Novel observations on biomineralization processes in foraminifera
and implications for Mg/Ca ratio in the shells
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ABSTRACT

Stable isotopes and trace elements in foraminifera shells are important for determining
the paleochemistry of the ocean, and Mg/Ca ratios and 8180 values in foraminifera have
recently been used to determine simultaneously the temperature and salinity of past
oceans. However, large variations between species and significant Mg intra-shell hetero-
geneity indicate a major role for biological factors in determining the Mg/Ca ratio in
foraminifera. Our novel in vivo observations on the biomineralization process of perforate
foraminifera show that their calcareous wall is composed of two different calcite types. a
thin, high-Mg primary layer, and low-Mg layers that cover the primary layer on both
sides. The data may suggest that two biomineralization pathways are employed in the
formation of the different calcite types. A new conceptual framework is provided to ex-
plain part of the Mg heterogeneity in foraminiferal shells and the variable sensitivity of
the Mg/Ca ratio to temperature in different species.
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INTRODUCTION

Several field and laboratory studies have
shown that Mg/Ca in shells of foraminifera
can faithfully record paleotemperatures of the
oceans (e.g., Nurnberg et al., 1996; Rosenthal
et al., 1997; Leaet a., 1999; Lear et a., 2000;
Toyofuku et al., 2000). When combined with
3180 data, these temperature estimates allow
for the solution of the well-known paleotem-
perature equation (Epstein et al., 1953), from
which 880 of the past ocean and its related
salinity can be combined to reconstruct the
circulation patterns of the oceans in the past.
However, different species have different
overal Mg content at the same temperature
(Blackmon and Todd, 1959) and they aso
show different responses to temperature (Lea,
2003). The distribution of Mg in foraminiferal
shells is inhomogeneous, often with a clear
dichotomy between regions of high and low
Mg content (Erez, 2003; Eggins et a., 2004).
The Mg content may also display temperature-
independent changes during ontogeny, as
shown by Globigerinoides sacculifer (Nurn-
berg et al., 1996). These observations suggest
that the biomineralization process strongly af-
fects the Mg/Ca ratio of foraminifera shells.

The shell wall of most calcareous marine
foraminifera living today is bilamellar, com-
posed of two layers that are deposited with
each newly formed chamber (Reiss, 1957).
Transmission electron microscopy studies sug-
gest that these two lamellae initially form on
both sides of an organic matrix, termed the
primary organic membrane (POM) (Hemleben

et a., 1986). The inner lamella forms the in-
terior of the new chamber, and the outer la-
mella covers the new chamber as well as the
entire previous whorl of chambers. However,
these earlier studies were unable to make in
vivo observations on the cellular processes
during calcification, mainly because of the
masking effect of the existing shell.

EXPERIMENTS AND OBSERVATIONS
We investigated, in vivo, the biominerali-
zation processes in the bilamellar benthic,
symbiont-bearing species Amphistegina |obi-
fera from the Gulf of Eilat, Red Sea. When
live specimens are incubated in acidified sea-
water (pH = 4), their shells partially dissolve,
and within a few days the protoplasm starts
budding to form protoplasmic spheres of var-
ious sizes (Fig. 1A). When these protoplasmic
spheres are transferred to normal seawater,
they transform into amoeboids that remain
alive and functional for several weeks. The
amoeboids contain symbiotic algae, have in-
tensive pseudopodia activity (Fig. 1B), and
precipitate CaCO5 on the substrate (Fig. 1C).
Their endoplasm (which istotally obscured by
the shell in intact foraminifera) frequently
contains numerous small, mineralized, light-
polarizing granules, 0.5-1.0 um in size (Fig.
1C). These cytoplasmic granules, which are
probably membrane bound (Fig. 1D), cycle
with the endoplasm stream, and are readily
soluble in HCI (1 mM, 10 min), NaOCI
(0.05% 10 min), and distilled water. Scanning
electron microscope and electron probe micro-

analysis (EPMA) show that the granules con-
tain bundles of needle-like crystals composed
of Mg, Ca, and P at an approximate ratio of
2:1:3, respectively (Fig. 2A). Similar cyto-
plasmic granules were observed in embryonic,
not yet calcified offspring of A. lobifera dur-
ing its asexual reproduction, and in the cyto-
plasm of adult individuals that were physically
crushed without any chemical treatment.
Amoeboids containing granules were also pre-
pared from other benthic species, i.e., A. les-
soni and Hetetostigina depressa, and the
planktonic species G. sacculifer, G. ruber, and
Orbulina universa. Similar cytoplasmic gran-
ules in crustaceans and mollusks have been
described (Brown, 1982; Simkiss, 1989), and
may be similar to calcium storage organelles
named acidocalcisomes that have been de-
scribed in various protists (Docampo et al.,
1995). It is possible that the cytoplasmic gran-
ules described here provide temporary calci-
um storage sites for the initia stages of
CaCO; precipitation. We observed that only
amoeboids with cytoplasmic granules start to
precipitate CaCO5; spherulites within a few
days after the transfer to normal seawater. Ra-
dioactive labeling experiments (Bentov, 1997)
showed that amoeboids that were incubated
with 4°Ca incorporated appreciable amounts
of the tracer into the cell, probably into the
cytoplasmic granules. During the following
nonradioactive chase incubation, 4°Ca was
transferred from the cellular storage sites (pos-
sibly the granules) to the newly precipitated
CaCOs3. These observations may explain ear-
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Figure 1. Amoeboids produced from Amphistegina lobiferaand their biomineralization prod-
ucts. A: A. lobifera in acidic seawater, showing partial dissolution of calcareous shell and
protoplasm spheres that bud from cell. B: Protoplasm sphere after being transferred to
normal seawater produces reticulate pseudopods and acquires amoeboid shape. Amoe-
boids display two distinct compartments: main central brownish part with symbionts, and
peripheral pseudopodial network. C: Polarized light image of amoeboid with cytoplasmic
granules (gr) and CaCO; deposits (enlarged in inset). There are two types of deposits: high-
Mg microspheres and bone-shaped deposits (ms) with no extinction cross and usually larg-
er, low-Mg spherulites (sp) with extinction cross. D: Light microscopy of cytoplasmic gran-
ules in live cell, showing that each granule is positioned within a vesicle and probably
bound by a membrane. Scale bars: 300 pm (A), 80 pum (B), 100 pm (C), 10 um (D).

a trail of CaCO; deposits, which can be di-
vided into two types (Fig.1C, inset): high-Mg
microspheres <10 um (Fig. 2B) and low-Mg
spherulites (Fig. 2C) that are usualy >10 pm

lier reports of the existence of an internal Ca
pool, serving for cacification in G. sacculifer
(Anderson and Faber, 1984).

The amoeboids often move, leaving behind
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Figure 3. Two types of calcite produced by
amoeboids and in natural Amphisteginalob-
ifera shells. A: MgCO, content (mol %) vs.
size of CaCO; precipitated by amoeboids.
Microspheres (<10 mp) that frequently de-
velop into elongated structures are high-Mg
calcite, while radial spherulites that fre-
quently develop into larger size are low-Mg
calcite. B: X-ray diffraction analysis of pow-
dered A. lobifera shows asymmetry that in-
dicates shell is composed of two phases:
rare phase is high-Mg calcite, while com-
mon phase is low-Mg calcite.

(Fig. 3A). The chemical and morphological
differences between the two calcite types that
were deposited concurrently may suggest that
two calcification mechanisms are involved in
their formation. The relations between the dis-
crete deposits of the amoeboids and the nor-
mal calcification by intact foraminifera were
revealed by further observations of the par-

Figure 2. Scanning electron microscope images of intracellular (A) and extracellular (B, C) biominerals, produced by amoeboids (B
and C after removal of organic matter). A: Cytoplasmic granules isolated from an amoeboid. Granules are made of bundles of
elongated microcrystals composed of P-Mg-Ca in a ratio of 3:2:1. B: Extracellular CaCO, microsphere with highMg content. Similar
microspheres, embedded in organic matrix, form primary wall that defines a newly formed chamber (see Fig. 5). C: Extracellular
CaCO, spherulites with low Mg content. Scale bars: 1 pum (A), 300 nm (B), 10 um (C).
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Figure 4. Chamber formation on glass substrate by Amohistegina lobifera recalcifying
after partial dissolution. A: Scanning electron microscope image of recalcified individual
showing new chamber being constructed on glass substrate. In spite of abnormal foun-
dation, chamber maintains its normal features, such as an ornamented aperture, per-
foration, and typical lobes of A. lobifera. In periphery of new chamber, part of secondary
outer lamella is deposited on glass substrate; note that this part is not perforated. B:
Polarized light image of part of a last chamber and secondary lamella. Secondary crystal
units grow laterally, creating interlocking layer. C: Phase contrast image of chamber
formation at end of first stage of calcification, showing cytoplasm layer that bounds
calcification site and lobes of newly formed chamber, where primary wall already exists.
D: Polarized light image a few hours after the onset of secondary calcification, showing
layer of secondary CaCO, that was deposited around a new chamber and filled gaps
between lobes. Scale bars: 100 um (A, C, D), 20 um (B).

tialy dissolved parent individuals. When these
specimens are transferred to normal seawater,
the exposed intra-shell protoplasm adheres to
the glass and the organism starts to build new
chambers over the glass substrate (Fig. 4). In
intact foraminifera, a new chamber is depos-
ited on top of the older shell, but the recalci-
fying individual may recognize the glass as its

former shell and consequently usesit as a sub-
strate for its new chamber. This false recog-
nition provides a unique opportunity to ob-
serve in detail the biomineralization process
and its cellular microenvironment in vivo.
Our observations on the recalcified fora
minifera show that calcification in these la-
mellar foraminifera is a two-stage process. In

the first stage, the organism deposits numer-
ous high-Mg CaCO5; microspheres (~1-2 pm
in diameter) on both sides of the primary or-
ganic membrane, forming a thin primary wall
with a typical morphologic shape of a normal
chamber, including the embryonic pores (Fig.
5). These microspheres are similar both chem-
ically and morphologically to those observed
in the amoeboids (Fig. 2B). The second stage
of calcification involves the formation of the
bilamellar structure by deposition of the inner
and outer lamellae on both sides of the pri-
mary wall. The outer lamella coats the entire
exposed shell, and in the case of recalcified
specimens expands to the glass (Fig. 4). Dur-
ing this stage, the organism generates a thin
cytoplasmic sheet (Fig. 4C), different from the
typical filamentous pseudopodia, which prob-
ably create a confined space necessary for bi-
ologically controlled calcification. Beneath
this cytoplasmic sheet, the secondary crystal
units grow laterally, creating an interlocked
continuous layer. When the secondary lamella
is deposited over perforated shell, it preserves
the pore structure, but when it is deposited
over the glass, it forms a continuous imper-
forated layer (Figs. 4A, 4B). This may indi-
cate that the formation of perforated second-
ary calcite depends on previous perforation of
the underlying layer.

EPMA analysis of recalcified individuals
shows that their primary wall contains as
much as 12 mol% MgCOs, while the second-
ary layers are made of lower-Mg calcite (to 3
mol% MgCQOy). It is therefore possible that
the high- and low-Mg calcites deposited by
the amoeboids (Fig. 3A) correspond to the pri-
mary and secondary calcite of the normal
wall, respectively. An X-ray diffraction anal-
ysis of powdered whole specimens of A. lob-
ifera suggests that the shell is composed of
two phases (Fig. 3B). The rare phase is high-
Mg calcite that probably represents the pri-
mary walls, while the common phase is low-

Figure 5. Scaning electron microscope images of primary wall of recalcified individual. A: Primary wall showing typical lobes of
chamber margins of Amphistegina lobifera that are constructed on glass substrate. At this stage, wall is composed of high-Mg
microspheres assembled within organic matrix, and it is extremely fragile. Note that pore positions are already defined. B: Detailed
view of primary wall displays globular nature of crystal units that form primary wall. C: Primary wall fragment that retains its organic
matrix (not treated with NaOCI). Organic matrix cements microspheres that form primary wall, while it is yet not self-supporting.
Scale bars: 10 pm (A), 5 pm (B), 3 pm (C).
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Mg calcite representing the secondary layers,
which form the bulk of the calcitic shell.

DISCUSSION

The observations presented here are directly
relevant for understanding the vital effects on
the chemical composition of foraminiferal
shells, particularly with respect to Mg/Ca pa-
leothermometry. These vital effects include
the large interspecies (Blackmon and Todd,
1959) and intra-shell (e.g. Duckworth, 1977)
variability and the deviation of the apparent
distribution coefficients from that of inorganic
calcites and its variable temperature depen-
dence (reviewed in Lea, 2003). This study
demonstrates a temperature-independent vari-
ability of Mg/Ca ratio that is inherent to the
calcification process, and may represent dif-
ferent biomineralization pathways for the two
phases composing the perforate foraminiferal
wall. The high-Mg phase that forms the pri-
mary wall is associated with the POM and
separates the inner and outer lamellae. It is
possible that the high-Mg primary wall may
acquire Ca (and Mg) from the soluble cyto-
plasmic granules, which are enriched in Mg.
The relative proportions of the two different
calcite phases may influence the Mg variabil-
ity within and between species mentioned
here. For example, the low-Mg content of
planktonic foraminifera may be related to the
extremely thin primary wall, afact that led in
the past to the controversy about the very es-
sence of their bilamellar nature (Reiss, 1957;
Reiss and Luz, 1970). This proportion may
change with various environmental factorsand
can also play an important role in determin-
ing the apparent temperature dependency of
the foraminifera Mg/Ca ratio. For example,
temperature-mediated increase in the propor-
tion of the high-Mg primary calcite would in-
crease the slope of the Mg/Ca vs. temperature
and may explain the augmented response of
Mg/Ca ratio to temperature, compared to in-
organic calcite, that was reported for low-Mg
foraminifera (Nurnberg et a., 1996; Rosenthal
et a., 1997).

CONCLUSIONS
This study demonstrates a temperature-
independent variability of Mg/Ca ratio that is

inherent to the biomineralization process of
the chamber walls. However, temperature and
possibly other environmental factors may
change the Mg content within the boundaries
set by this biological framework. A better un-
derstanding of the sublayers that compose the
wall and their biomineralization processes will
help improve our understanding of the Mg/Ca
ratio recorded in foraminiferal calcite and
its use as a reliable and more accurate
pal eothermometer.
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