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Novel biomineralization strategy
in calcareous foraminifera

C. Borrelli®?, G. Panieri?, T. M. Dahl® & K. Neufeld?

This work shows that calcareous benthic foraminifera are capable of agglutinating sedimentary

. particles also. In particular, we focus on Melonis barleeanus. Traditionally considered a calcareous

Accepted: 21 June 2018 . species, our data revealed the presence of minute (~3 pm) sedimentary particles (silicate grains) inside

Published online: 05 July 2018 . the chamber walls of the examined shells. These particles were arranged in a definitive and systematic

. pattern, and the similar grain chemical characterization and size suggested a relatively high degree of

selectivity in both modern and fossil specimens. Based on these results, we propose that M. barleeanus
is capable of agglutinating sedimentary particles during the formation of a new chamber. The analysis
of other calcareous foraminiferal species (e.g., Cassidulina neoteretis, Lobatula lobatula, Nonionella
stella) did not reveal the presence of silicate grains in the shell of the specimens analyzed confirming
this to be a characteristic of M. barleeanus. Considering that the isotopic and chemical composition of
this species is widely used in paleoclimatic and paleoceanographic reconstructions, we used a mixing
model to better constrain the influence of sedimentary particles on M. barleeanus §*20 data. Our model
showed that the calcite *%0 would increase by ~0.9-2%o if 10 wt% of feldspars (i.e., anorthite, albite,
orthoclase) and quartz, respectively, were included in the analyzed shell. Based on these results, we
emphasize that it is of paramount importance to consider M. barleeanus unusual biomineralization
strategy during the interpretation of geological records and to investigate the presence of similar
processes in other calcareous foraminiferal species.
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All foraminifera are characterized by the presence of a shell (defined as “test” in foraminifera) that encloses the
organism and separates it from the surrounding environment!. Such shell can be organic, agglutinated, or made
of minerals precipitated by the foraminifer itself'. Among foraminifera, species that precipitate a shell of calcium
carbonate (i.e., calcite or aragonite; CaCQ;) are of particular importance because of their roles in the global
carbon cycle and in paleoceanographic and paleoclimatic reconstructions®”’. Even so, the mechanisms behind
the foraminiferal shell precipitation process (biomineralization) are not fully understood, yet®®. In fact, there are
many biological controls (overall defined as “vital effects”)'? that contribute to the shell precipitation in foraminif-
era, like the development of a delimited space where formation of a new chamber occurs!*!?, production of
organic sheets'>'?, seawater endocytosis'#!%, the presence of ion transporters®!®, and mitochondrial activity'”.
Considering that calcifying foraminifera are characterized by a variety of ecological and physiological differences,
including the precipitation of a shell that can be calcitic or aragonitic, it is very likely that different species utilize
diverse biomineralization processes to build their shell'®, as suggested by the range of Mg concentrations meas-
ured among foraminiferal species’®.

Calcareous foraminifera are a significant component of the global carbon cycle. For example, planktonic
foraminiferal shells contribute to ~32-80% (0.36-0.88 Gt CaCO; yr™!) of the calcite budget in deep oceanic
settings?, whereas benthic foraminifera represent ~5% (0.03 Gt CaCOj; yr ) of the accumulated CaCOj; in global
reef sediments®. Even if biomineralization represents a sink for carbon, it is also a potential source of CO, to the
ocean-atmosphere system?’, according to the simplified reaction:

Ca>" 4 2HCO; = CaCO; + CO, + H,0

In calcareous foraminifera, the growth rate is influenced by the pH of the surrounding waters'®. Therefore,
the current increase in atmospheric CO, concentration, and the consequent ocean acidification, is expected to
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Core Sampling device | Area Water depth (m) | Coordinates

CAGE 15-2880B | Multicorer Western Svalbard, Arctic Ocean 889 78°41'26.9400”N; 8°14/30.0000"E
CAGE 15-2 893B Multicorer ‘Western Svalbard, Arctic Ocean 1203 79°00'11.2799"N; 6°55/26.4359"E
HH13 000 BC Boxcorer Western Svalbard, Arctic Ocean 1207 78°58'49.9864"N; 7°03/44.3383"E
PCo6 Pistoncorer Western Svalbard, Arctic Ocean 374 78°36/39.6000”N; 9°25/31.8000"E

Monte Narbone Formation (Southern

FR 320 Hammer Sicily, Italy)

N/a 37°17'46.76"N; 13°27'15.63"E

VIB 10 Vibracorer Gulf of Termini (Northern Sicily, Italy)

—

27 38°03'57.729"N; 13°39/57.8998"E

Table 1. Summary of the cores used in this study. “N/a” = not applicable.

impact foraminiferal biomineralization in a way that it is difficult to predict®!. In addition, in seawater CaCO5
precipitation and dissolution are influenced by the saturation state of CaCOj; (2), which is function of [Ca**],
[CO5*7], and the CaCO; stoichiometric solubility product at in situ temperature, pressure, and salinity. Thus, also
changes in Q) can impact foraminiferal shell precipitation?. Finally, several studies demonstrated the influence of
additional environmental parameters, like temperature, salinity, food, pollution among others, on foraminiferal
biomineralization processes and shell morphology®*-%.

Considering the contribution of calcareous foraminifera to the global carbon cycle and their importance as
geological archives?, it is fundamental to explore the possibly species-specific biomineralization processes in these
organisms. Vital effects, ecological preferences (e.g., habitat), and environmental parameters (e.g., temperature,
pH) can all influence the chemical and isotopic composition of foraminiferal shells, causing some deviations from
the expected isotopic and chemical equilibrium fractionations as defined by laboratory experiments involving
the inorganic precipitation of CaCO,*182%, Interestingly, previous studies reported the presence of sedimentary
grains within the calcareous shell of some benthic and planktonic foraminifera?’-%°. This aspect has to be con-
sidered and further investigated, at least in those species used to reconstruct changes in ocean circulation and
climate through geological time. In fact, data collected using calcareous foraminiferal shells containing exogenous
grains might be biased by the isotopic and chemical composition of such grains if their presence is unrecognized
or unknown. This risk was already demonstrated for planktonic foraminifera, where the presence of silicate grains
contaminated the Li isotope measurement conducted using an ion probe®.

In this study, we focus on Melonis barleeanus, a paleoceanographically-relevant calcareous benthic foraminif-
eral species’. In particular, we present a unique and vast microscopy and spectroscopy dataset collected analysing
modern and fossil samples from the Arctic Ocean and Mediterranean Sea. Our data show that M. barleeanus, a
calcareous species, is also capable of agglutinating sedimentary particles within its calcareous shell.

Results

Scanning electron microscopy (SEM) analysis of benthic foraminiferal species. We analysed 51
specimens from nine samples collected at different locations and time intervals (Tables 1 and 2; see Methods).
Of the specimens examined, 61% showed the presence of minute sedimentary particles inside the chamber wall
of the shell (Table 2; Figs 1 and 2). All the specimens with this feature (31 out of 51) belong to Melonis bar-
leeanus (Williamson, 1858)* (Figs 1a,b and 2a,b). None of the other species analysed (e.g., Cassidulina neoteretis,
Lobatula lobatula, Nonionella stella) revealed a similar shell structure (Table 2).

Regardless of the sample origin (Arctic Ocean vs. Mediterranean Sea - Sicily) or age (modern vs. fossil), our
data revealed that M. barleeanus was characterized by the presence of sedimentary particles within its calcite
shell, although this was not a universal feature of this species. In fact, 24% of the M. barleeanus considered in
this study did not have any grain embedded in their shell (Fig. 2b). When present, the spatial distribution of the
sedimentary particles appeared to be well-organized and not random. More specifically, we found the grains to be
arranged linearly, very often within the wall between two chambers (Figs 1b,c and 2a; Supplementary Table S1),
in all the specimens analysed. These stretches of particles were between a few pm and several tens of pm long
(Supplementary Table S2). The calcite layer on both sides of the grain stretches was found to be of variable thick-
ness (Supplementary Table S2), even if this could be a consequence of the sample cross-section preparation. Some
of the shell examined (19%) was characterized also by the presence of several particles organized as a group of
a few tens of pm across. This group of grains was usually located at the base of one or more chambers (Fig. 2¢;
Supplementary Tables S1 and S2). In general, the silicate grains were disposed very close to each other regardless
of their spatial organization (linear stretch vs. group; Figs 1b,c and 2a,c). Less frequently, grains were separated
by a gap of ~1 to 10 pm (Supplementary Table S2). We noted that in a few cases some grains were arranged
close to pores, which were generally visible only on the exterior of the shell and rarely within the chamber wall
(Supplementary Table S2), although this might be the result of the type of section prepared (cross-section).
Laminated calcite (secondary calcite)® was identified on the edge of the shell of a few specimens (Supplementary
Table S2).

In order to test for the possibility that the silicate grains observed in many of the M. barleeanus specimens
examined could derive from the protocol used to prepare the foraminiferal samples prior analysis (i.e., polish-
ing with Al,O, powder and colloidal silica), several M. barleeanus specimens were analysed after the shell was
mechanically fractured, but not embedded in epoxy and polished. Also in this case, the presence of silicate grains
was recognized, confirming that the results of this study were not biased by the sample preparation protocol used.
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# shells with
Sample ID Sample type | Species analyzed | # analyzed shells | sedimentary particles
CAGE 15-2 880B 0-1cm Modern M. barleeanus 5(5) 5
CAGE 15-2 880B 1-2cm Modern M. barleeanus 4(3) 3
CAGE 15-2880B 1-2cm Modern Multiple species” | 10 (0) 0
CAGE 15-2 893B 0-1cm Modern M. barleeanus 7(7) 7
CAGE 15-2 893B 1-2cm Modern M. barleeanus 9(9) 9
HH13 000 BC 1-2cm Modern M. barleeanus 2(0) 2
PC06 5 34-35cm Fossil M. barleeanus 1(0) 1
FR 320 Fossil M. barleeanus 5(0) 1
VIB 10 138 cm 72-74 cmbsf | Fossil M. barleeanus 8(0) 3

Table 2. Summary of the samples analyzed in this study. The numbers among parentheses indicate the
number of rose Bengal stained specimens examined. Cmbsf=cm below the sea floor. *Eilohedra nipponica
(Kuwano, 1962; 3 specimens), Cibicidoides sp. (Thalmann, 1939; 1 specimen), Nonionella stella (Cushman
and Moyer, 1930; 1 specimen), Lobatula lobatula (Walker and Jacob, 1798; 1 specimen), Cassidulina neoteretis
(Seidenkrantz, 1995; 3 specimens), and Cassidulina reniforme (Neorvang, 1945; 1 specimen).

Energy-dispersive X-ray spectroscopy (EDS) and electron backscattered diffraction (EBSD) anal-
yses of silicate grains.  Three hundred grains were analysed for size (see Methods). A high degree of variability
was noted in the size of the grain incorporated in the shells, which ranged from 0.8 um to 10.2 um (average =2.8 um,
SD =1.4um) (Supplementary Table S3). Based on the visible portion of the grains, the layer containing sedimentary
particles was at least 1-5um thick (Figs 1c and 2d). In general, particles were organized as a linear stretch and/or
group regardless of size (Supplementary Tables S1-S3). No significant relationship was found between the grain size
and the foraminiferal size neither in modern nor in fossil samples, independently from their geographic origin. Of
the grains analysed for size, we examined 273 of them through energy-dispersive X-ray spectroscopy (EDS) (see
Methods; Supplementary Table S3). Based on the semi-quantitative EDS chemical characterization (see Methods),
we classified the particles analysed as quartz-like (grains composed of O and Si; Figs. 1d-g), which represented 49%
of the particles examined (Supplementary Table S3), and feldspar-like (grains composed of O, Si, and Al and/or Ca
and/or Na; Figs. 1d-g), which represented 29% of the particles analysed (Supplementary Table S3). This classification
was confirmed by electron backscattered diffraction (EBSD) of selected grains (see Methods; Fig. 1h; Supplementary
Fig. S1). Finally, 22% of the examined particles was not classified at all because the low spatial resolution of the EDS
maps prevented unambiguous characterization of the grain chemical makeup.

Foraminifera from the Mediterranean Sea were mostly characterized by quartz-like particles compared to
feldspar-like ones (55% vs. 13%, respectively; number of grains analysed = 53, of which 32% could not be une-
quivocally classified) (Supplementary Table S3). This finding applied to the samples from the Arctic Ocean, as
well even if the difference in the grain distribution was smaller (47% quartz-like particles vs. 33% feldspar-like
ones; number of grains analysed = 220, of which 20% could not be unequivocally classified) (Supplementary
Table S3). It is possible that this diversity in grain distribution is a consequence of the different number of M.
barleeanus specimens from the Mediterranean Sea vs. Arctic Ocean available for analysis (Table 2).

Discussion

Melonis barleeanus is an infaunal species widely used in paleoceanographic studies”**2. Traditionally considered
a calcareous species®, our data indicate that M. barleeanus is also characterized by the presence of silicate grains
within its shell. Even if, to our knowledge, one extant foraminiferal order is capable of secreting opaline silica
(i.e., Silicoloculinida)®*, we do not think that the silicate grains found within many of the M. barleeanus examined
were precipitated by the foraminifer itself. In fact, the particles observed vary in their chemical makeup, size, and
shape, thus making it highly unlikely that a single foraminiferal species could have been able to precipitate such a
variety of grains. Instead, we think that it is more likely that the grains originated from the specimens’ surround-
ings and were agglutinated by the organism. Analysis of the sediment fraction <63 pum of a sample collected close
to the foraminiferal sampling sites in the Arctic Ocean revealed the presence of quartz, feldspars, clay minerals,
and mica, supporting this hypothesis. This hypothesis was also supported by the finding of a diatom frustule
within the shell of one of the specimens investigated (Fig. 2e).

The systematic spatial arrangement of the grains within the shell of both modern and fossil foraminifera
(Figs 1b,c and 2a,c) indicates that the presence of sedimentary particles in M. barleeanus is not a simple case
of contamination or diagenesis. The presence of sedimentary particles within the shell of rotaliid species was
already reported in a few benthic foraminiferal genera (i.e., Cibicides and Stomatorbina)?”*8. In these foraminif-
era, grains were arranged as an almost continuous layer within the septal wall (Cibicides)?” or were contained
within the aragonite material of the inner primary wall (Stomatorbina)?, a spatial distribution similar to the
one we observed in M. barleeanus. Sedimentary particles were also reported for planktonic foraminifera (e.g.,
Globigerinoides)®. Even if a clear explanation for the presence of agglutinated grains in benthic foraminifera was
not provided, it was proposed that the particles were not secreted by the foraminifer and were not contaminants®,
a suggestion that agrees with our findings. In planktonic foraminifera, the presence of alumino-silicate grains
within the shells analysed was explained as the consequence of calcite precipitation from seawater vacuoles con-
taining small silicate grains®.
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Figure 1. Distribution, chemical, and mineralogical characterization of sedimentary particles within the
calcite shell of Melonis barleeanus. Micrograph (a) of the benthic foraminifer M. barleeanus (CAGE 15-2 893B
0-1cm). White square indicates the backscatter electron (BSE) image from cross sections (b) where minute
(~3pm) sedimentary particles appear to be well organized inside the chamber wall of the foraminiferal shell.
The secondary electron images show the grains (c) and their chemical characterization (d) presented as point
analyses (e-g with relative spectra) and as compositional map (yellow indicates calcium, Ca; pink indicates
silicon, Si; green indicates aluminum, Al; blue indicates sodium, Na). The electron backscattered diffraction
image (h) is an overlaid image of backscatter electron image and forescatter electron image showing the phase
identification via point analysis (colored crosses). Scale bars are 10 pm.

In foraminifera, seawater vacuolization®>? is one of the processes involved in the formation of a new cham-

ber. Even if this process was invoked to explain the presence of minute particles within the shell of planktonic
species?, we do not think that seawater vacuolization is a satisfactory explanation of our results. In fact, our
data showed that not all the M. barleeanus analysed were characterized by the presence of sedimentary particles.
In addition, the investigation of additional specimens belonging to both epifaunal (e.g., Lobatula lobatula) and
shallow infaunal (e.g., Cassidulina neoteretis) species did not reveal the presence of silicate grains within the shells
examined (Table 2). If seawater vacuoles containing small sedimentary particles were responsible for our observa-
tions, then we would have expected silicate grains in all the specimens analysed, or at least in all the infaunal ones.
Experiments involving Ammonia tepida demonstrated that vacuolized seawater was used as a source of Ca** and
inorganic carbon involved in the calcification process of this species, but that seawater was not directly released
at the extracellular calcification site'®. Although it is uncertain if and to what extent the mineralization processes
observed in one foraminiferal species can be applied to another one'*, we think that seawater vacuoles might not
be directly released at the calcification site in M. barleeanus, as well. In this context, seawater endocytosis cannot
explain the presence (or absence) of sedimentary particle within the shell of this species. Additional studies,
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Figure 2. Sedimentary particle distribution within the calcite shell of Melonis barleeanus. (a,b) Backscatter
electron image (BSE) of M. barleeanus specimens characterized by the presence (a) and absence (b) of
sedimentary grains within the shell. In specimen (a) particles are linearly distributed within the wall between
two chambers. (¢) Cross-section of a shell containing several particles organized as groups (arrows) at the base
of two chambers. (d) Minute sedimentary grain embedded in the shell calcite. (e) Broken diatom found within
the shell of one M. barleeanus specimen. Scale bars are as follows: (a—c) 10 pum, (d,e) 1 pm.

possibly involving culture experiments, are necessary to better constrain the role of seawater vacuoles during the
chamber formation in M. barleeanus.

The presence of silicate grains within the shell of M. barleeanus might be explained by the accidental incor-
poration of foreign particles (e.g., detritus, sediment, algal cells, sponge spicules) forming a secondary shell (i.e.,
feeding cyst) surrounding the foraminifer’s original shell***”. Laboratory observations showed that M. barleeanus
was mostly free of a secondary shell when in the sediment®. However, one of the specimens analysed revealed
the presence of a diatom among the particles incorporated (Fig. 2e), supporting the hypothesis that this species
might incorporate some grains/detritus forming the secondary shell during the formation of a new chamber.
Unfortunately, the data available do not allow us to draw a firm conclusion about this hypothesis. As an alterna-
tive, incorporation of sedimentary particles might occur also during the formation of a “delimited space” prior
chamber formation®. In this case, it is possible that silicate grains surrounding the calcifying foraminifer might
interact with the organic layer that defines the shape of the new chamber and that promotes crystal nucleation.
According to this scenario, sedimentary particle simply adhere to the organic template and are incorporated dur-
ing precipitation of the chamber wall. Even if this is a reasonable explanation of our data, we think that it is still an
unsatisfactory one. In fact, the formation of a space that isolates the foraminifer from the surrounding environ-
ment is a common step during biomineralization process in perforate foraminifera®. Even so, we do not observe
the presence of silicate grains in all the M. barleeanus specimens analysed and in the other perforate foraminiferal
species included in this study (Table 2).

Our data showed that M. barleeanus preferred particles with a size comprised between 0.8 and 10.2 um and
with a quartz-like mineralogy (Supplementary Table S3). It is possible that the mineralogy of the sedimentary
particles incorporated by this foraminiferal species reflect the diverse sediment composition at the Mediterranean
Sea vs. Arctic Ocean sampling sites. However, considering that in the Arctic Ocean sediment analysed as part of
this study the quartz content varied between 30 and 40% (vs. 47% as measured in the M. barleeanus specimens
from the Arctic Ocean), we think that this species has a distinct preference for quartz-like sedimentary parti-
cles compared to feldspar-like ones (Supplementary Table S3). At this stage, we cannot draw a firm conclusion
about the reason(s) of this preference, but we note that selectivity towards a particular mineralogy was demon-
strated already for several species of agglutinated foraminifera®®* and it was proposed for the miliolid species
Rudoloculina hooperi*’, as well. Based on our results and noting that the silicate grains are mostly associated with
M. barleeanus primary calcite®, we propose that this species agglutinates sedimentary particles prior the forma-
tion of a new chamber.

If agglutination prior calcite precipitation is a strategy to promote calcite precipitation and/or to increase
the test strength is unclear at this stage. Crystal nucleation on a pre-existing surface (heterogeneous nucleation)
is energetically more advantageous compared to homogeneous crystal nucleation*'; however, in foraminifera,
the organic matrix (or primary organic sheet) represents the nucleation site for the first CaCOj crystals®. Based
on the compatibility of the calcite and quartz crystal lattices, it is unclear if precipitation of calcite on a quartz
surface is possible*? or not*’, but laboratory experiments showed that the presence of quartz seeds induced cal-
cium carbonate nucleation in the bulk solution in unstable supersaturated solutions (domain of spontaneous
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precipitation)*?. Considering the location of the sedimentary particles within M. barleeanus (mostly within the
chamber wall), we think that it is more likely that silicate grains were incorporated to enhance the shell mechan-
ical strength. Increased mechanical strength through agglutination was already hypothesized for some aggluti-
nated foraminifera*.

Many conditions can affect shell precipitation in foraminifera, like pH, temperature, salinity, food, pollution,
and environmental energy among others?'~2°. We note that nearby Arctic sites CAGE 15-2 880B and CAGE 15-2
893B (~900m and 1200 m water depth, respectively), hereafter referred to as Core 880B MC and Core 893B MC,
the temperature was 0.69 °C and 0.77 °C, salinity was 34.89%o and 34.86%o, and pH ranged from 8.021 to 8.257.
According to these data, we do not think that environmental conditions at the sampling sites represented an
impediment to foraminiferal biomineralization.

The genes involved in the foraminiferal biomineralization processes are still unknown. Therefore, we can only
speculate that the (facultative) agglutinated strategy adopted by some M. barleeanus specimens might be genet-
ically controlled. The analysis of the complete small subunit ribosomal RNA gene (SSU rDNA) demonstrated
that rotaliids and textulariids (Trochammina sp. and Eggerelloides scabrum) were closely related*. Therefore, it
might be possible that some of the genes involved in the shell formation of agglutinated (textulariid) species
might still be present in the genome of rotaliid species and that the expression of these genes might be triggered
by conditions that remain uncertain at the moment. Interestingly, it was proposed that environmental conditions
could have influenced the biomineralization pathway of the genus Miliammina®. A genetically controlled agglu-
tinating biomineralization strategy can definitely explain why M. barleeanus, but also Cibicides floridanus®” and
Stomatorbina®®, are characterized by the presence of agglutinated particles within their shell.

Foraminifera are an important component of the global carbon cycle because of their role in the oceanic food
webs*” and calcium carbonate precipitation®!®. Therefore, the effect that ocean acidification will have on this
group of organisms is of a great interest. Published studies involving culture experiments and the investigation of
natural samples®! showed that different foraminiferal species respond differently (from decalcification to higher
calcification rates)?! to decreasing ocean pH values. In this context, the biomineralization strategy adopted by
M. barleeanus provides a new insight regarding the strategies adopted by these unicellular organisms to build
their shells. Published studies identified the presence of sedimentary particles within the shell of other calcareous
foraminiferal species?’~%, suggesting that agglutination prior (or during) calcification might not be a character-
istic of M. barleeanus specimens only, even if it is possible that the presence of sedimentary particles within the
shell of different calcareous foraminifera is a consequence of species-specific calcification pathways (see also®).

M. barleeanus is an important benthic species that is often used in paleoclimatic and paleoceanographic
reconstructions”** In the light of the results of this study, we think that it is of fundamental importance to con-
sider the M. barleeanus biomineralization strategy during the interpretation of geological records. Contamination
of isotopic (or chemical) measurements due to the presence of silicate grains is a likely possibility, in particular
when the presence of exogenous grains is not identified prior in-situ analysis (e.g., electron probe, ion probe, laser
ablation). This risk was already demonstrated for Li isotope measurements conducted on planktonic foraminifera
with an ion probe®. In this study, we used a mixing model to investigate the influence of sedimentary particles on
8180 data collected using M. barleeanus “contaminated” by the presence of silicate grains (Supplementary Fig. S2).
Our calculations showed that the §'®0 of a hypothetical pure calcite end-member would increase by ~0.9-2%o
if 10wt% of feldspars (i.e., anorthite, albite, orthoclase) and quartz, respectively, were included in the analyzed
calcite (Supplementary Fig. S2). The analytical (vs. theoretical) quantification of the influence of sedimentary
particles on the isotopic data collected using “contaminated” M. barleeanus is going to be the focus of a follow-up
study.

Future microscopy and spectroscopy studies using other benthic and planktonic foraminiferal species will
be critical to gain a better insight about how frequently sedimentary particles can be found within the shell
of paleoceanographically relevant foraminiferal species. In addition, culture-based experiments and molecular
studies will help to better understand if the presence of silicate grains within the shell of benthic and plank-
tonic foraminifera is a genetically-driven mechanism and what are the conditions that can trigger such unusual
biomineralization strategy.

Methods

Foraminiferal sample preparation and data collection. Samples locations are listed in Table 1.
Modern samples (Table 2) were preserved in a solution of deionized water and rose Bengal and stored at 4 °C.
Samples were not sieved and the picking was performed directly on the wet sediment. Fossil samples (Table 2)
were oven-dried first and then wet sieved at 63 um. The residual fraction was oven-dried again prior foraminiferal
picking. None of the foraminiferal specimens analysed for this study showed signs of dissolution.

Modern (recently dead and rose Bengal stained) and fossil foraminifera (Table 2) were treated following the
same published protocol®. First, foraminifera were ultrasonically cleaned for a few seconds, so to remove any
residual clays prior analysis. Organic matter was then removed as follows: (1) 2 rinses with ultrapure H,O; (2) 3
oxidative steps with hot buffered hydrogen peroxide (1:1 0.1 N extra pure NaOH, Acros Organics, and 30% low
trace metals H,O,, Veritas) held at 70 °C for 30 minutes each step; (3) 5 rinses with ultrapure H,O. Finally, sam-
ples were leached 2 times with 0.001 N trace metal grade HNO; (Fisher Scientific) followed by 2 final rinses in
ultrapure H,0*. At the end of the procedure, several foraminifera showed few rose Bengal stained spots. Because
of this, an additional oxidative step was performed, followed by 5 rinses with ultrapure H,O.

Samples were mounted in epoxy (EpoxyCure®, Buehler), and let dry overnight at room temperature. The
epoxy mount was polished using 800 and 1200 grit silicon carbide papers (Buehler) and 1 pum Al,O; powder
(Mark V Laboratories) to expose the internal structure of each foraminiferal shell. In addition, several M. bar-
leeanus specimens were mechanically broken on the longitudinal plane. Without any prior treatment, shell frag-
ments were first inspected with a scanning electron microscope (SEM) Hitachi Tabletop Microscope TM-3000
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(The Arctic University of Norway in Tromse, Tromse, Norway). Then, the fragments were carbon-coated and
analysed with a SEM Zeiss Merlin VP Compact (The Arctic University of Norway in Tromse, Tromse, Norway).

For preparation of sample PC06 5 34-35 cm see™.

Scanning electron microscopy and energy-dispersive X-ray spectroscopy (EDS) were performed at The
Arctic University of Norway in Tromse (Tromse, Norway) using an SEM Hitachi Tabletop Microscope TM-3000
equipped with a Bruker Quantax 70 EDS Detector. Measurements of several parameters (e.g., grain size, grain
stretch length, thickness of calcite layer on both sides of the particle stretch; Supplementary Tables S2 and S3)
were conducted analysing SEM pictures with the software ImageJ*’. Prior measurement of the selected param-
eter(s), a scale was set using the scale bar associated with every picture analysed and the possibility to distin-
guish grain boundary was carefully evaluated. Reported grain size refers to the particle maximum diameter
(Supplementary Table S3).

EDS chemical maps were generated for every M. barleeanus specimen characterized by the presence of sedi-
mentary particles. These maps were visually inspected for qualitative analyses of element distribution within the
studied material and phase identification. To distinguish the foraminiferal calcite from the sedimentary particles,
we focused on the presence of aluminium (Al), calcium (Ca), oxygen (O), silicon (Si), and sodium (Na) in the
material analysed. Data are reported in Supplementary Table S3 and were used in the calculations regarding
grain distribution. Quartz-like grains were distinguished based on the presence of O and Si in the particles.
Feldspar-like grains were identified based on the presence of O, Si, and Al and/or Ca and/or Na. Selected M.
barleeanus specimens from Core 880B MC and Core 893B MC were also analysed with a SEM Zeiss Merlin VP
Compact equipped with an EDS x-max 80 system by Oxford instruments, combined with the analytical software
AZtec (The Arctic University of Norway in Tromseg, Tromsg, Norway). These samples were gold-coated prior
analysis. These EDS data for chemical characterization are presented as point analyses and as a compositional
map in Fig. 1. A list of the EDS conditions used in this study is given in Supplementary Table S4.

Phase identification via point analysis was conducted by electron backscattered diffraction (EBSD) using the
SEM Zeiss Merlin VP Compact (The Arctic University of Norway in Tromse, Tromse, Norway) equipped with
a NordlysNano EBSD detector from Oxford instruments. The AZtec software was used for data acquisition and
processing into an EBSD point map. The electron image used for the EBSD point map is a layered image from
backscatter and forescatter imaging. For EBSD analysis, the manually polished epoxy mount was chemically
polished with a colloidal silica solution (OP-U, Struers) as the detector takes its signal from the uppermost 50 nm
of the sample surface. The sample was tilted to an angle of 70°. A list including the EBSD conditions used in this
study and the detected phases is given in the Supplementary Table S4.

Sediment sample analysis. A sediment sample from the Arctic Ocean was analysed to characterize the
average mineralogical composition of the sediment in the area where Cores 880B MC and 893B MC were col-
lected. In order to do so, the sediment fraction <63 um was dried, mounted on carbon tape, and carbon-coated.
EDS analysis of the sample were conducted using a SEM Zeiss Merlin VP Compact equipped with an EDS x-max
80 system by Oxford instruments, combined with the analytical software AZtec (The Arctic University of Norway
in Tromse, Tromse, Norway).

Environmental conditions at Core 880B MC and Core 893B MC.  To further investigate the possibility
of a relationship between the presence of sedimentary particles within the shell of M. barleeanus and the environ-
ment in which the foraminifera calcified their shell, we collected several environmental parameters in proximity
of Core 880B MC and Core 893B MC. These two sites were chosen because of the availability of environmental
data and “living” (rose Bengal stained) M. barleeanus specimens for analysis (Table 2).

In proximity of Core 880B MC and Core 893B MC, temperature and salinity were measured with a CTD
(Conductivity Temperature Depth) SBE 9 plus sensor, whereas pH was measured with a SBE25plus 1049. Close
to the seafloor, temperature was 0.69 °C and 0.77 °C and salinity was 34.89%o and 34.86%o for locations near sites
Core 880B MC and Core 893B MC, respectively. pH data were available from nearby stations and ranged from
8.021 to 8.257.

All data generated or analysed during this study are included in this published article (and its Supplementary
Information files).
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