, the various sediment trap depths as well as the 
mean Mg/Ca of G. ruber albus exhibit seasonal temperature trends which 
follow the mixed layer temperature trends (Figures  5a and  5b). Although 
G. ruber albus is a photosymbiont-bearing species and needs to reside in 
the sunlit surface mixed layer (Schiebel & Hemleben,  2017), its specific 
residence depth in the GOA is unknown. Comparing G. ruber albus shell 
Mg/Ca data with calculated mean water temperatures at various fixed water 
depth intervals between 0 and 120 m yields statistically significant relation-
ships (p-value < 0.05) (Table S2). However, G. ruber albus would not likely 
have resided at one fixed depth interval given the water column mixing in 
the GOA. The calculated MLD varies significantly over the annual cycle 
(Schiebel & Hemleben, 2017) and may be assumed to represent the lower 
residence depth limit for G. ruber albus (Figure 5a). Comparing G. ruber 
albus shell Mg/Ca data with the calculated mean temperature in the mixed 
layer above, the MLD yields the lowest p-value compared to other fixed 
depth intervals (Table S2).

A non-linear exponential regression model is typically used for Mg/Ca-T cali-
brations in G. ruber albus (Equation 1) (Anand et al., 2003; Katz et al., 2010; 
McConnell & Thunell, 2005):

Mg

Ca
= 𝐵𝐵 ⋅ 𝑒𝑒

𝐴𝐴𝐴𝐴 (1)

where T is the calcification temperature, A reflects the Mg/Ca response to a 
given temperature change, and B is species-specific and related to the envi-
ronment in which any one species calcifies its shell. When applying the expo-
nential regression model (Equation 1), the resulting r 2 is highest for Mg/Ca 
versus mean mixed layer temperature (Table S2).

Unlike G. ruber albus, there are no previous reports (as far as we know) on 
the dwelling depth of T. clarkei. In fact, the Mg/Ca dynamics and ecology 
of T. clarkei appear to be different than in G. ruber albus as illustrated by 
the significant increase in Mg/Ca values during the late winter and spring 
(Figures 5c and 5d). Shell calcification in T. clarkei may occur below the 
thermocline, and at increasing water depth with maturation, and is therefore 
not exposed to strong seasonal temperature changes (Hemleben et al., 1989; 
Schiebel & Hemleben, 2017). Calculating the p-value and regression param-

eter values of mean Mg/Ca of T. clarkei and average temperatures over varying fixed depth interval data sets may 
provide a clue to their preferred depth habitat (Figure 6). All plots in Figure 6 show p-values that are higher than 
0.05, suggesting a weak Mg/Ca-T relationship. Both types of T. clarkei “big” and “encrusted” exhibit elevated 
Mg/Ca during the months of maximum water column mixing in March and April (Figure 5c), which are asso-
ciated with increased phytoplankton production without an increase in ambient water temperature (Figures 2a 
and 2d). The enriched Mg/Ca in T. clarkei shell calcite may have resulted either from the admixture of surface 
waters at deeper water depth or an ascent of T. clarkei up to the deepened surface mixed layer or an effect of 
alimentation on the Mg/Ca following the phytoplankton bloom.

Figure 5. Time series of (a) monthly mixed layer depth (MLD) meters below 
the surface (red line) and averaged monthly temperatures measured at MLD 
in situ (black line). (b) G. ruber albus Mg/Ca, (c) T. clarkei “big” Mg/Ca and 
(d) T. clarkei “encrusted” Mg/Ca. Data points (circles) indicate individual 
specimens of four upper sediment traps (red, blue, green, and orange). The 
error bars indicate the measurement range. The black squares represent the 
mean (and standard deviation) of the four traps for each month.
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Figure 6. Mg/Ca of T. clarkei “big” (a, c, e, g; monthly mean values are brown triangles; mean specimen are empty 
circles with range as error bars) and T. clarkei “encrusted” (b, d, f, h; mean monthly are blue squares; mean specimen are 
empty circles with range as error bars) versus mean temperatures over four fixed water depth intervals (0–60 m, 80–140 m, 
160–250 m, 300–450 m). P-values are shown in each panel.
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4.2. Ontogenetic Effect on Mg/Ca

A prominent feature of both G. ruber albus and T. clarkei in the GOA is the systematically elevated Mg/Ca 
(>5 mmol/mol) throughout the sampling year. In addition to temperature, factors that might influence the Mg/
Ca in the shell calcite include salinity, pH, [CO −2

3], and post-depositional alteration. These effects have been 
studied extensively in culture experiments and sediment samples at the species level as well as intra-individual 
(chamber-to-chamber) variations (Allen et  al.,  2016; Bolton et  al.,  2011; Brown & Elderfield,  1996; Evans, 
Wade, et al., 2016; Fehrenbacher et al., 2020; Friedrich et al., 2012; Gibson et al., 2016; Gray et al., 2018; Katz 
et al., 2010).

G. ruber albus is a symbiont-bearing species which dwells in the sunlit surface mixed layer, usually in the upper 
60 m of the water column and does not perform secondary calcification on top of the ontogenetic shell (e.g., 
Numberger et al., 2009; Wang, 2000). Unlike G. ruber albus, T. clarkei produces secondary calcite at depth, 
possibly following reproduction (Bé, 1980; Hamilton et al., 2008; Hemleben et al., 1989). The trace element 
composition was expected to vary between the “big” and “encrusted” morphotypes (Jonkers et  al.,  2012). 
However, no significant differences were detected between their shell-bound Mg/Ca with increasing water depth. 
Lower Mg/Ca in the shell calcite of T. clarkei “encrusted” would be expected if forming any calcite in colder 
temperatures at depth. Similar observations were made by Mezger et al. (2018) on shell-bound Mg/Ca in shells 
from core-tops and plankton tows obtained from a North-South transect in the Red Sea.

The shell-bound Mg/Ca is not likely to reflect “vital effects” because the three different types of PF display 
elevated Mg/Ca. The two T. clarkei types may represent different life stages as T. clarkei “big” may be considered 
pre-reproduction and the “encrusted” type (post-) reproduction type, analogous to Neogloboquadrina pachyderma 
(Eggins et al., 2003). In addition, different life strategies can be considered, as G. ruber albus is symbiont-bearing 
and T. clarkei is assumed symbiont barren. Furthermore, the dietary preferences of G. ruber albus are possibly 
more carnivorous than those of T. clarkei, which is assumed to be a rather detritivorous feeding on the exported 
matter below the pycnocline (Schiebel & Hemleben, 2017).

4.3. Effect of Preservation on Mg/Ca

The preservation of the PF shells, or inversely, the dissolution with increasing water depth that can affect the 
shell-bound Mg/Ca, can be assessed from Sr/Ca in the shell calcite (Brown & Elderfield,  1996; Elderfield 
et al., 2000; Fehrenbacher & Martin, 2014; Lea et al., 1999; Regenberg et al., 2006, 2014). Sr/Ca is conservative 
in seawater on seasonal timescales and is on the same order of magnitude for each species and facilitates an 
assessment of any biases on the Mg/Ca (and other ME/Ca) and monitoring the quality of the LA-ICP-MS analy-
ses (Friedrich et al., 2012; Kisakürek et al., 2011; Lear et al., 2003; Schiebel & Hemleben, 2017).

G. ruber albus in the GOA yields Sr/Ca ∼1.5 mmol/mol, similar to observations from a core top survey from 
the North Atlantic (Elderfield et  al.,  2000; Gupta, 1999) (Figure S1 in Supporting Information S1). Further-
more, SEM imaging showed little signs of dissolution in a sample of T. clarkei “big” derived from the upper 
water column, which would be expected to lower the Mg/Ca (Subhas et al., 2018). As the Sr/Ca from the GOA 
agrees well with the values reported in the literature, any dissolution effects may be considered to be negligi-
ble (Cléroux et al., 2008; Elderfield et al., 2000, 2002; Johnstone et al., 2011; Rosenthal & Lohmann, 2002; 
Rosenthal et al., 2004).

Planktic foraminifer shells from a core-top underlying the sediment trap mooring display the same range of Mg/
Ca as PF from the sediment traps and support the idea that the elevated Mg incorporation to the shell-calcite 
occurs in the water column (Figure  4). However, Hoogakker et  al.  (2009) suggested that the elevated and 
non-homogeneous Mg/Ca in the shell calcite is due to secondary elevated Mg-calcite overgrowth that occurred 
at the water-sediment interface in the Red Sea. This stems from the assumption that interstitial waters supersatu-
rated in CaCO3 may support calcite overgrowth in the interstitial phase (Kisakürek et al., 2008; Lea et al., 1999; 
Nürnberg et al., 1996). In this study, we did not observe such overgrowth in the lowest and most elevated Mg/Ca 
individuals using SEM.

4.4. Incorporating Hypersaline Regions in Mg/Ca-T Calibrations

Earlier studies have shown the effect of non-thermal factors on the Mg/Ca in PF such as ontogeny and shell 
size (Anand & Elderfield,  2005; Anand et  al.,  2003; Friedrich et  al.,  2012), species specific and ecological 
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requirements (Anand et al., 2003; Bemis et al., 2002; Cléroux et al., 2008; Friedrich et al., 2012; McConnell & 
Thunell, 2005), salinity (e.g., Gray et al., 2018; Hoogakker et al., 2009; Kisakürek et al., 2008), and the marine 
carbonate system (Gray & Evans, 2019; Gray et al., 2018; Russell et al., 2004, and references therein). Saenger 
and Evans et al. (2019) quantified the effect of non-thermal parameters on the Mg/Ca-T calibration of individual 
shells of five PF species and showed that the impact of these parameters varies between species. In contrast, 
Rosenthal et al. (2022) showed that most uni- and multi-variable Mg/Ca-T calibrations reliably reconstruct paleo-
temperatures with little differences (±1°C) and argued that the Mg/Ca in PF is a robust tracer of ambient seawater 
temperature regardless of the biases that arise from the non-thermal parameters. Anand et al.  (2003) empha-
sized the effect of shell size and species-specific temperature on Mg/Ca. The Mg/Ca-T calibration of Anand 
et al. (2003) is based on the exponential fit (Equation 1) for (a) G. ruber albus of the 250–350 μm size-fraction 
from sediment traps (Equation 2), and (b) other species from core tops, except of Orbulina universa shells larger 
than 250 μm (Equation 3):

Mg

Ca
= 0.34(±0.08) ⋅ e0.102(±0.01)𝑇𝑇 (2)

Mg

Ca
= 0.38 ⋅ e0.09𝑇𝑇 (3)

When applying the above annual range of water column temperatures for the GOA using the above calibra-
tions (Equations 2 and 3), the calculated Mg/Ca values are significantly lower than those measured for G. ruber 
albus (Figure  7). The calibrations provided by Anand et  al.  (2003) do not consider non-thermal parameters 
such as salinity, which may affect calculated temperatures in both cultured samples and core top samples of 
G. ruber albus by up to 3.3% ± 1.7% per salinity unit (Gray et al., 2018; Hönisch et al., 2013) or even higher 
(Arbuszewski et al., 2010; Dueñas-Bohórquez et al., 2009; Evans, Brierley, et al., 2016; Ferguson et al., 2008; 
Gray & Evans, 2019; Groeneveld et al., 2018; Mathien-Blard & Bassinot, 2009, and references within). High 
salinity results in elevated shell-bound Mg/Ca and may hamper the use of Mg/Ca as a temperature proxy (Gray 
et al., 2018; Kısakürek et al., 2008; Lea et al., 1999; Nürnberg et al., 1996). Therefore, we examine two more Mg/
Ca calibrations which, in addition to temperature, consider the effect of salinity, pH, and the carbonate system on 
the uptake of Mg into the shell-calcite (Gray et al., 2018; Kisakürek et al., 2008). Kisakürek et al. (2008) provide 
a calibration from cultured samples from the GOA applying a salinity control over the Mg/Ca shell-calcite in G. 
ruber albus (Equation 4):

Mg

Ca
= 𝑒𝑒

0.06(±0.02)𝑆𝑆+0.08(±0.02)𝑇𝑇−2.8(±1.0) (4)

Figure 7. Globigerinoides ruber albus Mg/Ca-based temperature calibration model from the GOA using the exponential fit 
(black curve; Mg/Ca 𝐴𝐴 =0.39 ⋅ e

0.12𝑇𝑇  ; r 2 = 0.975) and comparison to other temperature calibrations Equations 2 and 3 (orange 
curves) 5 (red curve) and 6 (green curves). The new results (black squares) represent the average values of all specimens from 
the upper four sediment traps (±SD) compared with mixed layer temperatures (error bar = range of temperatures for sediment 
trap month).
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The calibration provided by Gray et al. (2018) is based on published PF data 
from 440 sediment trap/plankton tow samples from the Atlantic, Pacific, 
and Indian oceans, the Bay of Bengal, Arabian Sea, and the tropical Atlan-
tic Ocean. It accounts for pH as the carbonate system controlling parameter 
(alternatively, [CO3 2−] can be used) and salinity (Equation 5):

Mg

Ca
= e0.060(±0.008)𝑇𝑇+0.033(±0.022)𝑆𝑆−0.83(±0.73)⋅(𝑝𝑝H−8)−1.07(±0.80) (5)

However, similar to the calibrations provided by Anand et al. (2003), these 
global calibrations which consider salinity (Equation 4) and pH (Equation 5) 
still yield respective Mg/Ca values that are significantly lower than the Mg/
Ca in G. ruber albus measured in the GOA (Figure 7).

4.5. A Framework for Global Mg/Ca-T Calibrations Incorporating 
High Salinity

The global compilation data set (Equation 5) excludes PF shells from high 
salinity environments, such as the GOA and the Red Sea (Mezger et al., 2018), 
and the central and eastern Mediterranean Sea (Boussetta et  al.,  2011; 
Ferguson et al., 2008; Sabbatini et al., 2011) (Figure 8). Mg/Ca data from the 
high salinity (37–40) Red Sea (Mezger et al., 2018) are intermediate between 
the hypersaline GOA and globally compiled data (Figure 8). We combined 
the mean Mg/Ca data from the GOA (this study) with results of Mezger 
et al.  (2018) and the larger data set (Gray et al., 2018) and implemented a 
non-linear regression model (see Supporting Information S1), to produce a 

global Mg/Ca-T calibration model that considers both large temperature and salinity effects (Equation 6; see 
curves of equal salinity in Figure 8):

Mg

Ca
= e0.14(±0.02)𝑇𝑇+0.15(±0.02)𝑆𝑆−7.80(±1.59) + 2.17(±0.46) (6)

The global Mg/Ca-T calibration model yields r 2 = 0.9841 and p-value < 0.05 (n = 460). However, although these 
results are promising, it is important to stress that most of the data are from ocean waters with salinities close to 
average to open marine values, and the regressions may be biased as a result. Incorporating more Mg/Ca data 
from high salinity environments will improve the robustness.

In Gray et al. (2018), pH (or [CO3 2−], depending on the carbonate system controlling parameter) is included in 
the global calibration. There is strong evidence that pH plays a significant role in controlling Mg/Ca. Combined 
results from sediment traps and culture studies in the range of pH 7.5–8.5 (Evans, Brierley, et al., 2016; Kisakurek 
et al., 2008) reveals a clear relationship between Mg/Ca and pH. The pH may potentially also be a factor in the 
elevated Mg/Ca values seen in the GOA. The study by Gibson et al. (2016) in the eastern equatorial Pacific Ocean 
reveals elevated values of Mg/Ca in G. ruber along with other species. These elevated values could be driven by 
overgrowth of calcite as shown by SEM images of Globigerina bulloides shells together with the relatively low 
pH (7.6–8.0) of this region. In the GOA, the pH was higher and there was no indication for calcite overgrowth 
on shells of G. ruber and T. clarkei. Furthermore, Gibson et al. (2016) found a poor fit between Mg/Ca and Sea 
Surface Temperature (r 2 = 0.07–0.17), albeit with large temperature variations (25°C–32°C). In contrast to our 
results, which show a very strong fit between Mg/Ca and the MLD temperature (r 2 = 0.975; Figure 7).

To illustrate the effect of salinity as opposed to both pH and temperature, we compare data from culture exper-
iment studies by Evans, Brierley, et al. (2016) grown under similar temperature and pH conditions but at lower 
salinities than the GOA. The GOA data at 26.2°C and a pH of 8.2 yielded Mg/Ca = 10.15 (±3.32) and 12.17 
(±2.83) for G. ruber albus, while Evans, Brierley, et  al.  (2016) reported Mg/Ca  =  4.99  ±  0.15 (26°C, and 
pH = 8.18 ± 0.01), 4.2 ± 0.2 (27°C, and pH = 8.13 ± 0.07), and 3.1 ± 0.2 (27°C, and pH = 8.29 ± 0.08). This 
evidence highlights the role of high salinity in causing the elevated Mg/Ca in the GOA.

Given the apparent strong effect of pH on Mg/Ca, this parameter should be included as an additional parameter 
into a global Mg/Ca-T calibration. Incorporating Mg/Ca data from high salinity environments with varying pH is 

Figure 8. A revised global calibration of Mg/Ca of G. ruber albus versus 
temperature and salinity based on the results of this study (GOA) by Mezger 
et al. (2018), and the global compilation of Gray et al. (2018).
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an important future milestone for the global calibration. With the current limited data set, we cannot estimate the 
effect of pH at high salinities; however, we provide here a framework for the global Mg/Ca-T calibration which 
accounts for high salinity environments and pH. Using the GOA mean Mg/Ca data and the sediment trap data in 
Gray et al. (2018), as well as the general equation incorporating T, S, and pH in Gray et al. (2018) (Equation 5), 
we calculated the following model (Equation 7; r 2 = 0.9841):

Mg

Ca
= e0.075(±0.003)𝑇𝑇+0.086(±0.007)𝑆𝑆+0.034(±0.26)⋅(𝑝𝑝H−8)−3.39(±0.25) (7)

In the GOA, the mean Mg/Ca in G. ruber albus and pH range of 8.17–8.20 reveals a weak positive relationship 
(Figure S2 in Supporting Information S1). However, this likely reflects the positive relationship observed for 
temperature and pH in the GOA mixed layer with temperature as the main controlling parameter (Figure S3 in 
Supporting Information S1). Indeed, taking into account the negative relationship of pH and Mg/Ca and applying 
the range of pH values that are available in the global calibration of Gray et al. (2018) (7.99–8.12), would result 
in increased Mg/Ca by 4.2% ± 7.3% and up to 18.6% ± 4.1% (based on pH sensitivities of −8.3% ± 7.3%/0.1 pH 
and −9.3% ± 4.1%/0.1 pH, respectively; Gray et al., 2018).

The GOA is characterized by a limited high salinity range (∼40.4–40.75) in the upper water column and high values 
relative to the open oceanic settings ranging between 33 and 37 (Zweng et al., 2019). Salinity and shell-bound 
Mg/Ca of G. ruber albus in the GOA show no significant relationship (Figure S4 in Supporting Information S1). 
The revised global Mg/Ca-T calibration may underestimate the sensitivity of Mg/Ca to salinity given the rela-
tively few points in the high salinity range. Thus, we tested the sensitivity of Mg/Ca to salinity using the data of 
Figure 8 by plotting Mg/Ca versus salinity at binned temperature intervals (Figure S5 in Supporting Informa-
tion S1). The salinity sensitivities at all temperature ranges, illustrated as the multiplication factor on salinity in 
the exponent, are mostly higher than those estimated by Gray et al. (2018), Hönisch et al. (2013), and Kisakürek 
et al. (2008), and lower than those in Ferguson et al. (2008), Arbuszewski et al. (2010), and Mathien-Blard and 
Bassinot (2009). It is important to note that the studies mentioning similar or very high sensitivity to salinity 
were all performed on core top samples from high salinity environments, such as the Eastern Mediterranean 
and the Red Sea (Arbuszewski et  al.,  2010; Ferguson et  al.,  2008; Kisakürek et  al.,  2008; Mathien-Blard & 
Bassinot, 2009), while the high sensitivity to salinity in our study stems from in situ observations in the surface 
water column, that is, the production of the PF shell calcite, and not secondary effects.

Elderfield et  al.  (2002) showed that the initial DMg of PF is equivalent to ∼0.5  ×  10 −3 and changes linearly 
with progressing ontogeny. DMg in benthic foraminifers varies and is affected by factors such as Mg/Ca in 
seawater, temperature, and salinity, and is characterized by a power fit function or linear correlation (Hauzer 
et al., 2018, 2021; Le Houedec et al., 2021; Segev & Erez., 2006). We suggest that the DMg of PF may increase 
exponentially and not linearly at high salinities (Figure S5 in Supporting Information S1). The hypersaline condi-
tions disproportionately affect Mg uptake into the shell calcite and change the distribution coefficient (DMg) by 
allowing for more Mg to be incorporated as well as making it more sensitive to the changing temperatures.

4.6. A Local Mg/Ca-Temperature Calibration

Until more data from other high salinity regions (>38) are available for improving the global calibration, we 
provide a more accurate local calibration that can be applied to other regions of high salinity similar to the GOA 
(40–41).

Applying an exponential model fit using G. ruber albus mean data of several specimens based on Equation 1, we 
provide new A and B constants (Equation 8; Figure 7; r 2 = 0.975):

Mg

Ca
= 0.39(±0.30) ⋅ e

0.12(±0.03)𝑇𝑇 (8)

The local Mg/Ca-T calibration sheds light on the behavior of Mg incorporation into G. ruber albus shell calcite 
in the MLD, a depth interval that has a wide range of temperatures with a more limited range of pH values 
(8.17–8.20), and a very narrow range of (high) salinities (40.60 ± 0.15). The constants A and B proposed here 
reflect the unique hydrologic characteristics of the study area, in particular high salinity, and any vital effects that 
could affect the Mg/Ca as a temperature proxy.
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For both the global (Equations 6 and 7) and local calibrations (Equation 8) Mg/Ca data obtained from the lower 
sediment trap (i.e., 570 m) was excluded to avoid possible biases incurred by the incorporation of resuspended 
material in the bottom trap, a phenomenon that was observed particularly during winter months (Chernihovsky 
et al., 2018). In the context of paleo-studies, the sedimentary record documents the integrated water column shell 
flux and therefore, it can be argued that it is crucial to account for the entire water column (i.e., all sediment traps) 
and any changes that may affect the Mg/Ca in the shell calcite. Thus, we recalculated and revised global and local 
calibrations for Mg/Ca data from the upper two sediment traps only (i.e., 120 and 220 m), and, in comparison, 
from all five sediment traps combined. All models show a good fit between Mg/Ca and mixed layer temperature 
(Figure S6 in Supporting Information S1; Table S2).

Unlike G. ruber albus, the Mg/Ca data for T. clarkei in the GOA may not be suitable for paleo-temperature 
reconstructions. However, Mg/Ca data for T. clarkei can potentially be used as a tracer of local water column 
mixing intensity (Figures 5c and 5d). For example, assuming that the depth of the seasonal mixing is proportional 
to the intensity of the spring bloom, sharp increases in Mg/Ca in T. clarkei in the sedimentary record may be 
used to  investigate past phytoplankton blooms in the GOA as well as serve as marker events in the stratigraphic 
section.

5. Conclusions
The Mg/Ca of G. ruber albus and T. clarkei were analyzed on shells from monthly resolved time series sediment 
traps in the high salinity (∼40.5) oligotrophic GOA and assessed for their application as temperature proxies in 
comparable hypersaline environments. The Mg/Ca in GOA G. ruber albus and T. clarkei range between 5 and 
24 mmol/mol, which is far above average open marine Mg/Ca. Consequently, the existing Mg/Ca-Temperature 
equations, which are based on average open ocean salinities between 33 and 37, yield unrealistically high calci-
fication temperatures for the PF shells from the GOA. Therefore, a global Mg/Ca-T calibration framework for G. 
ruber albus is proposed, which incorporates a large range of salinities up to 41 (a) and pH (b). Additionally, we 
propose a new local Mg/Ca-T calibration for G. ruber albus in the hypersaline GOA (c):

1.  𝐴𝐴
Mg

Ca
= e0.14(±0.02)𝑇𝑇+0.15(±0.02)S−7.80(±1.59) + 2.17(±0.46)

2.  𝐴𝐴
Mg

Ca
= e0.075(±0.003)𝑇𝑇+0.086(±0.007)S+0.034(±0.26)⋅(𝑝𝑝H−8)−3.39(±0.25)

3.  𝐴𝐴
Mg

Ca
= 0.39(±0.30) ⋅ e

0.12(±0.03)𝑇𝑇

Comparing Mg/Ca in surface dwelling G. ruber albus and subsurface dwelling T. clarkei may provide informa-
tion on the hydrological characteristics of past oceans such as temperature difference between the surface and 
sub-thermocline water column, and stratification of the surface water column, and may be used to infer on nutri-
ent entrainment, trophic conditions, and primary productivity.

Data Availability Statement
Tabular supplementary data generated in this study can be found at PANGAEA (Levy,  2023a). Additional 
tabular supplementary data and supplementary code can be downloaded from the MPG-repository Edmond 
(Levy, 2023b).
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Dueñas-Bohórquez, A., da Rocha, R. E., Kuroyanagi, A., Bijma, J., & Reichart, G. J. (2009). Effect of salinity and seawater calcite saturation 
state on Mg and Sr incorporation in cultured planktonic foraminifera. Marine Micropaleontology, 73(3–4), 178–189. https://doi.org/10.1016/j.
marmicro.2009.09.002

Eggins, S., De Deckker, P., & Marshall, J. (2003). Mg/Ca variation in planktonic foraminifera tests: Implications for reconstructing palaeo-seawater 
temperature and habitat migration. Earth and Planetary Science Letters, 212(3–4), 291–306. https://doi.org/10.1016/s0012-821x(03)00283-8

Elderfield, H., Cooper, M., & Ganssen, G. (2000). Sr/Ca in multiple species of planktonic foraminifera: Implications for reconstructions of seawa-
ter Sr/Ca. Geochemistry, Geophysics, Geosystems, 1(11), 1017. https://doi.org/10.1029/1999gc000031

Elderfield, H., & Ganssen, G. (2000). Past temperature and δ 18O of surface ocean waters inferred from foraminiferal Mg/Ca ratios. Nature, 
405(6785), 442–445. https://doi.org/10.1038/35013033

Elderfield, H., Vautravers, M., & Cooper, M. (2002). The relationship between shell size and Mg/Ca, Sr/Ca, δ 18O, and δ 13C of species of plank-
tonic foraminifera. Geochemistry, Geophysics, Geosystems, 3(8), 1–13. https://doi.org/10.1029/2001gc000194

Evans, D., Brierley, C., Raymo, M. E., Erez, J., & Müller, W. (2016). Planktic foraminifera shell chemistry response to seawater chemistry: 
Pliocene–Pleistocene seawater Mg/Ca, temperature and sea level change. Earth and Planetary Science Letters, 438, 139–148. https://doi.
org/10.1016/j.epsl.2016.01.013

Evans, D., Sagoo, N., Renema, W., Cotton, L. J., Müller, W., Todd, J. A., et al. (2018). Eocene greenhouse climate revealed by coupled clumped 
isotope-Mg/Ca thermometry. Proceedings of the National Academy of Sciences of the United States of America, 115(6), 1174–1179. https://
doi.org/10.1073/pnas.1714744115

Evans, D., Wade, B. S., Henehan, M., Erez, J., & Müller, W. (2016). Revisiting carbonate chemistry controls on planktic foraminifera Mg/Ca: 
Implications for sea surface temperature and hydrology shifts over the Paleocene–Eocene thermal maximum and Eocene–Oligocene transition. 
Climate of the Past, 12(4), 819–835. https://doi.org/10.5194/cp-12-819-2016

Fehrenbacher, J., Marchitto, T., & Spero, H. J. (2020). Comparison of laser ablation and solution-based ICP-MS results for individual foraminifer 
Mg/Ca and Sr/Ca analyses. Geochemistry, Geophysics, Geosystems, 21(12), e2020GC009254. https://doi.org/10.1029/2020gc009254

Fehrenbacher, J. S., & Martin, P. A. (2014). Exploring the dissolution effect on the intrashell Mg/Ca variability of the planktic foraminifer 
Globigerinoides ruber. Paleoceanography, 29(9), 854–868. https://doi.org/10.1002/2013pa002571

Ferguson, J. E., Henderson, G. M., Kucera, M., & Rickaby, R. E. M. (2008). Systematic change of foraminiferal Mg/Ca ratios across a strong 
salinity gradient. Earth and Planetary Science Letters, 265(1–2), 153–166. https://doi.org/10.1016/j.epsl.2007.10.011

Friedrich, O., Schiebel, R., Wilson, P. A., Weldeab, S., Beer, C. J., Cooper, M. J., & Fiebig, J. (2012). Influence of test size, water depth, and 
ecology on Mg/Ca, Sr/Ca, δ 18O, and δ 13C in nine modern species of planktic foraminifers. Earth and Planetary Science Letters, 319, 133–145. 
https://doi.org/10.1016/j.epsl.2011.12.002

Ganor, E., & Foner, H. A. (2001). Mineral dust concentrations, deposition fluxes and deposition velocities in dust episodes over Israel. Journal 
of Geophysical Research, 106(D16), 18431–18437. https://doi.org/10.1029/2000jd900535

Gibson, K. A., Thunell, R. C., Machain-Castillo, M. L., Fehrenbacher, J., Spero, H. J., Wejnert, K., et al. (2016). Evaluating controls on planktonic 
foraminiferal geochemistry in the Eastern Tropical North Pacific. Earth and Planetary Science Letters, 452, 90–103. https://doi.org/10.1016/j.
epsl.2016.07.039

Gray, W. R., & Evans, D. (2019). Nonthermal influences on Mg/Ca in planktonic foraminifera: A review of culture studies and application to the 
last glacial maximum. Paleoceanography and Paleoclimatology, 34(3), 306–315. https://doi.org/10.1029/2018pa003517

https://doi.org/10.1016/j.marchem.2020.103895
https://doi.org/10.2113/gsjfr.20.2.95
https://doi.org/10.1029/2002gc000388
https://doi.org/10.1029/2011jc007106
https://doi.org/10.1029/2010pa001924
https://doi.org/10.1111/j.1502-3885.1991.tb00303.x
https://doi.org/10.1111/j.1502-3885.1991.tb00303.x
https://doi.org/10.1016/j.margeo.2010.12.011
https://doi.org/10.1016/j.margeo.2010.12.011
https://doi.org/10.1029/1999pa900016
https://doi.org/10.1029/1999pa900016
https://doi.org/10.1029/96pa01491
https://doi.org/10.1038/319050a0
https://doi.org/10.1016/j.marchem.2011.06.005
https://doi.org/10.1016/j.marchem.2011.06.005
https://doi.org/10.1029/2007jd009110
https://doi.org/10.1016/j.dsr.2018.08.003
https://doi.org/10.1029/2007pa001505
https://doi.org/10.1016/j.gca.2009.10.040
https://doi.org/10.1016/j.marmicro.2009.09.002
https://doi.org/10.1016/j.marmicro.2009.09.002
https://doi.org/10.1016/s0012-821x(03)00283-8
https://doi.org/10.1029/1999gc000031
https://doi.org/10.1038/35013033
https://doi.org/10.1029/2001gc000194
https://doi.org/10.1016/j.epsl.2016.01.013
https://doi.org/10.1016/j.epsl.2016.01.013
https://doi.org/10.1073/pnas.1714744115
https://doi.org/10.1073/pnas.1714744115
https://doi.org/10.5194/cp-12-819-2016
https://doi.org/10.1029/2020gc009254
https://doi.org/10.1002/2013pa002571
https://doi.org/10.1016/j.epsl.2007.10.011
https://doi.org/10.1016/j.epsl.2011.12.002
https://doi.org/10.1029/2000jd900535
https://doi.org/10.1016/j.epsl.2016.07.039
https://doi.org/10.1016/j.epsl.2016.07.039
https://doi.org/10.1029/2018pa003517


Geochemistry, Geophysics, Geosystems

LEVY ET AL.

10.1029/2022GC010742

16 of 17

Gray, W. R., Weldeab, S., Lea, D. W., Rosenthal, Y., Gruber, N., Donner, B., & Fischer, G. (2018). The effects of temperature, salinity, and the 
carbonate system on Mg/Ca in Globigerinoides ruber (white): A global sediment trap calibration. Earth and Planetary Science Letters, 482, 
607–620. https://doi.org/10.1016/j.epsl.2017.11.026

Groeneveld, J., Filipsson, H. L., Austin, W. E., Darling, K., McCarthy, D., Quintana Krupinski, N. B., et al. (2018). Assessing proxy signatures of 
temperature, salinity, and hypoxia in the Baltic Sea through foraminifera-based geochemistry and faunal assemblages. Journal of Micropalae-
ontology, 37(2), 403–429. https://doi.org/10.5194/jm-37-403-2018

Gupta, B. K. S. (1999). In B. K. S. Gupta (Ed.), Modern foraminifera (pp. 7–36). Kluwer Academic Publishers.
Hamilton, C. P., Spero, H. J., Bijma, J., & Lea, D. W. (2008). Geochemical investigation of gametogenic calcite addition in the planktonic 

foraminifera Orbulina universa. Marine Micropaleontology, 68(3–4), 256–267. https://doi.org/10.1016/j.marmicro.2008.04.003
Hastings, D. W., Russell, A. D., & Emerson, S. R. (1998). Foraminiferal magnesium in Globeriginoides sacculifer as a paleotemperature proxy. 

Paleoceanography, 13(2), 161–169. https://doi.org/10.1029/97pa03147
Hauzer, H., Evans, D., Müller, W., Rosenthal, Y., & Erez, J. (2018). Calibration of Na partitioning in the calcitic foraminifer Operculina ammo-

noides under variable Ca concentration: Toward reconstructing past seawater composition. Earth and Planetary Science Letters, 497, 80–91. 
https://doi.org/10.1016/j.epsl.2018.06.004

Hauzer, H., Evans, D., Müller, W., Rosenthal, Y., & Erez, J. (2021). Salinity effect on trace element incorporation in cultured shells of the 
large benthic foraminifer Operculina ammonoides. Paleoceanography and Paleoclimatology, 36(6), e2021PA004218. https://doi.
org/10.1029/2021pa004218

Hemleben, C., Spindler, M., & Anderson, O. R. (1989). Taxonomy and species features. In Modern planktonic foraminifera (pp. 8–32). Springer.
Hönisch, B., Allen, K. A., Lea, D. W., Spero, H. J., Eggins, S. M., Arbuszewski, J., et al. (2013). The influence of salinity on Mg/Ca in planktic 

foraminifers–Evidence from cultures, core-top sediments and complementary δ18O. Geochimica et Cosmochimica Acta, 121, 196–213. https://
doi.org/10.1016/j.gca.2013.07.028

Hoogakker, B. A., Klinkhammer, G. P., Elderfield, H., Rohling, E. J., & Hayward, C. (2009). Mg/Ca paleothermometry in high salinity environ-
ments. Earth and Planetary Science Letters, 284(3–4), 583–589. https://doi.org/10.1016/j.epsl.2009.05.027

Jochum, K. P., Jentzen, A., Schiebel, R., Stoll, B., Weis, U., Leitner, J., et al. (2019). High-resolution Mg/Ca measurements of foraminifer shells 
using femtosecond LA-ICP-MS for paleoclimate proxy development. Geochemistry, Geophysics, Geosystems, 20(4), 2053–2063. https://doi.
org/10.1029/2018gc008091

Jochum, K. P., Stoll, B., Weis, U., Jacob, D. E., Mertz-Kraus, R., & Andreae, M. O. (2014). Non-matrix-matched calibration for the multi-element 
analysis of geological and environmental samples using 200 nm femtosecond LA-ICP-MS: A comparison with nanosecond lasers. Geostand-
ards and Geoanalytical Research, 38(3), 265–292. https://doi.org/10.1111/j.1751-908x.2014.12028.x

Johnstone, H. J., Yu, J., Elderfield, H., & Schulz, M. (2011). Improving temperature estimates derived from Mg/Ca of planktonic foraminifera 
using X-ray computed tomography–based dissolution index, XDX. Paleoceanography, 26(1). https://doi.org/10.1029/2009pa001902

Jonkers, L., De Nooijer, L. J., Reichart, G. J., Zahn, R., & Brummer, G. J. (2012). Encrustation and trace element composition of Neogloboquad-
rina dutertrei assessed from single chamber analyses–implications for paleotemperature estimates. Biogeosciences, 9(11), 4851–4860. https://
doi.org/10.5194/bg-9-4851-2012

Katz, M. E., Cramer, B. S., Franzese, A., Hönisch, B., Miller, K. G., Rosenthal, Y., & Wright, J. D. (2010). Traditional and emerging geochemical 
proxies in foraminifera. Journal of Foraminiferal Research, 40(2), 165–192. https://doi.org/10.2113/gsjfr.40.2.165

Katz, T., Ginat, H., Eyal, G., Steiner, Z., Braun, Y., Shalev, S., & Goodman-Tchernov, B. N. (2015). Desert flash floods form hyperpycnal flows 
in the coral-rich Gulf of Aqaba, Red Sea. Earth and Planetary Science Letters, 417, 87–98. https://doi.org/10.1016/j.epsl.2015.02.025
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