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Abstract: Proxy archives based on marine calcifying organisms and their element and isotope sig-
natures represent valuable tools in the reconstruction of past climates. Despite the fact that the
underlying biomineralization processes behind the measured signatures are poorly understood, these
tools work remarkably well. However, even though they work well many researchers felt the need
to decipher the “black box” and understand the processes leading to the measured signatures. In
this paper we assess how far we have come in understanding the biomineralization processes under-
pinning proxy signatures derived from marine calcifying organisms and how this understanding
improved the way we use these proxy archives today. Biomineralization in the context of proxy
research is an interdisciplinary field and cross-discipline communication can be challenging due to a
lack of background in foreign disciplines. This often leads to misunderstanding and over- (or under-)
estimation of certain concepts/methods/data. We, therefore, present a concise introduction to the
topic, clarifying key concepts and their applicability to proxy interpretation.
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1. Introduction

In 1951 Urey and co-workers [1] demonstrated for the first time that the temperature
of past environments can be reconstructed from a chemical signature (oxygen isotopes)
measured in calcareous structures formed by an organism (a belemnite, the hard part
formed by an extinct species which is related to the modern squid). This pioneering work
laid the foundation for a field we know today as proxy research. The advances in analytical
instrumentation and the growing interest in understanding how our climate changes
through time fostered the exploration of several other proxy archives (the material that is
analyzed) and proxy signatures (the elemental or isotopic signature which is measured and
related to an environmental parameter). In this paper we will focus on those proxy archives
that are formed by calcifying marine organisms such as foraminifera, coccolithophores,
corals, and mollusks.

Early on, researchers tried to understand the processes which determine the mea-
sured geochemical signatures of the measured proxy archives. Since it was clear from
the beginning that not only inorganic processes but also physiological ones are involved
in the formation of a biogenic mineral, Urey and co-workers coined the term “vital ef-
fects” [1]. For a long time, these vital effects have been used as a black box that has been
held responsible for the difference in chemical signature between a mineral formed under
purely inorganic conditions and the ones produced by an organism. Nevertheless, for
a long period measured values have been explained mainly by the thermodynamic and
kinetic processes known from crystal growth experiments. This slowly changed when it
was realized that biogenic minerals are generally not pure crystals but complex composite
materials containing organic and inorganic components [2]. From here on we will use

Minerals 2023, 13, 561. https://doi.org/10.3390/min13040561 https://www.mdpi.com/journal/minerals

https://doi.org/10.3390/min13040561
https://doi.org/10.3390/min13040561
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://doi.org/10.3390/min13040561
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min13040561?type=check_update&version=1


Minerals 2023, 13, 561 2 of 12

the term biomineral for these calcified structures formed by an organism. Process-based
biomineralization models developed in the context of proxy research started to combine
physiological and inorganic mechanisms to understand the formation of biominerals and
the measured proxy signatures.

Biomineralization research is a good example of the challenges interdisciplinary re-
search is confronted with. On the one hand, it is obvious that processes from two completely
different fields of research are involved (in this case biology and mineralogy/geochemistry);
on the other hand, the view of a process is often dominated by the background of the re-
searcher involved, oversimplifying aspects of the other fields. Put bluntly, biologists tend
to see biomineralization as mainly biology with some geochemistry and geoscientists see
it as mainly geochemistry with some biology. In the view of the authors, one being a
mineralogist, the other a cell biologist, working together on this topic for many years,
much misunderstanding in the field often originates from such unbalanced understanding
of fundamental concepts. For example, the fundamental terms intra- and extracellular,
absolutely central to understanding any process-based biomineralization model, are often
fuzzy or meaningless to geochemists. Discussions with many colleagues working in the
field showed that everybody has a more or less good “feeling” of the functioning of the
processes applied but often crucial aspects are missing.

The aim of this paper is, therefore, not to present a review on biomineralization models
or to judge them but to clarify fundamental concepts of cell biology and crystal growth
that are often misunderstood when one’s own background is in a different field of research.
In addition, we will analyze if and how process-based biomineralization models changed
how proxy archives are used.

2. Background

The aim of this chapter is to explain briefly the fundamental definitions and concepts
of cell biology needed in the context of process-based biomineralization models which
are used to explain proxy signatures of calcifying organisms. These are basic concepts
every biology student learns early on but are often enigmatic to readers from other fields
of research. In the second part, the same will be carried out with general concepts of the
field of crystal growth and element incorporation. In the next section, we will present the
central feature of process-based biomineralization models that result from the combination
of fundamental cell biological mechanisms with the ones known from crystal growth. Our
aim is not to explain the biomineralization process for a certain species but rather to explain
the absolutely fundamental processes that are valid for various calcifiers ranging from
unicellular organisms such as foraminifera and coccolithophores to multicellular organisms
such as mollusks and corals.

2.1. Fundamentals of Cell Biology

Every cell’s interior is separated from the environment by the plasma membrane.
Everything inside the plasma membrane is called “intracellular”, everything outside “ex-
tracellular”. The “protoplast” refers to all intracellular material plus the plasma membrane.
The protoplast is often equated with the cell. However, in technical terms the “cell” includes
both the protoplast and the so-called extracellular matrix. It is easiest to understand this
by example. Some unicellular organisms such as coccolithophores and most foraminifera
surround themselves with a calcitic shell. This shell (for foraminifera called test and cocco-
sphere in the case of coccolithophores) is part of the cell. Precisely, it is the extracellular
part of the cell, the extracellular matrix (see also Figure 1A).
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Figure 1. (A) Sketch of a cell and its basic compartments. Note that the extracellular matrix is part
of the cell. However, the term “intracellular” only refers to parts of the cell that are located inside
the plasma membrane. (B) Sketch of a coccolithophore cell. The coccolith vesicle is a specialized
intracellular compartment producing the coccoliths. The extracellular matrix of coccolithophores
is called coccosphere. (C) Sketch of a foraminifera cell. The delimited biomineralization space
(DBS) is a specialized extracellular compartment that produces the test chambers. The extracellular
matrix of foraminifera is called test (or shell). It should be noted that extracellular and intracellular
calcification both occur within the cell, but intracellular calcification takes place in a compartment
inside the plasma membrane and extracellular calcification takes place in a compartment outside the
plasma membrane.

The protoplast of eukaryotic cells (cells with a nucleus) features a basic aqueous so-
lution which performs many biochemical and structural tasks, the so-called cytosol (or
cytoplasm). In addition to this central compartment there are numerous other compart-
ments located inside the cytosol, each of which are surrounded by a membrane (collectively
these membranes are termed endomembranes). Different membranes are similar in that
they consist of a lipid bilayer with proteins. Both the particular lipids and the proteins vary
and membranes of different compartments are characterized by their specific lipid/protein
composition. The membranes function as both a barrier and a gateway for substances that
travel into/out of the cell and between compartments within the cell. Membranes allow
selective transport, which is central to any form of life. Different cellular tasks require dif-
ferent sub-cellular chemical environments created by selective transport. The precipitation
of a biomineral is a highly specialized task requiring its own compartment to guarantee
chemical and morphogenetic control. In shell-building calcifiers, this compartment can
be extracellular or intracellular. In both cases, the necessary building blocks, i.e., calcium
and carbonate ions, have to be transported. This transport can take three routes: (1) Trans-
membrane transport mediated by either ion channels or transporters. (2) Vesicle transport.
(3) Direct seawater transport; either by diffusion or pressure-driven mass flow. Note that
direct seawater transport is only possible in extracellular calcifiers because in intracellular
calcifiers at least one membrane has to be crossed.
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2.2. Fundamentals of Element Incorporation during Mineral Formation

Numerous studies (mostly using precipitation experiments) have been performed to
quantify the incorporation of various elements into calcium carbonates. In general, this
incorporation is expressed by the so-called distribution (or partitioning) coefficient KD,
which is defined as the amount of a given element in solution divided by its concentration
within the mineral [3].

In the following paragraphs we will concentrate on processes related to element
and isotope fractionation during mineral formation used to describe the observed proxy
signature of biominerals. In addition, we will discuss how a biomineral differs from an
inorganically formed mineral. If we apply this definition very strictly, a crystal originating
from a precipitation experiment would not be a mineral, e.g., calcite but a crystal having
the crystal structure of calcite. However, for practical reasons often the term mineral and
its mineral name are used for artificially precipitated crystals too, as we will do in this
discussion. For the sake of completeness, it should be mentioned that the process of crystal
formation has a nucleation and a growth part, which both affect element incorporation (the
interested reader is referred to, e.g., [4,5]. To not get lost in too many details, we do not
separate these parts in this discussion and use the terms crystal (=mineral) and growth
(=precipitation).

The main cation of calcium carbonate (CaCO3) is calcium (Ca). However, small
amounts of other elements can be incorporated. Depending on their concentration, they are
divided into minor and trace elements. The exact range of concentration that relates to these
two terms is not clearly defined across disciplines and in the field of biomineralization not
used uniformly. The described processes will focus on divalent cations such as magnesium
(Mg), strontium (Sr), and barium (Ba) which substitute for Ca; nevertheless, many of these
processes will also apply to elements not sitting in a Ca position, e.g., boron (B) and sodium
(Na). For the sake of simplification, we will use the term foreign elements for all minor and
trace elements.

Calcium carbonate occurs as different polymorphs (crystals having the same chemical
composition but different crystal structures and solubility products), of which at ambient
conditions calcite is the most stable. The difference in crystal structure between polymorphs
directly affects the incorporation of foreign elements (an example for biominerals is found
in, e.g., [6]). For example, under the same physico-chemical conditions higher amounts of
Sr are incorporated into aragonite than into calcite (the opposite trend holds for Mg). This
polymorph specific incorporation is related to the size difference of the foreign ions.

This polymorph specific incorporation is altered by three different factors: concen-
tration, growth rate, and temperature. In general, an increase in the concentration of
the foreign ions present in the parent solution (from which the mineral is precipitated)
increases the amount available for incorporation. This incorporation is strongly affected
by the growth rate of the mineral [7]. Depending on the size of the ion involved, the
amount incorporated with increasing growth rate is increasing or decreasing compared to
the equilibrium value (the value not altered by the growth rate, experimentally determined
at extremely low growth rates). However, it is important to realize that the amount of a
foreign element incorporated into a mineral, e.g., Sr into calcite can only be altered by the
growth rate within a limited range [7].

As the velocity of chemical reactions is related to temperature, the growth rate of minerals
will be affected by temperature, too. At high temperatures and pressures, temperature will
directly influence the incorporation of foreign elements into a crystal lattice, as the interatomic
distances within a crystal lattice are altered. However, for the temperature and pressure
range in which biominerals are generally formed, a temperature effect on the incorporation of
foreign elements, other than its impact on the growth rate, can be neglected.

From the six existing polymorphs of CaCO3 (amorphous calcium carbonate, calcium
carbonate monohydrate, ikaite, vaterite, aragonite, and calcite), aragonite and calcite are the
two polymorphs that form most of the biominerals made of calcium carbonate. If aragonite
or calcite are precipitated from a solution saturated for amorphous calcium carbonate
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(ACC) too, it is often observed that aragonite or calcite do not precipitate directly from the
solution but that ACC is the first polymorph precipitated followed by rapid transformation
into aragonite or calcite. In this case, ACC is termed a “precursor” or “transient” phase.
The process in which the final polymorph is formed via transient phases is known as
“Ostwald Rule of Stages”. Due to the polymorph specific incorporation of foreign elements,
a transient phase could influence the elemental composition of the polymorph this is finally
present. In other words, the concentration of foreign ions in a calcite (or aragonite) could
differ even if they are precipitated from the same solution depending on the precipitation
pathway: direct precipitation or formation via a transient phase. However, since ACC often
occurs as very short-lived transient phase measurements, especially in biogenic materials
are challenging (e.g., [8]).

A crystal that looks homogeneous on the macroscopic level can be made up of several
small crystals (crystallites or grains) of which each shows a different orientation (such a
material is called polycrystalline); alternatively, it can represent one “single crystal” (uni-
form throughout the entire crystal). Already mentioned in the beginning, biominerals are
complex composite materials containing organic and inorganic components. Strictly speak-
ing, if a crystal is interrupted by organic material it should be polycrystalline. However, it
is often observed that large biominerals show a uniform orientation of the crystal, even if
layers of organic material are present. In this case, often the term mesocrystal is used [9].
Crystallographers have shown that often unit cell parameters of biominerals (defining the
smallest building block of a crystal structure) can be measurably different when compared
to their purely inorganic counterparts, e.g., [10].

It should be mentioned that most studies on element incorporation into CaCO3 put
their focus on a single element. Studies using precipitations experiments in which the
concentration of two or even more elements are changed simultaneously are very rare.
However, the ones that have been performed show that the concentration of a certain
element is affected by concentration changes of other elements. For example, the Mg and
Sr concentrations in calcite are linked to the concentration of both elements in solution [11].

3. Discussion

Early biomineralization models analyzed if the measured KD values can be explained
by purely inorganic processes. As the seawater concentration for most elements is in
general constant, the only process that could alter KD significantly is the growth rate of
the biomineral. However, it turned out that measured KD values could in most cases not
be explained to be a result of the growth rate [12]. It has become commonly accepted in
the last two decades that proxy signals are the result of the inorganic and cell biological
processes, as presented in the previous chapter. The relationship between the two sets of
processes is easiest visualized when picturing cell biological processes as putting obstacles
in the way of “simple” precipitation from seawater. The source of raw material (calcium
and carbonate ions) is seawater, the end product is the biomineral, and in between is
the cell (or cells) transporting the raw material to the site of calcification. Usually, the
element/isotope signature of the biomineral is normalized to the one of seawater. It is
exactly this simple and straight forward normalization that causes so much “trouble” in
understanding proxy signals since it would only work if the biomineral was precipitated
directly from seawater. However, this simple prediction of the values measured is not
possible and a large number of studies have been performed to figure out why. We will
now start our discussion chronologically with one of the first attempts to explain foreign
element fractionation including cell biological processes.

3.1. Seawater Transport versus Transmembrane Transport

A quarter century ago, it was proposed that foraminiferal minor element fractionation
could be understood in terms of calcite precipitation from a closed reservoir containing
initially seawater [13]. In the course of mineral growth, the initial composition of the
calcifying fluid was thought to be altered by Rayleigh fractionation due to the finite
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reservoir, which serves the purpose of chamber formation but is too small to leave the
chemical composition unchanged if ions are taken out in different proportions. This idea is
in many ways a good starting point. Firstly, it assumes the simplest way of transporting
the raw material, i.e., just taking seawater. Secondly, precipitation from seawater can be
initiated by changing pH, keeping foreign element to calcium ratios constant. Thirdly,
Rayleigh fractionation is a calculable process with only one unknown, i.e., the volume of
the reservoir (which was thought to be inferable from microscopic evidence of the day).
Please note that similar ideas of biomineral formation from pH manipulated seawater were
put forth for molluscs [14,15] and corals [2].

In general, and in foraminifera in particular, more recent advances in the cell biology of
calcification have led to the notion that things are not that simple. We will use foraminifera
as a case in point here. Some twenty years ago, scientists in the group of Jonathan Erez
began to use fluorescent dyes to track vesicle transport in benthic foraminifera. A series of
papers published mainly in the following decade have detailed a new view of foraminiferal
calcification. According to this concept, seawater is still the starting point, as it was originally
conceived of in the seminal study discussed above. However, instead of being merely pH
manipulated, it was now proposed that more modifications are performed [16,17]. At this
point it is helpful to describe the general cell biology of foraminiferal chamber formation
(see also Figure 1).

Foraminifera build a new chamber in an extracellular compartment termed delimited
biomineralization space (DBS). Since the DBS is extracellular it is, in principle, open to
seawater. The term “delimited” was chosen because the general consensus is that the DBS
is partly closed to seawater and represents a spatially defined volume in which chamber
growth can be controlled [18,19]. The DBS is formed by the pseudopodial network of
foraminifera [20]. Pseudopodia are dynamic cell protrusions used for various purposes such
as feeding, locomotion, and chamber formation. In contrast to the CV in coccolithophores,
it is unclear whether the DBS volume is sufficient to contain all raw material required
for chamber formation. It is generally assumed that this is not the case and that vesicles
provide a pool of Ca and inorganic carbon. Whether this pool is sufficient for chamber
formation is also debated [21–23].

The physiological steps of seawater modification in foraminifera can be summarized as
follows. The first step is endocytosis (invagination of the plasma membrane and formation
of a vesicle) of seawater, followed by vesicle transport through the cell towards the DBS. En
route, the fluid inside these vesicles is modified by means of transmembrane ion transport,
and the modified seawater is exocytosed (inverse endocytosis) into the DBS and used for
chamber formation. This concept is thought to, inter alia, solve the “Mg problem”. Different
foraminifera species have different Mg/Ca which are mostly too low to be the result of
calcite precipitation from seawater. A transmembrane export of Mg from the vesicle into
the cytosol could account for these low Mg/Ca values.

An alternative view of foraminiferal ion transport is that vesicle transport and direct
seawater transport play minor roles and the bulk of Ca and inorganic carbon enters the
DBS via transmembrane transport through the pseudopodial network [22]. On this account
there is no need for Mg removal because Mg is kept out in the first step, which is thought
to be a plasma membrane Ca-channel.

The important point in the context of this discussion is that, although direct seawa-
ter transport can never be fully excluded in extracellular calcifiers, the development of
biomineralization concepts for all marine calcifiers in the last two decades shows that
transmembrane transport plays key roles in calcification substrate supply and foreign
element fractionation. Transmembrane transport also plays a key role in “waste removal”
as opposed to substrate supply.

Foraminifera:
Since foraminifera, and- also coccolithophores, are faced with the “proton load prob-

lem” due to calcium carbonate precipitation, there is a need to export protons from the DBS
into the surrounding seawater. Acidification adjacent to a newly forming chamber has been
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shown experimentally, as well as the concomitant high pH inside the cell [19,21,24]. It is un-
known how protons are exported but a transmembrane transport across the pseudopodial
network has been argued for [19].

Coccolithophores:
Since calcite precipitation would rapidly acidify the CV fluid, protons are transported

across CV and plasma membrane. The latter step is ion channel mediated and does not
function properly at seawater pH 7.6 (normal pH is 8.2), resulting in cytosol acidification
and coccolith malformations [25]. This illustrates the importance of transmembrane trans-
port for virtually all aspects of coccolith formation, from Ca supply and proton removal to
morphogenesis.

The importance of transmembrane transport in marine calcifiers and the difficulty of
estimating the percentages of transmembrane transport and direct seawater transport in
extracellular calcifiers makes it particularly interesting to consider intracellular calcifiers.
Coccolithophores are the prime example here because they are thought to deliver the Ca
ions for calcification by means of transmembrane transport. A qualification should be
mentioned here, i.e., a vesicle Ca transport inside the cell is being considered [26–28]. The
distinguishing feature is the transmembrane transport of Ca ions across the plasmamem-
brane; the consequence being that coccolithophores do not calcify from modified seawater,
neither do they mix seawater into their calcifying fluid.

Coccolithophores form coccoliths inside a Golgi derived vesicle, the coccolith vesicle
(CV, [29]). The CV fluid is separated from seawater by two membranes (the CV membrane
and the plasma membrane). Ca and dissolved inorganic carbon (mainly bicarbonate)
are thought to be transported across the plasma membrane and possibly across the CV
membrane too [30,31]. The small volume of the CV makes it necessary to transport ions into
the CV while they are removed by precipitation [30]. In other words, the CV fluid contains,
at any given time, only a minute fraction of the ions necessary for coccolith formation. This
insufficient reservoir rules out Rayleigh fractionation as an explanation for minor element
fractionation during coccolith formation.

By contrast, it was recently proposed that Rayleigh fractionation is sufficient to explain
minor element incorporation in some foraminifera [23]. This shows that, despite consider-
able progress in the development of mechanistic biomineralization concepts, the seminal
idea of Elderfield et al. [13] is not obsolete. More broadly, it illustrates general features
of the relationship between mechanistic biomineralization concepts and minor element
fractionation patterns. This relationship is truly bidirectional, i.e., a biomineralization
concept does not determine a certain fractionation pattern, neither is it the other way round.
The hope is that the two will go well together. If so, the biomineralization concept helps to
understand the fractionation pattern and the fractionation pattern supports the biomineral-
ization concept. Here, we focus on the former aspect, but since the latter aspect is important,
it is helpful to give an example. In Patella caerulea, the fractionation patterns of several
elements taken together help to decide between two rival models of shell formation [32].

In the particular case of proxy application, we may ask, as Urey et al. (1951) did,
“is there a vital effect?”. Today, the answer arguably is yes, always. That does not mean
that there is always a difference between the foreign element fractionation behavior of
a calcifying organism and inorganic precipitation because vital effects (cell biological
fractionation steps) can be invisible [33–36].

If vital effects are ubiquitous, it might seem that mechanistic biomineralization con-
cepts are essential to successful proxy application. We will say that these concepts are
certainly essential to a deeper understanding of proxy signals and they have the potential
to improve proxy application. However, have they conducted this yet? Furthermore, are
they essential?

3.2. Adding Complexity

Today, conceptual biomineralization models designed to explain foreign element
fractionation are based on both fractionation during crystal precipitation and fractionation
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during cellular ion transport [37]. As outlined above, both “crystal fractionation” and
“cell fractionation” contain several fractionation steps. Crystal fractionation includes
thermodynamic, kinetic, and polymorph effects [7]. Cell fractionation includes ion channels
and active transporters, polysaccharides, and proteins [27]. Some of these fractionation
steps are quantified, especially, in the inorganic system. Cellular fractionation steps are,
by contrast, mostly not quantified. This lack of knowledge is the reason why there is no
conceptual biomineralization model that can predict foreign element fractionation. Current
models are being “wise after the event”, i.e., they use measured fractionation patterns to fit
fractionation factors that are not constrained by independent measurements. Hence, the
task is to conduct these independent measurements and provide the required constraints for
the models. The following example might illustrate why this is a monumental task. Note
that different foreign elements might require different models because of their differential
transport pathway and biochemistry [38].

The fractionation of Sr into coccoliths and foraminiferal shells is considered a relatively
easy case because it is highly likely that Sr simply follows Ca on its route through the
cell [30,39]. Since Ca is a central ion for virtually all organisms, its cellular transport has
been extensively studied and a lot is known about its intracellular distribution [28,40,41].
However, measurements of Sr/Ca fractionation factors are rare and, importantly, not
available for the organisms considered as proxy archives here. The first step of cellular Sr
fractionation in coccolithophores, and potentially foraminifera too, is a plasma membrane
Ca channel [22,27]. The coccolithophore Coccolithus braarudii has three different types of Ca
channels. None of these is characterized in terms of its Sr fractionation [27]. If Ca channels of
other organisms are taken as substitutes one faces the difficulty that some of these channels
fractionate against Sr, some for Sr, and some do not fractionate at all [42–44]. Therefore,
in order to characterize the first step of Sr fractionation in one single coccolithophore, a
dedicated project determining Sr and Ca permeability of three Ca channels is required.
Furthermore, even if successful, this project is merely the first step. Following steps
include fractionation during transmembrane transport across endomembranes, intracellular
polysaccharides, proteins, etc. [27,45]. Some of these steps have already been included
in models, but all quantification is based on measurements conducted on animals, seed
plants, brown macro-algae, etc., potentially providing misleading values (e.g., [46]). To
constrain models in such a way that they can predict fractionation patterns is possible,
given a concerted effort including mineralogists, cell biologists, chemists, and physicists.
Such an effort has been made, but the progress over the last three decades shows that it
will take some time before models can be used to predict proxy signals.

3.3. The Role of Analytical Advances

Our modern picture of biomineralization is strongly linked to the huge advances in
analytical methods during the last three decades. These analytical methods made it possible
to investigate the distribution of elements and molecules in biominerals down to the nm
scale and to observe transport processes within calcifying organisms in vivo.

These micro-focusing methods do not only reveal previously hidden features they
also represent new challenges as they add additional complexity that has to be considered
if trying to understand the biomineralization process of marine calcifying organisms.
For example, dyes used in confocal laser scanning microscopy allow the visualization of
processes that occur when an organism is calcifying, e.g., the transport of vesicles containing
seawater. These observations alone neither reveal the purpose of this transport nor prove
that it is directly linked to the biomineralization process and the proxy signature measured.

However, these observations are valuable because they stimulate further research that
will, given the sometimes necessary technical developments, test the initial hypotheses.
Intracellular Ca transport in Emiliania huxleyi is an example. Although intracellular Ca
transport via vesicles had been suggested for coccolithophores in general, there was no
evidence for it in E. huxleyi and the conservative assumption was that it does not exist [27,30].
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Analytical advances allowed the detection of Ca-rich vesicles and pulse chase experiments
showed that these vesicles are involved in Ca transport for coccolith formation [39,47].

During the last decades it has been shown that foreign elements (and organic molecules)
in biominerals are not homogeneously distributed. Many biominerals show a banding pattern
that is somehow related to their growth phases such as the banding pattern in the biominerals
of foraminifera and corals. Again, this is important information but adds complexity to the
biomineralization model, since a model that aims to explain the elemental/isotopic signatures
measured in the biomineral would not only have to account for the bulk composition measured
but explain the observed distribution pattern too, e.g., [48].

4. Conclusions

The key question raised in the beginning was how a better understanding of the
biomineralization process has improved the way we use proxy archives formed by marine
calcifiers today.

Recent biomineralization models applicable to marine calcifying organisms are not
comparable to the early models discussed a few decades ago. Many physiological processes
hypothesized by early models are now detected and we have quite a good understanding of
the general biomineralization process (e.g., [39]). As the early models had been developed
mostly in the context of proxy research, recent models concentrate on the biomineralization
process itself. Some of these models even try to find common features of calcifying organ-
isms that can be linked on an evolutionary level [49]. However, as explained in Section 3.3,
the quantification of proxy signatures would require quantifying the element/isotope
fractionation of all physiological processes involved. Now that the complexity of involved
processes is not only hypothesized but demonstrated it has become clear how difficult
this will be. To the best of our knowledge there is no biomineralization model for marine
calcifiers that changed or improved the way the proxy signature measured is actually used.
We better understand which processes are involved but proxy signatures are still used in the
same “classical way”, i.e., a calibration (using cultured or field samples) is performed and
this calibration is then applied to reconstruct environmental parameters, e.g., temperature
or pH.

However, in the process of developing biomineralization models, observations were
made that did indeed improve how we use proxy archives or read proxy signals. Two
classes of observations stand out: Firstly, microanalytical techniques revealed inhomo-
geneities of foreign elements in biominerals and suggested ways in which the proxy archive
can be used to the greatest advantage (e.g., [50,51]. Secondly, experiments revealed correla-
tions between proxies and target variables that were misinterpreted in core top calibrations
and down-core applications [12].

Although indirect, these two examples show that the development of biomineraliza-
tion models is useful for proxy application, even if the models are not capable of predicting
proxy signals solely based on independent constraints.
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Glossary

Amoeboid a unicellular shape-shifting organism possessing pseudopodia
Cell protoplast plus extracellular matrix
Coccolith vesicle (CV) a specialised Golgi derived organelle producing the coccoliths
Delimited biomineral-
ization space (DBS)

the extracellular compartment of foraminifera containing the so-called
calcifying fluid in which a new chamber is produced

Endomembrane blanket term for all membranes of intracellular organelles
Extracellular everything outside the plasmamembrane
Extracellular matrix all cellular components outside the plasmamembrane
Intracellular everything inside the plasmamembrane
Membrane lipid bilayer with proteins
Organelle an intracellular compartment surrounded by an endomembrane
Plasmamembrane membrane forming the boundary of the protoplast
Protoplast all cellular components inside the plasmamembrane plus the plas-

mamembrane
Pseudopodia highly dynamic protrusions of the plasmamembrane used for e.g., mov-

ing, feeding, chamber formation (foraminifera).
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