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ABSTRACT

The trace elemental composition of planktic foraminifera shells serves as a proxy for understanding the physical environment in which foraminifera lived, but may
also reflect chemical alterations that occur after death. Understanding how foraminiferal geochemistry varies across time, species, and after death is therefore
essential for deconvolving ecological from diagenetic information and decoding the environmental signals contained within foraminiferal shells. We analyzed the
trace elemental composition (Mg/Ca, Sr/Ca, Ba/Ca, Mn/Ca, and U/Ca) of four species of planktic foraminifera (Globigerina ruber, Neogloboquadrina dutertrei,
Globorotalia menardii, and Globorotaloides hexagonus) from moored sediment traps (890, 2590, and 3560 m deep) in the Panama Basin collected over one calendar
year (1979-1980). Shells recovered from the shallowest trap demonstrate moderate variability in trace elemental composition, both throughout the time series and
between species. Most elemental ratios are not significantly influenced by depth, with the exception of Mn/Ca. Ratios of Mn/Ca are substantially higher in the
3560 m trap versus the 890 m trap, with increases with depth greater in the thin walled species G. ruber and G. hexagonus. Elevated Mn/Ca ratios are frequently noted
in fossil foraminifera shells as the result of diagenesis within the sediment. Our results demonstrate the potential for Mn-enrichment of foraminiferal calcite, via Mn
adsorption onto the surface of foraminiferal shells, within the water column during sinking and prior to deposition in the sediment.

1. Introduction

The trace element geochemistry of foraminfieral shells, particular
the element to calcium ratios of elements such as Mg, Ba, Sr, B, and U,
serves as an important tool for reconstructing past marine environments
(see Lea, 1999; Katz et al., 2010 for reviews). However, straightforward
interpretations of foraminiferal trace element geochemistry are com-
plicated by preservation (e.g., Dekens et al., 2002; Pena et al., 2005;
Pena et al., 2008; Sexton et al., 2006), species-specific differences in
incorporation of, or exposure to, different trace elements (e.g., Allen
et al., 2016; Anand et al., 2003; Cleroux et al., 2008; Regenberg et al.,
2009), and biases associated with seasonality and changing depth ha-
bitat (e.g., Fraile et al., 2009; Jonkers and Kucera, 2015). One of the
most confounding issues in interpreting trace elemental paleoproxies is
the potential for diagenetic alteration of the original shell geochemistry
by calcite overgrowths, recrystallization, and the selective dissolution
of original calcite after sediment burial (e.g., Boyle, 1983; Dekens et al.,
2002; Barker et al., 2003; Pena et al., 2005; Sexton et al., 2006; Pena
et al., 2008).

Removal of post-mortem diagenetic phases from shell surfaces is a
routine aspect of trace element analyses, taking the form of chemical or
mechanical ‘cleaning’ (Boyle and Keigwin, 1985; Barker et al., 2003),
flow-through systems (Benway et al., 2003), or analytical removal by
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laser ablation (Reichart et al., 2003; Marr et al., 2013). The goal of
these approaches is to minimize the influence of diagenetic, sedimen-
tary, and organic materials on the measurement of paleoceano-
graphically significant elements such as Mg, Ba, or B. Success of these
approaches is often evaluated by using the elements Mn, Al, and Fe, as
guides to assess the effectiveness of oxide and clay removal (Boyle,
1983; Barker et al., 2003; Pena et al., 2005, 2008). Elements associated
with post-depositional alteration are also occasionally used as proxies
for the depositional environment. For example uncleaned shells are
sometimes analyzed for the trace element content of post-depositional
overgrowths (e.g., U/Ca and Mn/Ca) as proxies for bottom water redox
conditions (e.g., Palmern and Elderfield, 1986; Boiteau et al., 2012;
Gottschalk et al., 2016; Umling and Thunell, 2018), assuming that the
original calcite of surface-dwelling foraminifera contains comparably
negligible quantities of these elements.

One less frequently considered source of post mortem alteration are
overgrowths, adsorption, and dissolution that may occur while shells
sink through the water column. Takahashi (1984) estimate that a for-
aminifera settling to 3800 m from surface waters spends 3-12 days in
the water column, with smaller, lighter foraminifera sinking more
slowly. During this period, a shell could be exposed to a wide range of
water chemistries, including changes in carbonate saturation state,
redox state, and water masses with otherwise differing chemistries.
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Alternatively, some shells may be transported via fecal pellets, or
within aggregate particles or marine snow. As a result, shells may in-
teract with microbial communities, organics either within or outside of
the shell, or water chemistries unlike those experienced during calci-
fication. Any of these eventualities could impact the trace element
composition of a shell prior to deposition in the sediment.

Relatively little attention has been paid to the early stage of diag-
enesis that may occur as shells sink through the water column.
However, recent laboratory experiments have shown the potential for
rapid alteration (dissolution and recrystallization) of the trace element
composition of foraminiferal shells on relatively short timescales of
weeks to months, with younger shells more susceptible than fossils
(Chanda et al., 2019). Gibson et al. (2016) also found evidence for rapid
alteration of foraminiferal calcite in sediment traps from the Gulf of
Tuhantapec. Alteration in this later case was associated with visible
overgrowths on the inner and outer shell surface, which were inter-
preted as having developed within the sediment trap cups.

The aim of this study is to describe the trace element composition of
planktic foraminifera collected during a yearlong sediment trap de-
ployment in the Panama Basin. The Panama Basin is of particular in-
terest as foraminifera from sediments in the region have variable pre-
servation and diagenetically altered trace element ratios, particularly
with regards to high Mn/Ca (e.g., Boyle, 1983; Pena et al., 2005, 2008;
Tachikawa et al., 2013; Umling et al., 2018). Four species of for-
aminifera are examined from three deep moored sediment traps that
cross a strong oxygen gradient. This allows for a comparison of trace
elemental variability between seasons and species, and for testing the
potential for early diagenetic alteration of foraminiferal trace metal
geochemistry occurring within the water column.

2. Methods
2.1. Panama Basin sediment trap

Samples from the Panama Basin were collected from a sediment trap
deployed at 5° 21’ N, 81° 53’ W between December of 1979 and
November of 1980 in a water depth of ~3860 m (Fig. 1). The Panama
Basin is enclosed by Central and South America to the East and
Southeast and the Cocos and Carnegie Ridges to the Northwest and
South respectively. An intense Oxygen Minimum Zone cuts across in-
termediate water depths and the Panama Basin sediment traps were
deployed at 890 m, 2590 m, and 3560 m across a range of dissolved
oxygen (Fig. 2). Each trap was equipped with 6 cups, each with
a ~ 2 month collection period, and injected with sodium azide to
poison and preserve organic material. After trap recovery, individual
foraminifera were isolated from sediment trap material and stored in
micropaleontological slides. Due to trap failures, material is only
available for cups 1-4 in the two deeper traps (December—August).

2.2. Foraminifera selection

Four species of planktic foraminifera were selected for analyses,
Globigerina ruber (sensu stricto), Neogloboquadrina dutertrei, Globorotalia
menardii, and Globorotaloides hexagonus. Foraminifera species were
targeted based on their availability in trap material and to include a
range of morphologies and depth habitats. Foraminifera were separated
based on sieve fraction (250-355 pm, 355-500 pm, and > 500 pm)
prior to analyses, with each sample containing between 1 and 25 shells
(Supplemental Table 1). Samples were weighed, gently crushed in a
microcentrifuge tube, and cleaned to remove any residual organic
matter by submergence in a 1:1 mixture of H,O, and NaOH in a warm
water bath (~65 °C) for 10 min (Mashiotta et al., 1999). During this
period, samples were sonicated 4 times for 10s. Samples were then
triple rinsed in deionized water to remove reagents. Samples of G.
hexagonus did not contain enough calcite to be reliably analyzed in
solution, nor did those that contained only single foraminiferal shells.
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These individuals (n = 33) were cleaned as described above, but
without crushing (Supplemental Table 1).

2.3. ICP-MS and SEM

Trace element analyses were carried out using a Thermo Finnegan
Element 2 in the Center for Elemental Mass Spectrometry (CEMS) at the
University of South Carolina. Samples prepared for solution analyses
were dissolved in 1% nitric acid and then diluted in a matrix of 2%
nitric acid to a consistent concentration of 20 ppm Ca. Dissolved sam-
ples were run along with standard solutions, containing 20 ppm Ca and
varying concentrations of other analytes. Analytes for solution analyses
included >°Mg, **Ca, >*Mn, %7Sr, *’Ba, and 2*®U. A consistency stan-
dard was analyzed 10 times across multiple analytical sessions and gave
standard deviations of = 0.02 mmol/mol for Mg/Ca, = 4.3 umol/mol
for Mn/Ca, = 0.01 mmol/mol for Sr/Ca, = 0.08 pmol/mol for Ba/Ca
and *+ 1.17 nmol/mol for U/Ca.

Samples introduced by laser ablation were run using a Photon
Machines 193 nm ArF laser with an ANU HelEx dual-volume laser ab-
lation cell system coupled to the same Thermo Finnegan Element 2 used
for solution analyses. Foraminifera were ablated using a 65 pum spot size
at 3 Hz and a fluence of 1.62 J cm ™2 Analytes for these foraminifera
were °Mg, “3Ca, >*Mn, ®’Sr, and **"Ba, with standard glasses NIST 610
and NIST 612 ablated every ~10 samples and used for drift correction.
Data from laser ablation analyses were processed using the LATools
software (Branson et al., 2019). Unless otherwise stated, all data is
presented as a combination of solution values and the sample means of
laser ablation data.

A subset of individual G. ruber and N. dutertrei shells from the 890 m
and 3560 m sediment traps were also imaged by Scanning Electron
Microscopy to identify visible signs of diagenetic alteration, such as
textured overgrowths. These individuals were mounted on carbon tape,
gold sputter coated, and imaged on a Tescan Vega3 Scanning Electron
Microscope in the Electron Microscopy Center at the University of
South Carolina.

3. Results
3.1. Trace element variability with time in Panama Basin

Our analysis of trace element variability over time focuses on the
sediment trap record at 890 m due to the fewer number of samples from
the lower trap cups. Where cup means are reported, they have been
weighted for the number of individuals in each sample analyzed. No
species of foraminifera showed a significant difference (p value < .05)
in trace elemental composition with size fraction (Supplemental Fig. 1).

3.1.1. Mg/Ca

Mg/Ca values were largely consistent within species throughout the
year. To test for trace element variability between different popula-
tions, a Kruskal-Wallis test was used, followed by a Dunn's test (Dunn,
1961). These non-parametric approaches are preferred as they account
for the inherent potential for non-normality in our dataset. Application
of a number of paleotemperature equations (Nurnberg et al., 1996;
Elderfield and Ganssen, 2000; Anand et al., 2003; McConnell and
Thunell, 2005; Regenberg et al., 2009) using the Mg/Ca values from G.
ruber (4.0 to 7.9 mmol/mol) collected in the 890 m trap (Fig. 3a) results
in temperatures ranging from 21 °C (Elderfield and Ganssen, 2000) to
37 °C (Anand et al., 2003). Most estimates fall in the 25-30 °C range
with the exception of a single sample in February-March with an
unusually high Mg/Ca of 13.6 mmol/mol. Application of the von
Langen et al. (2005) relationship to N. dutertrei produces temperatures
between 15 and 21 °C, with the exception of a single sample from
December-January (Supplemental Table 1).
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Fig. 1. The location of the sediment trap time series in the Panama Basin (left) along with temperature data for the upper 200 m compiled from available WOA18
data from the region plotted by depth and the day of the year (right). Data was plotted using Ocean Data Viewer. The temperature range at which calcification
occurred as inferred from Mg/Ca is shown on the left for G. ruber (purple vertical line, Anand et al., 2003), N. dutertrei (red dotted vertical line, von Langen et al.,
2005), and G. menardii (green vertical dashed line, Regenberg et al., 2009). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

3.1.2. Sr/Ca
In G. ruber, Sr/Ca is lowest in October-November
(mean = 1.35 mmol/mol) and reaches a peak in June-July

(mean = 1.56 mmol/mol) (Fig. 3b). Sr/Ca in N. dutertrei is higher in
April-May (mean = of 1.29 mmol/mol) than in summer and winter
(means < 1.25 mmol/mol). Globorotalia menardii has fairly consistent
Sr/Ca year-round (cup means between 1.24 and 1.26 mmol/mol)
(Fig. 3b).

3.1.3. Ba/Ca

Ba/Ca is highest in December-May (cup means of 8.2 and 7.0 pmol/
mol respectively) in N. dutertrei, before decreasing to consistently lower
values for the rest of the year. Samples of G. menardii and G. ruber were
only available from February-March, where Ba/Ca is highest in both
species (means of 10.6 and 7.1 pmol/mol). Ba/Ca ratios decline below
5 umol/mol from June to October (Fig. 3c).
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Fig. 2. Dissolved oxygen with depth compiled from WOA18 data available within 1 degree of the mooring site.
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3.1.4. Mn/Ca

Mn/Ca is low (< 26 pmol/mol) and consistent throughout the year
in G. ruber and G. menardii. Mn/Ca ratios are highest in the only two
species found in the June-July collection: N. dutertrei (cup mean of
69.2 umol/mol, and maximum sample value of 206.6 pmol/mol) and G.
hexagonus (cup mean of 64.1 pmol/mol) (Fig. 3d).

3.1.5. U/Ca

Values for U/Ca have not been reported for all samples due to high
background levels of U during one solution ICP-MS run and exclusion
from laser ablation analyses. However, a full year of U/Ca values was
measured in N. dutertrei. The lowest values were measured in
February-May (cup means of 14.4 and 13.1 nmol/mol in
February—-March and April-May respectively), with increasing values
during the spring and summer (Fig. 3e). Data from both G. ruber and G.
menardii, although sparse, confirm this general trend with the lowest
values measured in samples from April-May (Fig. 3e).

3.2. Heterogeneity between species

Elemental composition varies between species. In particular, G.
ruber has consistently higher Mg/Ca than the other species at all three
depths (p values of 0.003, 0.005, and 0.005 respectively) (Fig. 4a).
Globigerinoides ruber also has higher Sr/Ca ratios than N. dutertrei or G.
menardii (Dunn's test p value = .008 and 0.004 respectively), but is not
significantly different from G. hexagonus (p value = .25) at 890 m.
These trends persist with depth in all three sediment traps (Fig. 4b). In
the 890 m trap, Ba/Ca ratios are highest in G. hexagonus, followed by G.
menardii, N. dutertrei, and G. ruber (Fig. 4c), although the differences

between the four species are not significantly different. At 890 m Mn/
Ca values are highest in G. hexagonus, followed by N. dutertrei, G. ruber,
and G. menardii, although again populations are not found to be sig-
nificantly different (p value = .16). This trend changes as Mn/Ca in-
creases with depth, with populations of N. dutertrei having significantly
less Mn/Ca than other species at both 2590 m (p value < .001) and
3560 m (p value = .007) (Fig. 4d). U/Ca ratios are consistently higher
in N. dutertrei and G. menardii than in G. ruber, although the difference is
only significant between N. dutertrei and G. ruber at 2590 m (p
value = .01) (Fig. 4e).

3.3. Variability with depth

At the Panama Basin sediment trap mooring, no significant differ-
ences (p value < .05) are noted in the Mg/Ca, U/Ca or average shell
weight of any species with depth (Fig. 4). Ba/Ca values increase sys-
tematically with depth, although populations are not found to be sig-
nificantly different in any species (p value > .05) (Fig. 4c). It is im-
portant to note the potential influence of seasonality on these results, as
collections from August to November are excluded from the deeper
traps, such that higher Ba/Ca ratios from earlier in the year are over-
represented in deeper traps. Additionally, a small but significant in-
crease is observed in the Sr/Ca values of G. menardii between 890 m
(mean = 1.2 *= 0.01 mmol/mol) and 2590 m (mean = 1.3 =+

0.04 mmol/mol), regardless of whether August through November
collections are excluded (p value = .03).

There is no significant correlation (p value < .05; Spearman corre-
lation with Holm's correction for multiple hypothesis testing) between
Mn/Ca and Mg/Ca, Sr/Ca, or U/Ca in the deepest trap (Fig. 4).
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trace metals was identified at different depths.

Significant correlations are found between Mn/Ca and Ba/Ca in the
890 m (r = 0.52, p value < .001) and 3560 m sediment traps (r = 0.45,
p value .02) across all species, but not within a single species
(Supplemental Fig. 2).

The most noticeable change with depth is an increase in the Mn/Ca
values of all species, with significant differences in Mn/Ca with depth
found in G. ruber between 890 m (mean 18.6 * 7.4 pmol/mol),
2590 m (mean 88.9 + 21.1 umol/mol) (p value .002), and
3560 m (mean = 216.9 *= 151.9 pymol/mol) (p value < .001), G.
menardii between 890 m (mean = 15.3 * 4.4 ymol/mol) and 3560 m
(mean 115.3 * 42.4 pmol/mol) (p value .004), and in G. hex-
agonus between 890 m (mean = 36.4 = 18.6 umol/mol) and 3560 m
(mean = 400.4 + 228.2 umol/mol) (p value = .01) (Fig. 4d; Table 1).
An increase in Mn/Ca with depth is also apparent in N. dutertrei, al-
though differences between populations at different depths are not
significant (Fig. 4d; Table 1; Supplemental Fig. 3).

Given differences in Mn/Ca values with increasing depth, we further
examined if increasing Mn/Ca may be an artifact of preservation within
the sediment trap itself. Cups within sediment traps open sequentially,
such that material in Cup 1 (December-January) will have been in a
sediment trap environment for 8-12 months longer than material
captured in Cup 6 (October-November). If exposure to preservatives or
the sediment trap environment are an important contributor to elevated
Mn/Ca, we would expect to see an increase across consecutive cups
with increasing exposure time. This is not observed (Fig. 5). While a
significant correlation between Mn/Ca and duration of time in the trap
(Kendall correlation; p value < .01) is found for G. ruber in the 3560 m
trap, the direction is opposite to that expected if exposure time were
important. Rather the decline in Mn/Ca ratios with time is driven by the
high Mn/Ca values measured in Cup 3 (April-May) (Fig. 5).

Table 1

Mean Mn/Ca ratio and standard deviation of samples of G. ruber, N. dutertrei,
G. menardii, and G. hexagonus at the depths of each of the three sediments
traps.

Species Depth (m) Mean Mn/Ca (umol/ Mn/Ca standard
mol) deviation

G. ruber 890 m 18.6 7.5

G. ruber 2590 m 88.9 21.1

G. ruber 3560 m 216.9 151.9

N. dutertrei 890 m 35.9 46.7

N. dutertrei 2590 m 37.5 23.3

N. dutertrei 3560 m 64.9 44.8

G. menardii 890 m 15.3 4.4

G. menardii 2590 m 80.3 41.2

G. menardii 3560 m 115.3 42.4

G. hexagonus 890 m 36.4 18.6

G. hexagonus 2590 m 107.5 21.7

G. hexagonus 3560 m 400.4 228.2

4. Discussion
4.1. Trace element seasonality in the Panama Basin

The elemental composition and flux of material to sediment traps in
the Panama Basin are driven largely by the seasonal migration of the
Intertropical Convergence Zone (ITCZ) (Honjo, 1982; Thunell and
Reynolds, 1984; Rodriguez-Rubio et al., 2002; Martinez et al., 2007;
Tedesco et al., 2007; Elmore et al., 2009). When the ITCZ is at its
southernmost extent (~February—April), the Panama Basin experiences
upwelling and an increase in productivity (Pennington et al., 2006) that
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is reflected in sediment traps (Curry et al., 1983; Honjo, 1982; Thunell
et al., 1983; Thunell and Reynolds, 1984). All four species examined in
this study, N. dutertrei, G. menardii, G. ruber and G. hexagonus, are
present year round. However, non-spinose species associated with
cooler waters, N. dutertrei and G. menardii, are found most abundantly
in February—March, while the warmer water spinose species, G. ruber, is
most abundant from June through September (Thunell and Reynolds,
1984).

Little seasonality is observed in most of the trace elements analyzed,
in agreement with the limited variability demonstrated in the isotopic
geochemistry of foraminifera from the same traps (Curry et al., 1983;

Fig. 3). Ratios of Mg/Ca are largely constant within each species
throughout the year, reflecting the low variability of temperatures in
the upper water column. As no direct measurements of seawater
properties are available in conjunction with this time series, it is not
possible to compare Mg/Ca values directly to in situ temperature.
However, temperature values obtained by applying paleotemperature
equations to Mg/Ca ratios in G. ruber and N. dutertrei, the two species
which are most frequently used as paleothermometers, are broadly
consistent with modern temperatures in the upper 100 m of the Panama
Basin (Fig. 1; Locarnini et al., 2018).

Sr/Ca ratios are variable in both N. dutertrei and G. ruber but with no
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clear trends over time (Fig. 3b). Upwelling between February and
March is a major driver of near-surface productivity in the Panama
Basin, a signal that may be reflected in the lower 8'3C values of sub-
mixed layer foraminifera during these months (Curry et al., 1983;
Fig. 3f). We also find elevated Ba/Ca ratios in deeper-dwelling N. du-
tertrei and G. menardii from December to March (Fig. 3c), potentially
reflecting upwelling and exposure to deeper, higher-Ba waters (Sup-
plemental Fig. 4). Interestingly, U/Ca ratios in N. dutertrei are lower
from February to May, coincident with the upwelling season, rather
than in June to November (Fig. 3e). This is opposite to what might be
expected in U/Ca if these species are calcifying in deeper sourced, lower
pH water during upwelling intervals (Russell et al., 2004).

4.2. Heterogeneity across species

Differences in trace elemental composition across species are a re-
flection of both species-specific ‘vital effects’ and habitats. Stratification
of depth habitats between shallow-dwelling G. ruber and the deeper-
dwelling G. menardii and N. dutertrei are confirmed by the §'80 and
8'3C values of the three species in these sediment traps (Curry et al.,
1983; Patrick and Thunell, 1997; Fig. 3g) as well as their abundances in
MOCNESS tows (Fairbanks et al., 1982). Oxygen isotope values are not
available for G. hexagonus from this time series, though it is likely the
deepest dwelling of the four species analyzed, found in plankton tows as
deep as 1000 m in the Panama Basin (Fairbanks et al., 1982). The Mg/
Ca values obtained, at least partially, reflect this depth habitat strati-
fication with G. ruber values consistently higher than those of the three
deeper species. Ba/Ca values are highest in the deepest-living G. hex-
agonus, followed by N. dutertrei and G. menardii, and then the shallowest
species, G. ruber (Fig. 4c). This likely reflects depth habitat stratification
and differing exposure to deeper Ba-rich waters (Sugiyama et al., 1984;
Monnin et al., 1999; Fig. S4). In contrast, Sr/Ca values are similar in G.
ruber and G. hexagonus, but dissimilar to N. dutertrei and G. menardii
(Fig. 4b). This suggests that Sr uptake may be linked to vital effects
associated with more subtle differences in ecology between species.
Mn/Ca values are not significantly different among species from the
890 m trap (Fig. 4d).

4.3. Evidence for alteration of shells and trace metals in the water column

Previous work with the Panama Basin sediment trap array has
shown that dissolution in the water column is minimal or absent, with
neither the total flux nor average weight of foraminiferal shells at-
tenuating with depth (Thunell et al., 1983; Thunell and Reynolds,
1984). The foraminifera analyzed here similarly show no change in
shell weight with depth (Fig. 4f). However dissolution experiments do
show a loss of foraminiferal calcite when samples were suspended in
the water column for ~4 months below the 2590 m trap (Thunell et al.,
1981), a longer exposure than that experienced by shells preserved in
sediment traps.

A significant increase in both Mn/Ca values and variability is ob-
served with increasing depth (Table 1; Fig. 4d). If the increase in Mn/Ca
were due to poor preservation at depth in sediment traps, we would
expect to also observe Mn/Ca ratios increasing with time spent in the
trap cup. Rather, a simultaneous maximum in Mn/Ca is observed across
all traps in April-May (Fig. 5). This indicates either the temporary ex-
port of shells with exceptionally high Mn/Ca ratios from the near-sur-
face or the existence of episodic conditions within the water column
that are particularly conducive to Mn/Ca scavenging. Interestingly, the
April-May peak in Mn/Ca does not coincide with any event or en-
vironmental driver captured in the time series such as upwelling or
productivity maxima. February—-March would be the months most as-
sociated with upwelling in the Panama Basin, supported by high carbon
flux and an abundance of upwelling associated N. dutertrei in the se-
diment trap (Honjo, 1982; Thunell and Reynolds, 1984), while June—
July was marked by the highest organic carbon and terrestrial flux and
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a slight increase in the 8'3C of some planktic foraminifera (Honjo,
1982; Curry et al., 1983), Thus while the source of the transient Mn/Ca
peak cannot be fully resolved, surface productivity appears an unlikely
driver.

Our results indicate that trace element alteration of foraminiferal
shells can occur in the water column, prior to deposition in the sedi-
ment. As relatively fresh shells are more susceptible to calcite-fluid
exchange, recrystallization, and elemental overprinting (Chanda et al.,
2019), exposure to Mn sources in the water column during export may
make shells especially vulnerable to alteration of the Mn/Ca ratio. The
largest change in trace element ratios occurs between 890 m and
3560 m, while Mn/Ca values at 2590 m appear to reflect values in-
termediate between the two. This suggests that alteration within the
water column is progressive between 890 m and 3560 m. Whether al-
teration begins above 890 m is difficult to assess conclusively from this
dataset, however two lines of evidence suggest that alteration may
occur above 890 m. The first is the presence of an anomalously high
Mn/Ca value (> 200 pmol/mol) found in one sample of N. dutertrei.
The second is several unusually high Mg/Ca values (> 7 mmol/mol)
found in both N. dutertrei and G. ruber in the 890 m trap. When con-
verted to temperature using the G. ruber Mg/Ca:temperature equation
of Anand et al. (2003), these Mg/Ca values result in unrealistic near-
surface temperatures reaching 47 °C. Although we do not find a sys-
tematic increase in Mg/Ca with depth or covariation with Mn/Ca in our
samples, the measured values are too high to represent the sea surface
and may indicate additional shell alteration.

4.4. Mn/Ca adsorption in the water column

One of the most widely reported forms of trace element alteration in
the foraminiferal record is the presence of Mn rich carbonate over-
growths associated with high Mg/Ca ratios (Boyle, 1983; Pena et al.,
2008, Pena et al., 2005; Gibson et al., 2016). However, the increasing
Mn/Ca in shells with depth in our study is not accompanied by similar
changes in the Mg/Ca ratios (Fig. 6), and suggests that processes
leading to the alteration of Mn/Ca in the Panama Basin water column
may not impact the Mg/Ca of shells in the same manner as overgrowths
that occur in the sediments. Moreover, while shells recovered from the
3650 m trap appear to show signs of some degradation (Fig. 7), there
were no visible overgrowths akin to those described in sediments (Pena
et al., 2005; Pena et al., 2008) or other sediment traps (Gibson et al.,
2016).

Rather, our observations are consistent with Mn scavenging by
sinking foraminiferal shells. Previous work has shown that Mn ad-
sorption onto large particles, particularly biogenic carbonates, plays an
important role in regional manganese cycling in the Equatorial Pacific
water column (Martin and Knauer, 1983; Martin and Knauer, 1984;
Murray and Leinen, 1993). Martin and Knauer (1984) demonstrate
increasing particulate Mn values with increasing oxygenation below the
oxygen minimum associated with scavenging of dissolved Mn onto
particles (see Fig. 1 in Martin and Knauer, 1984). This is consistent with
our observation of an increase in Mn/Ca occurring below the oxygen
minimum zone (Fig. 2). In addition to the presence of a strong oxygen
minimum zone (Klinkhammer and Bender, 1980; Martin and Knauer,
1984; Nameroff et al., 2002), exposure to high manganese in organic
aggregates (Cowen and Silver, 1984; Hebel et al., 1986; Neretin et al.,
2003), volcanism, and hydrothermal activity such as that associated
with the Galapagos Rift (Klinkhammer et al., 1977; Lea et al., 2005)
could all be additional sources of excess Mn at depth available to
sinking foraminiferal shells. These later sources could increase the
availability of Mn at depths below the oxygen minimum zone, ac-
counting for the continued increase in foraminiferal Mn/Ca below the
lower oxycline between 2590 and 3560 m.

The amount of Mn/Ca adsorbed onto shells is not consistent even
over the short time series available, with especially high Mn/Ca values
observed in April-May at all depths. Murray and Leinen (1993)
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Fig. 6. Crossplots of Mn/Ca and (a) Mg/Ca, (b) Sr/Ca, (c) Ba/Ca, and (d) U/Ca from the 3560 m sediment trap. Only the correlation between Mn/Ca and Ba/Ca is
significant (r = 0.45; p value = .02), but this trend is not maintained within species.

previously observed an imbalance in the Mn/CaCO3 of sediments from
the Equatorial Pacific, which they interpreted as a limitation in the
water column Mn available for scavenging. If so, temporal differences
in the amount of Mn/Ca adsorbed onto fresh foraminiferal shells may
be a reflection of Mn cycling in the water column. Unfortunately,
contemporaneous Mn measurements from the water column do not
exist, and linking geochemical alterations of shells directly to condi-
tions in the water column will require analyses of material from other
deep sediment trap deployments.

Our results further show that thinner walled, lightly calcified spe-
cies are more susceptible to alteration in the water column. In the
Panama Basin, Mn/Ca ratios are not significantly different between
populations of N. dutertrei recovered from different depths, and the
increase in Mn/Ca with depth in G. menardii is smaller than in either of
the more lightly calcified species G. ruber or G. hexagonus (Fig. 4d;
Supplemental Fig. 3). There are two possible reasons for lightly calci-
fied species to be more affected by geochemical alteration. Thinner
shells have a similar surface area exposed to overgrowths, dissolution,
and adsorption, but lower overall calcite volume. Thus surface altera-
tion of the geochemistry of a thin walled species will have a greater
impact on whole shell geochemistry. Compounding this effect are dif-
ferences in sinking rate, with heavier, denser species, spending less time
in the water column (Takahashi, 1984).

High Mn/Ca ratios have previously been reported in foraminifera

from Panama Basin sediments linked to carbonate overgrowths on
shells (e.g., Boyle, 1983; Pena et al., 2005; Pena et al., 2008; Tachikawa
et al., 2013; Umling et al., 2018). While these results suggest that al-
teration during transport is a potentially important source of high Mn/
Ca measured in Panama Basin foraminifera, we reiterate that this is
distinct from the diagenetic processes resulting in high Mn/Ca de-
scribed previously. Mn/Ca ratios from uncleaned planktic foraminifera
from nearby sediment cores frequently show visible carbonate over-
growths, covariation between Mg/Ca and Mn/Ca ratios, and markedly
higher Mn/Ca than the sediment trap specimens measured here, with
benthic foraminifera also showing elevated Mn/Ca (Umling and
Thunell, 2017). For example, a mean Mn/Ca of 520 pmol/mol is re-
ported in the Panama Basin core TR163-20B by Umling et al. (2018),
while uncleaned foraminifera from ODP 1240 are reported to have Mn/
Ca > 580 pmol/mol (Pena et al., 2008). This is a factor of 4 to 5 times
higher than our mean Mn/Ca value of 154 pmol/mol in the 3560 m
trap.

5. Conclusions and implications for proxy interpretation

The results of trace elemental analyses of four species of for-
aminifera from sediment traps at multiple depths in the Panama Basin
provide evidence that post-mortem alteration of foraminiferal calcite is
not confined to the sediment, but can occur rapidly during export
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Fig. 7. SEM images on the shell wall and inner surface of N. dutertrei (a,c) and G. ruber (b,d) from the Panama Basin. Images (a) and (b) are of foraminifera recovered
from the 890 m trap and appear relatively pristine. Images (c) and (d) are typical of shells recovered from the 3560 m trap, showing some pitting but no overgrowths.

Scale bars of 20 um are shown in white for each image.

through the water column. If increases in Mn with depth are due to
adsorption of Mn onto carbonate shells, much of this signal should be
removed by the weak acid leach step included in most ‘cleaning’ pro-
tocols prior to solution ICP-MS analyses of fossil foraminifera (Barker
et al., 2003). As it is already common practice to subject sedimentary
samples of planktic foraminifera to rigorous cleaning, our findings
should not necessarily alter the way in which this type of geochemical
proxy data for near-surface conditions is obtained or interpreted.

Although the mechanisms responsible for alteration of calcite in the
water column and in sediments are likely distinct, it is unclear if or how
trace element alteration occurring within the water column could be
differentiated from that occurring in the sediment in fossil shells. This
may be further complicated if Mn, initially scavenged during transport,
is a driver of Mn availability in the sedimentary microenvironment
where shells undergo further diagenesis. Thus Mn adsorbtion in the
water column may act as an indirect contributor to high Mn in carbo-
nate overgrowths. In fact, as recrystallization occurs more readily in
fresh shells (Chanda et al., 2019), early exposure to elevated Mn in the
immediate microenvironment may make shells more susceptible to in-
corporation of high Mn in recrystallized calcite. Importantly, our
findings show that geochemical alterations of foraminiferal shells, in-
cluding elevated Mn/Ca, are not necessarily indicative of bottom water
conditions alone, and may be influenced by conditions within the
overlying water column, including the availability of Mn in the ambient
environment, and/or within sinking aggregates in which foraminifera
may be entrained.
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