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Abstract Closure of the Central American Seaway (CAS) and hydrology of the Caribbean Sea triggered
Northern Hemisphere Glaciation and played an important role in the Pliocene to modern-day climate
re-establishing the deep and surface ocean currents. New data on Mn/Ca obtained with femtosecond laser
ablation inductively coupled plasma mass spectrometry on well-preserved tests of the epibenthic foraminifer
Cibicidoides wuellerstorfi and infaunal C. mundulus contribute to the interpretation of paleoenvironmental
conditions of the Caribbean Sea between 5.2 and 2.2 Ma (million years) across the closure of the CAS.
Hydrothermal activity at the Lesser Antilles may be a primary source of Mn in the well-oxygenated
Plio-Pleistocene Caribbean Sea. Incorporation of Mn in the benthic foraminifer shell carbonate is assumed to be
affected by surface ocean nutrient cycling, and may hence be an indicator of paleoproductivity.

Plain Language Summary The closure of the Panama Isthmus caused the expansion of ice sheets
in the Northern Hemisphere and changed the water current dynamics and climate in the Caribbean Sea since
the Pliocene (~5.3 million years ago). New Mn/Ca data measured using femtosecond laser ablation inductively
coupled plasma mass spectrometry on the deep-sea benthic foraminifer species Cibicidoides wuellerstorfi

and Cibicidoides mundulus help us understand past environmental conditions of the Caribbean Sea prevailed
between 5.2 and 2.2 million years ago. While manganese might be sourced from the surrounding hydrothermal
vents, its incorporation in the foraminifer shell carbonate might be related to nutrient cycling and may indicate
past biological productivity in the ocean.

1. Introduction

Trace elements in foraminiferal calcite are among the most commonly used proxies for reconstructing paleoen-
vironmental conditions. For instance, Mg/Ca of foraminifer test carbonate is proxy of past temperature vari-
ations of ambient seawater (Friedrich et al., 2013; Lear et al., 2000; Niirnberg et al., 1996). B/Ca is used as
a surface seawater pH proxy (Yu et al., 2007). In contrast to the proxies of environmental conditions during
shell formation, some trace elements are considered proxy of dissolution or encrustation of the original test
carbonate. For example, trace metal oxides may crystallize through post-mortem secondary precipitation
processes such as authigenic coatings on the foraminifer test (Boyle, 1983) and vigorous cleaning techniques
are required for their removal (Barker et al., 2003). Nevertheless, a recent study demonstrates that such clean-
ing methods cause dissolution of the inner calcite resulting in removal of potentially important environmen-
tal indicators including Mn (Fritz-Endres & Fehrenbacher, 2020). Novel results suggest Mn is preferentially
incorporated in the ontogenetic carbonate lattice to enhance its chemical stability (Soldati et al., 2016; Son
et al., 2019).

In oxygenated waters, manganese is dissolved at low concentration (van Hulten et al., 2017), with a residence
time of up to 60 years in the water column below 1,500 m (Martin & Knauer, 1980). In seafloor sediments,
Mn is found in oxidized forms only in the uppermost oxic layer, and mobilizes under suboxic and anoxic
conditions as Mn(II) as well as Mn(I1I)-ligand complexes (Trouwborst et al., 2006), being an indicator of
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the oxygenation state of the bottom waters, that is, anoxic or oxic (Calvert & Pedersen, 1993). Manganese
is an essential micronutrient in the water-splitting step of photosynthesis as well as in reactive oxygen
species detoxification (Browning et al., 2021; Sunda et al., 1983; Wu et al., 2019). Organic matter includ-
ing phytodetritus is consumed by marine organisms such as foraminifers (Gooday et al., 1990; Thomas &
Gooday, 1996), and manganese oxides act as a terminal electron acceptor in organic matter degradation in
seafloor sediments.

In neritic environments, the ratio of manganese to calcium (Mn/Ca) relates to the input of terrestrial matter such
as dust. For example, Sayani et al. (2021) and Thompson et al. (2015) used coral Mn/Ca values to reconstruct
wind patterns in the tropical Pacific correlating with El Nifio events. Schone et al. (2021) suggested that high Mn/
Ca in bivalve shells may relate to reduced dissolved oxygen (e.g., hypoxia) while low Mn-incorporation during
oxygen-depleted conditions points to diminished dissolved manganese inflow.

In foraminifer shells, Mn/Ca has been considered contamination, and Mn has been regarded as overgrowth/coat-
ing on the tests (Barker et al., 2003; Boyle, 1983). Nonetheless, foraminiferal Mn/Ca has been used to interpret
oxygenation states of past ocean waters (Chen et al., 2017; Ni Fhlaithearta et al., 2018) and terrestrial matter input
(Klinkhammer et al., 2009). Munsel et al. (2010) point out that hydrothermal vents or pollution in seawater may
result in trace metal enrichment in the foraminiferal shell. Davis et al. (2020) relate the foraminiferal Mn/Ca to
deep-water upwelling. Another study suggests Mn-incorporation into the planktic foraminifer shell by volcano-
genic input from the Toba super-eruption (Lemelle et al., 2020).

With the new advanced techniques in paleoclimate and paleoceanography, it is possible to gather more informa-
tion on previously studied sites that had crucial impacts on past ocean-climate dynamics, such as the Caribbean
Sea. The Caribbean Sea is situated in a key location (Figure 1a) for the configuration of paleo- and modern-climate
settings and triggering climate extremes such as the glaciations of the Quaternary (De Schepper et al., 2013; Haug
& Tiedemann, 1998; Haug et al., 2001).

In the present study, we focus on the use of manganese and evaluate its potential as paleo-proxy attempting
to explore the reasons for exceptionally high benthic foraminiferal Mn/Ca in the well-studied Caribbean Sea
accounting for volcanic activity, riverine input, microbial processes, and photosynthesis. We present Mn/Ca
values of benthic foraminifer tests and contribute to interpretations on paleoenvironmental conditions of the
Caribbean Sea between 5.2 and 2.2 Ma across the closure of the Central American Seaway (CAS). The incorpo-
ration of Mn and other metals such as Na, Mg, and Sr in deep-sea benthic foraminiferal tests, as well as §'80 and
813C, are being discussed as proxies of environmental conditions during the Plio-Pleistocene. Our results facili-
tate a better understanding of foraminifer Mn-incorporation and its relationship to the remineralization processes
of organic matter.

2. Geology of the Caribbean Region and Its Present-Day Hydrological Setting
2.1. Geological Setting

The collision between the Central American Peninsula and South America as the Pacific Farallon Plate subducted
beneath the Caribbean and South American plates at around 73 Ma and triggered the early uplift of the northern
Andes (O’Dea et al., 2016). The convergent plate tectonics led to the shoaling of the Panama region starting at ca.
13 Ma until 2.7 Ma when the surface water exchange ceased completely (Haug et al., 2001; Kirillova et al., 2019;
Newkirk & Martin, 2009).

The island arc of the Greater and Lesser Antilles as a gateway of the NADW inflow into the Caribbean Basin
is shaped by strike-slip fault tectonics with differential vertical movements (Calais et al., 2016). The inflow of
the AAIW into the Caribbean Basin has been affected by the development of the Lesser Antilles Volcanic Arc
(LAVA) since the late Cenozoic, as a response to the subduction of the American Plate under the Caribbean
Plate (Bouysse & Westercamp, 1990). The subduction process has been bearing new volcanic islands along the
Lesser Antilles including St. Vincent in the south and Montserrat in the north (Bouysse & Westercamp, 1990;
Jackson, 2013) while shaping the bathymetry with the emergence on the eastern exterior fore-arc (Miinch
et al., 2014) and submergence on the inner western back-arc due to extensional tectonics (Allen et al., 2019).
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Consequently, the inter-island passages in between these newly formed volcanic islands (Figures 1a and 1b),
where the deep waters enter the Caribbean Basin, have been directly affected by the formation of the island arcs.

2.2. Present-Day Hydrography

The ODP Site 999A is located in the Colombian Basin in the western Caribbean Sea. The surface waters
of the Caribbean Sea consist of a mixture of South Atlantic waters from the Guyana Current and Equato-
rial waters from the North Equatorial Current (Figure 1a). The deep waters are composed of a mixture of
nutrient-depleted high-8'C (ventilated) NADW below 1,000 m water depth, and corrosive nutrient-enriched
low-813C (oxygen-poor) AAIW between ~500 and 1,000 m water depth (Grdger et al., 2003), experiencing
only limited renewal as the younger colder waters sink to the deeper water column (Sturges, 1970). The NADW
enters the Caribbean from the north through the passages of the Greater and Lesser Antilles, whereas the
AAIW enters from the southwest through the passages of Lesser Antilles (Figures la and 1b; Schmuker &
Schiebel, 2002, and references therein).
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Figure 1. (a) Simplified map showing active volcanoes, hydrothermal vents, and hydrographic setting of the
circum-Caribbean Sea (after Ogretmen et al., 2020a and references therein; GS: Gulf Stream; GC: Guyana Current; CC:
Caribbean Current; NEC: North Equatorial Current; NADW: North Atlantic Deep Water; AAIW: Antarctic Intermediate
Water; NPIW: North Pacific Intermediate Water; NECC: North Equatorial Counter Current). ODP Site 999A and DSDP
Site 502 are shown in white square and hexagon, respectively. Active volcanoes and hydrothermal vents are marked with
triangles and stars, respectively, and detailed in legend. (b) Section from A to B (a) demonstrates the elevation of the
Lesser Antilles islands and the depth-width of main water exchange passages. The base map (a) and section (b) produced
using GeoMapApp. Data on volcanic activity were obtained from the Smithsonian Global Volcanism Program List and
hydrothermal vent data were obtained from InterRidge Vent Database v2.1 (Beaulieu et al., 2013).
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3. Material and Methods
3.1. Femtosecond LA-ICP-MS Trace Element Analyses

ODP Site 999A was drilled during Leg 165 in the Caribbean Sea, Colombian Basin, at 12°44.639°N, 78°
44.360’W, at 2,827.9 m water depth (Shipboard Scientific Party, 1997).

Well-preserved glassy specimens of the benthic foraminifers Cibicidoides wuellerstorfi and Cibicidoides mundu-
lus were picked from the >250 pm size fraction and cleaned in the clean laboratory at the Max Planck Institute for
Chemistry (MPIC) applying oxidative cleaning (Barker et al., 2003). Criteria for visual identification of preserva-
tion state were adapted from Schneider et al. (2017) and Sexton et al. (2006) based on shell surface preservation,
reflectance, transparency, and color. Femtosecond laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) analyses were carried out on 142 specimens of C. wuellerstorfi and 87 specimens of C. mundulus
covering the period from 5.2 to 2.2 Ma for C. wuellerstorfi and 5.2-3.2 Ma for C. mundulus. To investigate the
paleoenvironmental conditions including oxygen concentration in ambient seawater, we measured Mn/Ca in the
shells of C. wuellerstorfi and C. mundulus at high-resolution on up to the last five chambers of each specimen
(Figures 2 and 3a). After applying oxidative cleaning, specimens were placed on a sandbath (pure >250 pm-sized
quartz grains) to avoid any possible contamination during femtosecond laser ablation inductively coupled plasma
mass spectrometry (fs-LA-ICP-MS).

Trace element analyses (*>’Mn* and “*Ca* for C. wuellerstorfi; **Na, %Sr, 3Mn, Mg, and **Ca for C. mundulus)
were conducted on single specimens applying fs-LA-ICP-MS method in the Paleoclimate Laser Laboratory at
the MPIC. Mn-coatings and lattice-bound Mn-incorporation were analyzed from >*Mn*/#Ca** laser ablation
profiles of the same specimens as used for trace element analyses (Figure 2). Laser ablation profiles were acquired
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Figure 2. Gray-scale light microscope images (scale bars 100 pm), NanoSIMS Mn/Ca maps (25 X 25 pm), and
fs-LA-ICP-MS profiles on Mn/Ca of well (a) and poorly (b) preserved specimens of C. wuellerstorfi. Mn/Ca scales are the
same for both (a) well and (b) poorly preserved tests.
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on 30-pum diameter spots per chamber with a pulse repetition rate of 1 Hz. Trace element analyses were performed
on a 25-pm diameter spot on each chamber with a pulse repetition rate of 15 Hz at low fluence (0.1-0.3 J/cm?). To
avoid possible polyatomic interferences that might result in similar elemental mass as >*Mn (e.g., **K'°0), tuning
was applied to minimize oxide formation (ThO/Th <0.3%). Calibration was performed with the microanalytical
carbonate reference material USGS-MACS-3 (Jochum et al., 2019). Important operating parameters are given in
Supporting Information S1 (Table S1).

For trace element measurements and laser ablation depth profiles, data reduction was applied using Excel routines
as described by Jochum et al. (2007) for trace elements, and Jochum et al. (2019) for single-shot laser ablation
depth profiles. Excel routine data reduction permits identification of electronically induced outliers that might
deviate from the average of ~40 measured values derived during the single-shot trace element measurement. A
correction factor is computed from the MACS-3 carbonate reference material to calibrate all measured Mn/Ca
values throughout the measurement for single-shot laser ablation depth profiles.

For paleoenvironmental interpretation, we compared our data with data from DSDP Site 502 on infaunal/epifau-
nal foraminifer data and flux of organic carbon values provided by Jain et al. (2007) (Figure 3a). Stable isotope
values were adopted from Haug and Tiedemann (1998) and Haug et al. (2001). Alkenone-based pCO, data are
from Seki et al. (2010). Other trace element values (Na, Mg, and Sr) of C. wuellerstorfi were adopted from
Ogretmen et al. (2020b) and plotted against the new C. mundulus trace element data (Figures 3d—3f). Our meas-
urements with fs-LA-ICP-MS yield reproducible results with a relative standard error between 2% and 6%.

3.2. Nanoscale-Secondary Ion Mass Spectrometry (NanoSIMS)

After oxidative cleaning, well-preserved, and, for comparison of the preservation state, poorly-preserved spec-
imens of C. wuellerstorfi from different core depths were embedded with epoxy resin, ground, and polished to
obtain a smooth surface of equatorial sections for trace element analysis with nanoscale-secondary ion mass
spectrometry (NanoSIMS).

Secondary ion images of Mn* and “°Ca* from selected sample areas were acquired in multi-collection mode
with the NanoSIMS 50 ion probe at the MPIC (Hoppe et al., 2013). Prior to analysis, fields slightly larger than
the intended measurement areas were cleaned with a high current primary beam (~40 pA) to remove the gold
coating on selected sample areas. With the recently installed Hyperion RF plasma oxygen primary ion source, a
primary O~ beam (d ~250 nm, 15 pA) was scanned over 22 X 22 pm?- to 28 X 28 pm?>-sized sample areas. Three
to four image planes (256 X 256 pixels) were acquired, with integration times of 10 ms/pixel each. From the ion
data, 3¥Mn/*°Ca* maps were generated, using software developed at the MPIC.

3.3. Principal Components Analysis

Principal Components Analysis (PCA) was applied to the benthic foraminifer trace element/Ca matrix on the new
Mn data set, combined with previous Mg, Sr, Na (Ogretmen et al., 2020b), and 8'3C and §'0 (Haug et al., 2001;
Haug & Tiedemann, 1998) data using the PAST software version 4.03 (Hammer et al., 2001). The PCA is used
to quantify relationships within the multivariate data set (Hammer et al., 2001). Bootstrapping was carried out
with 999 bootstrap replicates for all analyses, to estimate the variance of factor loadings (Chatterjee, 1984). In the
scree plots, 95% bootstrapped confidence intervals are given for each Eigenvalue, and the broken stick values are
reported (see Figures S1, S2, and S3 in Supporting Information S1). For all analyses, the first two components lie
above the broken stick values. Therefore, these two components have been considered for further interpretation
(Table S1 in Supporting Information S1). The loadings given in Table S2 in Supporting Information S1 reveal to
what degree the original variables describe the different components. Principal Component loadings >0.3 were
considered for further interpretation.

4. Results
4.1. Trace Element Analyses

To investigate the distribution of Mn in the crystal lattice, fs-LA-ICP-MS depth profiles of well and poorly
preserved specimens of C. wuellerstorfi and 2D-NanoSIMS maps of C. wuellerstorfi were obtained (Figures 2a
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Figure 3. Trace element values of C. wuellerstorfi and C. mundulus cover the time interval from 5.2 to 2.2 Ma and 5.1 to 3.2 Ma, respectively. Mn/Ca of C.
wuellerstorfi and C. mundulus together with (a) C,,, (flux of organic carbon to the seafloor, C,,,) as an indicator of paleoproductivity and (b) Infaunal/Epifaunal

(I/E) data as an indicator of oxygenation (Jain et al., 2007). (c) Alkenone-derived maximum and minimum pCO, for atmospheric CO, as a driver of warming (Seki
etal., 2010) and 8'C as an indicator of deep-water ventilation (Haug & Tiedemann, 1998). (d) §'®0 values of both planktic and benthic foraminifers (Haug &
Tiedemann, 1998; Haug et al., 2001) as indicators of ice volume changes and paleotemperature. (e) Na/Ca of C. wuellerstorfi and C. mundulus as a potential indicator of
paleosalinity. (f) Mg/Ca of C. wuellerstorfi and C. mundulus as an indicator of paleotemperature. (g) St/Ca values of C. wuellerstorfi and C. mundulus as an indicator of
terrestrial input. The Na/Ca, Mg/Ca and Sr/Ca data of C. wuellerstorfi are adopted from Ogretmen et al. (2020b).
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and 2b). Even well-preserved specimens are characterized by high Mn/Ca coatings and lower values in the
ontogenetic test wall (Figure 2a). The coating may be of authigenic origin. In contrast, poorly-preserved speci-
mens show lower Mn/Ca in the outer layer and higher Mn/Ca through the test wall of the foraminifers (Figure 2b).
Laser ablation times may vary from specimen to specimen depending on the test thickness and density, the latter
of which may be affected by preservation state of the calcite lattice (Figure 2). Mn/Ca maps from NanoSIMS
analyses show the heterogeneous distribution of Mn within the shell wall of C. wuellerstorfi with higher Mn/
Ca near the shell surface of some tests (Figure 2a). In contrast, Mn/Ca in poorly-preserved tests is rather patchy
with higher Mn/Ca at the inner layers of the shell wall (Figure 2b). The alteration of tests has been described as
minor, moderate, and major (Ni et al., 2020). However, specimens analyzed in our study (Figure 2b) do not show
any signs of moderate or major alteration such as invisible pores or irregular overgrowths on the outer surface
described by Ni et al. (2020). We did not analyze pore geometry, which was shown of unsuitable criterium for test
preservation state by Torres et al. (2010). Instead, we have followed the optical criteria of Schneider et al. (2017)
and Sexton et al. (2006) to assess the preservation state of the specimens analyzed here.

4.1.1. Trace Metal/Ca of C. wuellerstorfi

Between 5.2 and 3.3 Ma, Mn/Ca varies at high values up to 4.5-4.7 mmol/mol with an average of ~2.1 mmol/
mol (Figure 3a). The same time interval is marked by slightly increasing Na/Ca from ~3.9 mmol/mol to up
to 7.1 mmol/mol with a mean of ~5.0 mmol/mol. While high Mn/Ca are observed between 5.2 and 3.3 Ma, a
decreasing trend between 3.6 and 3.3 Ma leads to a significant change from 4.7 mmol/mol to values as low as
0.7 mmol/mol with an average of 1.5 mmol/mol after 3.3 Ma until 2.2 Ma. Mn/Ca values significantly (z-test)
drop from the time-interval of 5.2 and 3.3 Ma to 3.3- and 2.2 Ma (p < 0.05). Consequently, we distinguish two
intervals, Interval I (5.2-3.3 Ma), and Interval II (3.3-2.2 Ma). Across the 3.3 Ma time-level between Interval 1
to 11, no significant change in Na/Ca is observed, and significant mid-term variation in Na/Ca occurs only after
3.3 Ma (Figure 3d).

4.1.2. Trace Metal/Ca of C. mundulus

Throughout the time interval (5.2-3.2 Ma), Mn/Ca of C. mundulus varies less than in C. wuellerstorfi and ranges
at lower values between maximum ~3.5 mmol/mol and minimum ~0.4 mmol/mol (Figure 3a). Na/Ca shows an
increasing trend from 5.2 Ma until ~3.8 Ma, from 3.6 mmol/mol up to 7.9 mmol/mol, and a sharp minimum as
low as 4 mmol/mol at 3.4 Ma before rising to >7 mmol/mol at 3.3 Ma (Figure 3d). St/Ca show an increasing trend
from 5.2 to 3.3 Ma, and little variation at 1-1.3 mmol/mol (Figure 3e). In comparison to C. wuellerstorfi, Mg/Ca
of C. mundulus are more variable between 0.36 mmol/mol and 3.5 mmol/mol (Figure 3e).

4.2. Environmental Indicators of the Plio-Pleistocene Caribbean Sea

PCA was applied to trace element values of Na/Ca, Mg/Ca, Mn/Ca, Sr/Ca, and stable isotope values 5'3C and
830 of C. wuellerstorfi for (a) the complete time interval (5.2-2.2 Ma), (b) the time interval between 5.2 and
3.3 Ma (Interval I), and (c) the time interval between 3.3 and 2.2 Ma (Interval II) following the Mn/Ca develop-
ment over time (Figure 3a). Only data from the epibenthic C. wuellerstorfi are included in the PCA, as it lives and
represents the bottom water conditions other than the infaunal C. mundulus. The results of the PCA reveal two
relationships that prevailed in the Pliocene Caribbean Sea and show varying dominance throughout both Intervals
I'and I1. For Interval I, Principal Component (PC) 1 is positively correlated with Mn/Ca, and PC two is positively
correlated with Na/Ca. In contrast, in Interval 1I, PC 1 is represented by Na/Ca, and PC two positively correlates
with Mn/Ca (see Supporting Information S1).

S. Discussion
5.1. Ontogenetic Incorporation of Mn in the Foraminifer Shell Carbonate

Close to the oxygen minimum layer in the sediment, the aragonitic shells of the shallow infaunal benthic
foraminifer Hoeglundina elegans show an increase in Mn-incorporation (Reichart et al., 2003). A similar increase
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occurs at high manganese concentration in the sedimentary pore fluids (Reichart et al., 2003). Even though it
has been documented that the symmetrical octahedral crystal structure of calcite can accommodate Mn?* easier
than the asymmetric aragonite structure (Soldati et al., 2016), the high concentration of dissolved manganese
in suboxic ambient waters might have potentially facilitated the incorporation of Mn in aragonitic H. elegans
shell, serving as a micronutrient to the live organism (Browning et al., 2021; Wong et al., 2022). Alternative
to a sedimentary Mn source, Mn may be derived from a suboxic water column, reaching the benthic habitat
as marine snow (Alldredge & Cohen, 1987). Both potential Mn sources the surface sediment or bottom water
column may facilitate foraminiferal Mn-incorporation in different environmental settings, and explain differences
in the Mn/Ca of the well and poorly preserved test carbonate (Figures 2a and 2b, respectively).

5.2. Diagenetic Incorporation of Mn in the Foraminifer Shell Carbonate

Diagenesis refers to post-depositional physical and chemical changes of the original seafloor sediment including
foraminifer tests. On the deep sea floor, it occurs close to the sediment-water interface where the pore fluids
may cause reprecipitation of carbonate (Boyle, 1983; Froelich et al., 1979). Therefore, it is a process that alters
the carbonate mineralogy enabling redox-sensitive elements to take place in the carbonate mineral structure
substituting calcium in the crystal lattice (Johnson et al., 2016). In dissolution-precipitation processes, it has
been suggested that calcium preferentially remains in the liquid phase during abiotic carbonate precipitation
(Pingitore, 1978). Given its smaller cation radius compared to calcium (Pingitore, 1978), manganese may replace
calcium producing relatively higher Mn/Ca values (Figure 2b). Diagenesis can occur as neomorphism resulting
in the replacement of primary biogenic calcite with abiotic calcite ending up with an opaque instead of glassy
appearance (Figure 2b, see Supporting Information S1; Poirier et al., 2021). Diagenetic processes may include
overgrowths on the test (Boyle, 1983) or filling of pores and chamber volumes with finer sediments (Kozdon
et al., 2013; Pearson & Burgess, 2008; Sexton et al., 2006). Manganese-rich mineral overgrowths are gener-
ally attributed to available Mn?* in suboxic/anoxic sediment pore fluids (Boyle, 1983). Reduced manganese
in the pore waters may diffuse upward in the sediment stack (Froelich et al., 1979) and eventually oxidize to
precipitate as Mn-overgrowths/Mn-oxides on the sediment surface and foraminifer tests (Boyle, 1983; Calvert
& Pedersen, 1993). Such enrichment of Mn-oxides on the sediment surface of the Arabian Sea with oxic deep
waters was shown by Schenau et al. (2004) and linked to organic matter flux, which induces Mn** reduction
and results in upward diffusion to the oxic sediment-water interface. As elevated Mn-oxide concentration is
not reported from the ODP Site 999A (Sigurdsson et al., 1997), an alternative scenario is discussed for high
foraminiferal Mn/Ca values in the Plio-Pleistocene Caribbean Sea in the following chapter.

5.3. Trace Elements as Environmental Indicators

Between C. wuellerstorfi and C. mundulus, we observe a significant difference in Mn/Ca values from 5.2 to
3.2 Ma (Figures 3a and 3b), which may result from different microhabitat preferences of infaunal C. mundu-
lus in comparison to epifaunal C. wuellerstorfi (Jorissen et al., 2007; Rathburn & Corliss, 1994). As Mn is a
redox-sensitive element, higher and oscillating Mn/Ca of epibenthic C. wuellerstorfi may represent the oxygen
content of the deep-water column overlying the seafloor sediment, whereas the more constant and lower Mn/Ca
of C. mundulus may result from an infaunal habitat and less oxygenated interstitial pore waters leading to less
Mn-oxide formation. The influence of habitat preference is reflected also by Mg/Ca concentrations. In contrast to
C. wuellerstorfi, C. mundulus is characterized by highly fluctuating values attributable to interstitial pore waters
(Figure 3g). This comparison confirms the reliability of epifaunal C. wuellerstorfi for paleothermometry studies
(Kozdon et al., 2013). As SEM photos of the specimens used in this study do not show any significant diagenesis
imprints (Figure 2; see Supporting Information S1), we assume the data set derived in this study is reliable for
environmental evaluation. Since C. wuellerstorfi is available throughout the studied age interval, we do not use
the trace element results of C. mundulus for further interpretation.

Our results show that Mn/Ca values of C. wuellerstorfi in the time Interval I, from 5.2 Ma until 3.3 Ma strongly
vary from 0.9 mmol/mol up to 4.7 mmol/mol, but show a constant increase (Figure 3a). A similar increase
is notable in Na/Ca values (Figures 3a and 3e; Ogretmen et al., 2020a). The PCA for Interval I confirms
this trend, with high factor loadings of Mn/Ca in PC 1 and Na/Ca in PC 2 (Tables S2 and S3 in Supporting
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Information S1). Our results are in agreement with previous findings, which suggest an oxic environment
based on oxygen sensitivity of the benthic foraminiferal assemblages and low infaunal/epifaunal (I/E) benthic
foraminifer values throughout the complete time interval (Figure 3b), whereas C,, increases from 5.2 Ma until
~3.6 Ma and declines thereafter (Figure 3a; Jain et al., 2007). The increase we observe in Mn/Ca from 5.2 Ma
until 3.6 Ma, and the decrease in Mn/Ca during Interval II (Figures 3a and 3b) are parallel to the variation in
organic carbon flux (Figure 3a; Jain et al., 2007). Slightly increasing ambient bottom water temperatures are
inferred from Mg/Ca values of C. wuellerstorfi for the same time interval (Figure 3f). However, PCA results
indicate that variations in NADW inflow across the closure of the CAS influenced Na/Ca values more than
Mg/Ca values (see Supporting Information S1), confirming previous findings (Haug & Tiedemann, 1998;
Ogretmen et al., 2020a).

Manganese in foraminifer tests, in general, is attributed to reducing conditions in the interstitial pore water within
the sediment resulting in secondary precipitation of Mn-oxides as coatings on the outside of tests as mentioned
above (Boyle, 1983). If this was the case, elevated foraminifer Mn/Ca may have related to the warming of ocean
waters and an increasing Mn solubility (Ardelan & Steinnes, 2010). At the same time, warming would have
increased the stratification of the surface water column. Increasing SSTs would have led to the deepening of
the thermocline, and the decrease of the oxygen content of the deeper water bodies (Shepherd et al., 2017).
Even though warming of the surface waters of the Caribbean Sea and decreasing planktic foraminifer 8'0 are
well documented over the time interval from 5.2 Ma to 3.3 Ma resulting from the closure of CAS (Figure 3d;
Steph et al., 2006, 2010; Haug et al., 2001) there is no evidence of prevailing reductive conditions in the bottom
water column and surface sediment. On the contrary, well-oxygenated conditions and an increase in epifaunal
species in benthic assemblages were reported by Jain et al. (2007), as well as increasing benthic foraminifer §'°C
(Figures 3a—3c; Haug & Tiedemann, 1998). Furthermore, pCO, did not show any significant variation throughout
the Pliocene until the onset of the Northern Hemisphere Glaciation (Seki et al., 2010), and hence does not point
to any increase in reducing conditions in bottom waters affecting Mn/Ca variation across the time Intervals I and
II (Figure 3c).

On the other hand, decreasing paleoproductivity in the Caribbean Sea following 3.6 Ma (Figure 3a; Jain
et al., 2007) may have hindered the transport of Mn?* down the water column. In ocean surface waters, Mn is
used as a micronutrient by the autotrophs and associated with organic matter produced by phytoplankton, which
is exported to the seafloor and remineralized in the benthic realm (Browning et al., 2021).

During the remineralization of organic matter in the presence of oxygen, the components of organic matter are
broken down into inorganic forms by microbial activity through respiration (Bianchi et al., 2018). In oxic waters,
during nitrification, ammonium (NH,*) can be oxidized to nitrate (NO,~) via nitrite (NO,~), and nitrogen (N,)
can be directly generated in the presence of oxidants such as particulate MnO,, which, in return, may produce
dissolved Mn?* (Figure S4 in Supporting Information S1; Luther III et al., 1997; Schoemann et al., 1998). Alter-
natively, Alldredge and Cohen (1987), Bianchi et al. (2018), and Shanks and Reeder (1993) suggest that in
oxygenated ambient waters denitrification can occur within reducing microhabitats in settling particles such as
marine snow where microzones of nutrient enrichment take place and NO,~ is reduced to N, through microbial
respiration (Figure S4 in Supporting Information S1). Both processes may result in the dispersal of Mn?* in
ambient waters once Mn is decomposed from the degraded organic matter through nitrification and/or denitrifica-
tion. Whichever of these processes may prevail, the Mn2* would be preferentially incorporated in the calcareous
foraminifer shell and increase its chemical stability (Soldati et al., 2016; Son et al., 2019).

Hypothesizing that ontogenetic foraminifer Mn/Ca is affected by one of these two biological processes, varying
Core @ product of organic matter degradation, should be parallel to the Mn/Ca of the foraminifer shell (Figure 3b;
Jain et al., 2007). This phenomenon is the most plausible explanation for the high Mn/Ca in the foraminifer
test calcite and seems to have played an important role in the variation of foraminiferal Mn/Ca values through
Intervals I and II as before and after 3.3 Ma, respectively (Figure 3a). Haug and Tiedemann (1998) and Haug
et al. (2001) located the start of the closure at ~3.25 Ma, which seems to be parallel to C,,, and Mn/Ca variation
though the influence of the complete closure at 2.7 Ma is not reflected on C,,, and Mn/Ca values (Figure 3b).
This finding brings forward the necessity of an additional scenario to the CAS closure, which governs the
benthic microhabitat. Even if benthic foraminiferal Na/Ca reflects the salinity changes and Mg/Ca points to the

temperature variation in the bottom waters (Figure 3e; Ogretmen et al., 2020b) across the CAS closure in four
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time-intervals, these do not seem to play an important role in the ecological setting of the benthic fauna as Mn/
Ca values and C_, reveal different time-slices.

To summarize, our results lead us to consider that Mn plays a role in the local and regional nutrient cycle, and
seems to affect denitrification and nitrification processes, resulting in Mn-incorporation in the foraminifer shell
calcite. Therefore, further studies accompanying our findings will pave the way for the understanding of Mn/Ca
as a proxy of the paleonutrient cycle.

5.4. Source of Mn in the Caribbean Sea

As Mn may be received from terrestrial sources (Klinkhammer et al., 2009), it may correlate with the distribution
of strontium (Sr). In the eastern Caribbean, Sr/Ca is related to the increased riverine input from the Magdalena
River corresponding to the uplifting Andes across the CAS closure (Ogretmen et al., 2020b). However, Mn/
Ca and Sr/Ca do not show any statistically significant relationship (2 = 0.07, p < 0.05; see the PCA results in
Supporting Information S1). Contrasting to Sr/Ca increase, Mn/Ca values decrease after ~3.5 Ma (Figure 3a),
suggesting foraminifer Sr/Ca and Mn/Ca are controlled by different mechanisms that work in different directions,
and only 7% of the variability may result from similar processes such as terrigenous/atmospheric input (see
Supporting Information S1).

While the source of Mn in the Caribbean waters is not well-constrained, emerging evidence from seafloor
hydrothermal vents indicates that high concentrations of dissolved-Mn(II) and Mn(IIl) in ocean waters and
Mn-oxide deposits are mainly related to hydrothermal activities (Middag, de Baar, Laan, & Klunder, 2011).
Mn(II) in hydrothermal plumes may have longer oxidation half-lives than much of the other trace metals (e.g.,
iron, copper, zinc) dispersing over a distance of more than 4,000 km from the vent (Gartman & Findlay, 2020;
Resing et al., 2015; Yiicel et al., 2021). Being surrounded by the Lesser Antilles Volcanic Arc (LAVA) in the
east, and the Central American Volcanic Arc (CAVA) in the west, the Caribbean Sea may receive Mn from
volcanic sources (Homoky et al., 2011) and hydrothermal inputs (Frank et al., 2006) (Figure 1a). Whereas the
activity of the continental CAVA system was not associated with metalliferous materials ceased from 6.5 Ma
until <2 Ma (Wegner et al., 2011), the LAVA is an island arc system (Jackson, 2013) with a mafic composition
(Halbach et al., 2002), that is, associated with metalliferous sediments and fluids being enriched in Mn (Cronan
& Johnson, 2001). Dissolved manganese typically ranges around 0.2 nM/kg in open ocean settings (Schlitzer
et al., 2018) and 3.2 nM/kg in regions of volcanic activity (Middag, de Baar, Laan, Cai, et al., 2011). High
Mn-incorporation in benthic foraminifers such as Elphidium batialis is reported, for example, from the Bering
Sea in the Aleutian Arc (Detlef et al., 2020).

Donnelly (1973) evidenced the continuous volcanic activity in the LAVA from the Pliocene until today, with
diminished activity during the mid-Pliocene (~3.6-3.5 Ma). The top part of the last volcanoclastic sediment unit
deposited in the Guadeloupe archipelago (Figure 1b) dates from the late Piacenzian-early Gelasian at ~3-2.5 Ma
(Miinch et al., 2014). Osborne et al. (2014) analyzed foraminiferal coatings for Pb isotopes from the ODP Site
999A across the closure of the CAS, which are assumed to derive from the same volcanic sources as the Mn,
and are analyzed from the same foraminiferal coatings obtained from the ODP Site 999A (Figure 4; Osborne
et al., 2014). Interestingly, foraminiferal 27Pb/2%Pb and 2°°Pb/?**Pb values show similarities to volcanic rocks
of Montserrat and Dominica (Figure 4; Lindsay et al., 2005; Thirlwall et al., 1996) compared to other volcanic
rocks in the region (Cassidy et al., 2012; Labanieh et al., 2010), which might be the source of Pb isotopes and Mn
preserved in the foraminiferal coating. The Pb isotope fingerprint matches well with the increasing Mn/Ca values
until ~3.6 and decreasing Mn/Ca afterwards, suggesting that surrounding volcanism might have supplied Mn to
the Caribbean waters. However, during Interval II post-3.3 Ma (Figure 3a), Mn/Ca ranges below the confidence
level (PCA, see Supporting Information S1) suggesting ceasing Mn supply from the LAVA. Pb-isotope values
from the Fe-Mn crust may identify the WNADW (Abouchami et al., 1999) and North Atlantic (von Blanckenburg
et al., 1996) as additional Mn sources to the eastern Caribbean Sea, whereas the Saharan dust input (Kumar
et al., 2018) seems to be irrelevant (Figure 4).

Today, there are several active submarine hydrothermal volcanoes and vents in the circum-Caribbean region,
such as Kick'em Jenny in the vicinity of Grenada, and Beebe at the Mid-Cayman Rise (Figure 1a). However,
the chemical compositions of these vents are not particularly enriched in Mn (Koschinsky et al., 2007; Webber
et al., 2014), and we can merely speculate about any submarine volcanic Mn sources in the Pliocene in the same
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Figure 4. Pb-isotope data from surrounding volcanic rocks in the circum-Caribbean Region (Cassidy et al., 2012; Labanieh
et al., 2010; Lindsay et al., 2005; Thirlwall et al., 1996), North Atlantic (von Blanckenburg et al., 1996), from foraminifer
coatings (ODP Site 999A; Osborne et al., 2014), and modern values from the Saharan dust (Kumar et al., 2018) and
WNADW (Abouchami et al., 1999). Yellow dashed rectangle refers to the Pb-isotope range from the WNADW according to
Abouchami et al. (1999).

region. Nonetheless, for example, Montserrat and Dominica islands host active hydrothermal vents (Figures 1a
and 1b) and are enriched in Mn (Halbach et al., 2002) dispersed in the deep Caribbean Sea by the inflowing
waters through the Lesser Antilles passages. Moreover, McGee et al. (2021) reported high Mn values within the
enclaves of Montserrat volcanic rocks, with signatures of an injection of mafic magmas rich in volatiles, which
may have contributed to trace metal transported to the sampling Site 999A. Both Mn sources near Montserrat
and Dominica may have been active during the Pliocene given the volcanic arc evolution of the Lesser Antilles
throughout the Cenozoic.

5.5. Role of Vertical Movements of the Lesser Antilles Passages as Surface and Deep Water Gateway

In the following, we discuss the potential role of tectonics in the Lesser Antilles region in regulating the paleoen-
vironmental conditions during the Plio-Pleistocene. Paleocirculation of the Plio-Pleistocene Caribbean Sea has
been investigated mainly for the shoaling of the Isthmus of Panama (e.g., Haug & Tiedemann, 1998), suggest-
ing that the eastern Caribbean did not experience great vertical variations in bathymetry/topography since the
Oligocene-Miocene (Driscoll & Diebold, 1999).

Today, the Lesser Antilles host several Pliocene carbonate platforms on the eastern side of the island arc, and
volcanoes along the western side (Bouysse & Westercamp, 1990; Robertson, 2009), which separated as a result
of a change in the inclination of the subducting slab during the late Neogene (Burke, 1988). The carbonate plat-
forms show differential uplift rates of some 50-300 m (Bouysse & Westercamp, 1990) controlled by the regional
tectonics (Miinch et al., 2014), and would result in shoaling of the sill depths of the Lesser Antilles passages
eventually reducing the inflow of the AAIW and the NEC into the Caribbean Sea (Figures la and 1b). This
small-scale shoaling would sufficiently reduce the dispersal of the volcanic materials from the Lesser Antilles
as the AAIW and NEC inflow would be reduced. The Pliocene uplift and consequent small-scale shoaling of the
Lesser Antilles passages possibly correspond to lowered Mn/Ca after 3.3 Ma (Figure 3a). However, neither the
tectonic/volcanic nor biogeochemical (nutrient concentrations and C, flux) alone may explain the variations of
Mn/Ca values, which may be considered to result from a complex interplay of Mn sources, and processes that
affect Mn incorporation in the foraminifer shell under oxic conditions.
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6. Conclusion

Femtosecond LA-ICP-MS provides a new approach on the role of manganese in deep water benthic ecology,
distinguishing Mn of the ontogenetic shell carbonate from Mn of the authigenic coatings. Our data indicate that
Mn within the ontogenetic foraminifer shell carbonate may be related to, and derived from the regional nutrient
cycle, and benthic foraminiferal Mn/Ca may be used as an indicator of ocean paleoproductivity. In contrast, the
coatings on top of the foraminifer shells are assumed authigenic and affected by the oxygenation state of the
bottom waters. The Mn in the deep eastern Caribbean Sea may be mainly derived from hydrothermal sources
along the Antilles Island Arc, as well as riverine or atmospheric input from the surrounding continents. Varying
Mn concentrations in the regional water bodies are discussed to result from varying NADW and AABW inflow
into the Caribbean since the Pliocene. Our results confirm previous studies, which have documented variations in
organic carbon flux to the seafloor across the CAS closure between 5.2 and 2.2 Ma.

Our results bring forward the limitations that need to be addressed in future studies to better understand the bioge-
ochemistry of deep marine benthic realms. For example, modern-day measurements of dissolved manganese and
biological productivity together with other biogeochemical proxies (e.g., nitrogen isotopes) may enhance our
systematic understanding of proxies and paleoclimate.
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