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1. INTRODUCTION TO BIOGENIC CARBONATE PROXIES

This chapter will address the use of trace metals in biogenic carbonates as proxies
for past ocean conditions with an emphasis on the biogeochemistry of biominer-
alization. Qur aim is to illustrate the utility of trace metal proxies for reconstruct-
ing ocean conditions in the past, but also to emphasize how little is known about
the detailed mechanisms that underlie these proxies. . . :

In order to probe the record and forcing mechanisms of past climate change
beyond the range of direct observation and historical accounts, we are forced to
rely on chemical or isotopic proxy records for different ocean properties such as
temperature, nutrient abundance, or primary productivity. These proxy records
are often in ‘the form of chemical variations encapsulated within exquisitely
crafted biomineralized carbonates. The biogenic calcium carbonate minerals,
calcite, and aragonite, have an incredibly flexible chemistry. Variations in the
abundance of the heavy isotope relative to the light isotope of both O and C
(8'80, and 5'3C) in the CO%™ ion can be frozen within these minerals (e.g.,
[1-3]). Divalent cations of a similar tonic radius (Mg, Sr, Ba, Mn, Fe, Cu, Zn,
Cd) can substitnte for Ca®t in the crystal structure (e.g., [4]) and significant
levels of U, Li, B, and Na have also been found in carbonates, With the recent
advent of multi-collector inductively coupled mass-spectrometry (MC-ICPMS)
in the last 10 years, it has become possible to resolve sub per mill (part per
thousand) fractionations in the stable isotopes of elements heavier than C and
O such as Fe (e.g., [5.6]) or Mo (e.g., [7.8]). A new avenue of Hmmmmﬂnm is devel-
oping methodologies for the development and application of Ca isotopic
variations (§**Ca) and even isotopic variations in the metals that can substitute
for Ca®* (e.g., Mg, 8°*Zn, and 5""Fe) as proxies for the past (e.g., [91).

The information we derive from chemical proxies depends on the residence
time of the chemical in the ocean relative to the timescale of interest and the
~ 1.5 kilo year (kyr) mixing time of the ocean. Elements with a relatively short
residence time in the ocean have a non-uniform distribution in seawater, which
can be indicative of nutrient-like behavior, conservative ‘mixing, or scavenging
onto particles. If these elements are then incorporated into biogenic carbonates
in direct proportion to their concentration in seawater, they can provide a
proxy for reconstructing those processes in the past. For example, the Cd concen-
tration of seawater correlates with phosphate (an essential nuirient) in the ocean
with near total depletion in surface waters and enrichment at depth. As a result
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Cd/Ca ratios have been used to reconstruct phosphate concentrations in the
past both in planktonic foraminifera to measure productivity in surface waters
(e.g., [10]), and in benthic foraminifera to monitor changes in the characteristic

nutrient signatures of deep water masses and the pattern of ocean circulation

{e.g., [11]). For elements where the residence time in the ocean is long relative
to the timescale of interest, any variation in the concentration or isotopic value
recorded by a biogenic carbonate must be related to factors controlling the
partitioning or isotopic fractionation into the carbonate shell such as temperature,
salinity, or growth rate. As an exarmple, Mg has a residence time of ~3 million
year (Myr), but Mg/Ca varies significantly between glacial and interglacial

periods (100 kyr) and is used as-a paleothermometer and paleosalinity proxy

(in concert with %mov on these timescales (e.g., [12—14]). One final application
is when the timescale of interest is long relative 1o the residence time of
the element and it is incorporated into the carbonate in direct proportion to
its ‘concentration or signature in seawater. In this case, the chemical proxy
can reveal changes in the oceanic budget of that element. For example, the
St isotope curve (*’Sr/%%Sr) measured in marine carbonates on long
timeseales (e.g., 75 Myr) tells us about the changes in continental weathering
processes [15]. : . .

With the exception of some systems such as strontivm isotopes, the isotopic
or chemical fractionation between seawater and the biogenic carbonate almost
always involves biological control which is poorly understood. This means that
there exists a persistent doubt as to the reliability of these proxies as some
have argued that only a full mechanistic understanding of the incorporation of
trace metals into biogenic carbonates would allow truly accurate reconstruction
of past environments. At the same time, careful calibrations with laboratory or
field observations have led to the production of a wide range of proxy records
which have provided useful information about past: climates and ocean con-
ditions. This highlights the challenge that confronts the paleoceanographer
who must work to develop the deepest level of mechanistic understanding of
how chemical and isotopic signals are incorporated in biogenic carbonates, but
at the samme time must continue to use those proxies with the best knowledge
available to test hypotheses about ancient climates,

In this chapter, we discuss the comparative trace metal geochemistries of
coccolithophores, foraminifera, and corals relative to inorganic calcite and arago-
nite respectively, in order to define the differing nature of biological selectivity,
We then address the biomineralization process for each organism and the
biochemical nature of the trace metal selectivity involved at each step of the

biomineralization. This overview allows us to develop a mechanistic framework

within which to consider trace metal proxies in biogenic carbonate. Notably, the
biochemical selectivity is based on similar chemical constraints to those of an
inorganic crystal. In each case, the geometry of coordinating oxygens defines a

cation specific site with a Ca—0Q bond length of between 2.2—2.6 A, but the bio-
chemical process adds a further selectivity due to the energy of dehydration of a .

[
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cation ‘cmonm binding to the site. We propose that the vital effects of trace metal
uptake are related to the varied energy required to dehydrate cations.

2. PARTITION COEFFICIENTS

The origins of chemical proxies for paleoceanography originates from the treai-
ment of carbonate minerals as inorganic materials. The application of thermo-
dynamics to geology in the 1960s created the vision that with a complete
understanding of the thermodynamic - partitioning of metals into carbonate
minerals, the environmental variables (temperature, saturation state) could
be calculated from measurements of sediments for various times in the past
[16-18].

The true inorganic partition coefficient for trace metal uptake into carbon-
ate, or the isotopic fractionation factor for stable isotopes, is related to the
equilibrium partitioning of the particular element or isotope between seawater
and calcium carbonate. A partition coefficient greater (less) than one implies
that the carbonate is enriched (depleted) in that metal or isotope relative to the
seawater content. In inorganic systems, the theoretical partition coefficient is
generally agreed to relate to the guotient of the solubility product of CaCOs;
and MCO; [19-21] and to the activity of the cations in water. In reality, exper-
imental conditions during inorganic precipitation of minerals only approximate
equilibrium. : o

Experimental partition coefficients are affected by kinetic processes relating
10 the adsorption of the trace metal to kink sites on the growth steps of an actively
growing crystal, and also solution boundary related processes. For the incorpor-
ation of divalent cations into inorganic calcite, there is a correlation betweéen the
experimental partition coefficient and the effective ionic radius in sixfold coordi-
nation (Fig. 1). The experimental partitioning of the cations Mg®¥, Co®*, Fe?*,
Mn**, Cu**, Zn*F, and Cd?*, which have ionic radii less than that of Ca®* and
form rhombohedral carbonates, increases with increasing effective ionic radius
towards that of Ca**. Cd*" (the element with the most similar fonic radius to
Ca) provides a maximum to the partition coefficient, and the trend then decreases
with increasing effective ionic radius away from Ca®* to the cations S, and
Ba** which have ionic radii larger than Ca®t, do not fit the lattice so easily and
tend to form orthorhombic carbonates. In general, ions with a similar but
smaller radius than Ca®" have the highest partition coefficient and the ions
which fit least well into the Ca®" sites have lower partition coefficients.

The original application of equilibrium thermodynamics to biogenic
carbonates was done with the awareness of the possible complications from
the biomineralization process [1]. These complications were treated by assuming
that thermodynamic equilibrium was the underlying physical process, and that
any offset from equilibrium was incorporated into a correction that was called
the “vital effect” (and was usually assumed to be constant). There was good
reason to ‘make this assumption as some experimental data supported this
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nifera (brick bars) and coccolith {open bars) calcite, The inorganic calcite and foraminifera
partition coefficients are taken from Refs. [22,23]. There is some variance but the graph is
not changed significantly as it is plotted on a log scale. The partition coefficients
for coceolithophores are based on trace metal analyses of cultured coccolithophores
[Rickaby R. E. M., unpublfished results]. The ionic radivs of each metal in m,. is also indi-
cated except for uranium. For most of the metals, we can assume that the metal substitutes
for Ca™ in its divalent state. At present there is uncertainty as to the form by which U
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view, such as the variation of oxygen isotopes with temperature in foraminifera
that showed constant offsets between species (e.g., [3]). In much current work in
paleoceanography, equilibrium thermodynamics in inorganic minerals is still
presumed to be the underlying mechanism responsible for the preservation of
environmental information {e.g., [25]). ) . )

That the pattern of trace metal uptake in biogenic carbonate resembles the
inorganic system suggests that either inorganic calcite partitioning is still the
dominant control on trace metal uptake into biominerals or that similar kinetic




246 . Rickaby and Schrag

and thermodynarnyic chemical laws which govern crystal selectivity between
Ca®* and a similar trace metal also govern biological selectivity. However,
there are differences in selectivity associated with the vitality of these processes
which probably arise due to the greater number of steps involved in the biological
precipitation process (Fig. 1). For cations which are smaller than Ca”*, the effect
of the biology is to discriminate more effectively than inorganic calcite, which
_ implies a greater selectivity during ion transport to the site of nucleation and pre-
 cipitation. For cations which are larger than Ca®*, the biological discrimination is
not as efficient and the biological partition coefficients-tend to-be greater than the
inorganic coefficients. An alternative explanation than reliance onionic radius
-alone for these effects is that the smaller ions are “biologically important”
metals and often form the metallic co-factors for essential enzymes. Therefore,
it could be argued that biological processes are able to recognize and better
select amongst the biologically relevant cations. '
Further evidence for a non-incrganic imprint on the chemistry of biogenic
carbonate is the sensitivity of trace metal uptake to a wider array of environ-
mental factors than one would predict from thermodynamics alone. Not only
are the partition coefficients for biological carbonates different than inorganic
carbonates by orders of magnitude, but the sensiivity to the environment, e.g.,
temperature, can be greater or smaller by orders of magnitude or even have an
opposite sense (Fig. 2). Most importantly, the investigation of biomineralization
over the last two decades [26] has shown a remarkable degree of active transport
and control over every step in the biomineralization process. This suggests that
whatever fractionations may exist, either in trace metals or isotopes, they are
affected by preferential transport, and that the thermodynamic partitioning into
inorganic caléite is not the most appropriate context within ‘which to consider
trace metal proxies. .

3. RECORDERS OF PAST OCEAN CONDITIONS

A comprehensive overview of recent proxies has been provided by Henderson
[27]. We will not provide a review here, except t¢ mention briefly some of the
applications of the groups of organisms discussed later. However, it is valuable
to remember that the motivation in developing new chemical or isotopic
proxies is to reconstruct environmental variables in ancient oceans. Therefore,
the efforts at exploring the biophysical mechanisms that underlie these proxies
have often been pushed aside in favor of simple calibration experiments in
which correlations are embraced without a deep understanding of causation.
Such efforts have provided a wealth of information about the history of the

"oceans and climate, but their reliability must ultimately be assessed in the
context of a deeper understanding of mechanisms,

Our ultimate goal in reconstructing past climate change is to enhance our

understanding of the climate system to create better predictions for the future.

From this perspective, we must record changes on timescales which range
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across eight orders of magnitude. Later we select just a few exatnples to illustrate
the sort of information we are gaining from biomineral trace metal proxies.

In order to monitor the reaction of our climate system to the exponentialiy
increasing input of greenhouse gases since the industrial revolution, we require .
information from the subanrnual, decadal, and century scale. Coral skeletons
can grow at rates of up to. 10 cm/yr which allow for high resolution annual
records, continuous for hundreds of years in some circumstances. Trace metal
proxies from coralline aragonite based on Mg/Ca, Cu/Ca, Mn/Ca, and Cd/Ca
all yield seasonal information about upwelling and El Nifio (e.g., [28—30]), but
above all Sr/Ca in coral aragonite is the most extensively used paleotherm-
ometer. For example a unique insight of interdecadal variability  associated
with the industrial revolution within the Pacific has been afforded by records
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of coral Sr/Ca from across the Pacific which span the last 300 years [31]. These
temperature records in the Pacific suggest that the spatial pattern of the inter-
decadal Pacific oscillation at least in the South Pacific has varied considerably
and undergone a major reorganization at ~ 1880 AD.

To investigate oceanic conditions associated with abrupt suborbital events,
and Milankovitch forced glacial-interglacial cycles which yield insight as to
how the climate alters under naturally forcing, we require information on the time-
scale of thousands to hundreds of thousands of years. The rain of foraminifera and
coccolithophores, amongst other components to ocean sediments accumulate at an
average rate of 1—-4 cm/kyr, but can be as high as 50— 100 cm/kyr so down-core
wnmﬁwmmm of their chemistry is well suited for reconstructing ocean conditions on
these timescales and can be extended into the millions of years by drilling of sedi-
ments. Amongst a host of other trace metal proxies in foraminifera, the Mg/Ca
paleothermometer and paleonutrient proxy Cd;/Ca are perhaps the most prevalent,
As an example, Mg/Ca can be used in concert with §'30 to resolve terperature
and salinity variations in planktonic forams for surface conditions, and benthic
forams for deep water signatures. This combined proxy has been used to focus
on the role of thermohaline overturning during millennial scale cooling events

~ which punctuate the fast glacial cycle and the most recent transition from glacial
to interglacial conditions, ~10 kyr ago. In particular, salinity within the surface
of the Caribbean Sea, the main source of surface waters feeding North Atlantic
deep water (NADW) formation have been shown to vary in concert with the
strength of NADW flow [14]. Furthermore, benthic records across the rapid
climate changes of the glacial—interglacial transition from 3146 m in the North
Atlantic reveal an oscillation between the changing local dominance of warm,
high salinity NADW vs. cold, low-salinity southern-sourced Antarctic bottom
water (AABW) associated with stadial and interstadial variations in the Greenland
ice core [32]. This reinforces existing thinking that variations in the strength of
NADW are intricately linked to millennial scale climate variations as evidenced
by benthic foraminiferal Cd/Ca tracing the distinctive nutrient signatures of
nutrient poor NADW and nutrient rich AABW (e.g., [33]). Returning to surface
waters, planktonic foraminiferal Cd/Ca records from the Southern Ocean refite
that increased iron fertilization of productivity in these nutrient rich waters at
glacial times could have been responsible for the glacial draw-down of carbon
dioxide [10]. : ,

The trace metal content of coceolithophores vields information on the same
timescales to foraminifera, but about different aspects of the ocean due to the
contrasting geochemistry of their biomineralization. The full range of trace

metals from coccolithophore calcite in the sediments have not been exploited’

die to difficulty in separating them from potentially contaminating clays.
Nonetheless, Sr/Ca is unaffected by such contamination and correlates with
the growth rate of coccolithophores [34—36] and can therefore divulge past pro-
ductjvity of the oceans (e.g., [37]). We can therefore use proxy records from for-
aminifera and coccolithophores to investigate the past when atmnospheric ¢arbon
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dioxide was analogous to our current situation, as the globe oscillated between an
icehouse and ice free greenhouse world on timescales of tens of millions of years.
A novel methodology has been developed to probe the climate and ocean hun-
dreds of millions of years ago before foraminifera and coccolithophores had
evolved, Trace metal ratios (Mg/Ca, Sr/Ca, and Na/Ca) in parallel with stable -
isotopes from belemnites (cephalopod molluscs which were abundant in the
Jurassic ocean) are starting to provide temperature and salinity information
(e.g., [38]). These organisms are now extinct and so we have no real calibration
data, or information regarding biomineralization mechanisms and as sach will
not be discussed further, : .
This is by no means a comprehensive review of how trace metal proxies
within biominerals have enhanced our understanding of the past climate, but
an illustration of how we can probe a range of climatically important timescales
and use different trace metals to explore an assortment of characteristics of the

past ocean.

4. _BIOMINERALIZATION PROCESSES OF DIFFERENT ORGANISMS

We now seek to address whether the contrast in trace metal geochemistry of
biogenic carbonates vs. inorganic carbonates can be understood in terms of the
different processes which are important to the biomineralization mechanism
of different organisms. First, we shall summarize the biomineralization process
of coceolithophores, foraminifera and corals [Fig. 3(a—c)]. The fossil remains of
each of these organisms make a significant contribution to our @&monommomﬁmen
reconstructions of the past world,

4.1. - Coccolithophores _ :
Coccolithophores are single-celled plant plankton which belong to the @wwEE

- Haptophyta, and secrete an interlocking sphere of calcite platelets [Fig. 3(a)].

A physical mechanism for the assembly and extrusion of a coccolith has been
proposed by Westbroek et al. [39], detailed in Refs. [40,41], and summarized

-by Young and Henriksen [42].

Growth occurs in a coccolith vesicle derived from the Golgi body and
which is supplied with matrix material and calcium via Golgi vesicles. The bio-
mineralization process commences with formation of an organic scale within a
vesicle which develops into a complex form, with extensions containing dense
particles termed coccolithosomes. The coccolithosomes appear to play a key
role in calcification and have been shown to be complexes of acidic polysac-
charides with calcium ions [43]. Tt is thought that they function as calcium
vectors during biomineralization and that the polysaccharide phase forms the-
crystal coatings. Nucleation of a protococcolith ring of alternating orientation
simple crystals then occurs around the rim of a precursor base-plate scale
followed by crystal growth upward and outward to form the complex crystal
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Figure 3 Scanning electron microscopy (SEM) photos of (a) Emiliania huxleyi mea-
suring ~10 pm in diameter, (b) Globigerina bulloides measuring ~250 pum in diameter,
(c) a coral measuring ~10 ¢m in diameter.

units of the complete coccolith. Assembly of the coccolith, which consists of
a cycle of radially and vertically oriented calcite crystals, involves a folded
acidic polysaccharide matrix [44]. This polysaccharide matrix is thought to
promote and mold calcification by providing uranic acid groups as nucleation
sites for Ca*", but also inhibits crystal growth by adhering to the surface of
the coccolith when constmiction is complete [39]. This organic matrix framework
can provide binding sites for the components of a mineral, selectively nucleating
specific crystallographic faces, and organic carrier molecules can ensure supersa-
turation of a phase within mineralizing compartments. .

The coceolith grows in an expanding vesicle and much of the morphology
is a product of interaction between adjacent crystals. The final structure of the
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completed coccolith is an emergent result of inorganic growth of crystals defined
by the nucleation stage, within a space defined by an expanding organic vesicle.
After completion of the coccolith, the vesicle dilates and at this stage, a dense
organic coating is visible around and between the coccolith crystals. It is reason-
able to infer that the final coating of polysaccharides that can prevent dissolution
of the element also serves to inhibit crystal growth. The coccolith is then exocy-
tosed onto the surface to form an interlocking sphere of coccoliths by fusion of -
the vesicle membrane and cell membrane.

4.2, 10_.?5:._. Foraminifera

Foraminifera are unicellular calcifying marine amoeba, taxonomically past of the
Protista. The most common arrangement is spherical coiling [Fig. 3(b)] with
planispiral or low trochispiral tests. Erez [45] summarizes the major steps
involved in perforate foraminifera calcification. .

In perforate foraminifera, the first step for chamber formation involves
delineation of a space using ectoplasm pseudopods. The next step is to define
the,shape of the newly formed chamber by creating a cytoplasmic bulge that
serves as a mold for the organic matrix and as a template for nucleation. The
third step is the precipitation of CaCO; on both sides of a thin organic layer.
Radiotracer experiments [46] have confirmed the presence of an internal Ca
pool which foraminifera use for this calcification. It is possible that this Ca
pool may be connected to small polarizing granules that were recently observed
in the endoplasm [47]. Ca is concentrated in the endoplasm in a highty soluble,
birefringent mineral phase composed of Ca, Mg, P, and S. The granules are mem-
brane bound and may contain organic matrix or some of its components. The
granules provide Ca for the first CaCOs crystals that precipitate over the newly
formed organic matrix. At this stage the chamber consists of a two-dimensional
primary wall made of Mg-rich spherulites embedded within the organic matrix.

The second stage of calcification involves massive deposition of a low
Mg-calcite wall. This secondary calcite is made of layered crystal aggregates
with their c-axis perpendicular to the test wall. These units form the secondary -
lamination and are responsible for the bulk of the skeleton deposition because
foraminifera cover their preexisting shell with 2 new layer of calcite every
time a new chamber is built. The biomineralization process forming secondary
calcite involves vacuolization' of seawater and its modification within the
cytoplasm perhaps to reduce the Mg/Ca ratio and elévate the pH. In order to
precipitate -low Mg-calcite, it is necessary to either concentrate Ca or reduce -
Mg in the seawater vacuole (as well as increase the pH). The main possibilities
considered involve active pumping away of Mg, or alternatively complexation by
organic materials perhaps the preudopodial network’ (bilipid membranes).
Towards the end of their life cycles, many planktonic foraminifera deposit

several different types of CaCOs often in the form of a thick crust as is termed
gametogenic calcite. : :
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4.3. Corals -

Reef corals [Fig. 3(c)] belong to the order Scleractinia, all of which accrete hard
exoskeletons. The animal responsible for skeletal formation is the polyp,
a double-walled sack of simple design [48]. , .

The calicoblastic layer of the ectoderm, which lies adjacent to the skeletal
surface, is considered to be involved in some way in calcification. The basic
building blocks of the coral skeleton consist of fine aragonite crystals arranged
in three-dimensional fans about a calcification center. Within the calcification
centers are submicron sized granular crystals bundled into discrete “nuclear
packets”. The small size of these granular seed crystal may indicate intracellular
mineralization, as suggested by Hayes and Goreau [49]. It is probable that the
contents of intracellular vesicles are transported across the apical membrane
and exocystosed into the calcifying space. Indeed, this is a likely route for
seawater entry. One further suggestion is that the intracellular vesicles in the
apical membrane of the calicoblastic ectoderm, with their organic contents, are
sites of production and stabilization of amorphous CaCQ; precursors of the
granular seed crystals that occupy the centers of calcification. The geometry of
the nuclear packets indicates that they are incorporated into the skeleton in
a non-rigid state [50].

Calcium ions enter the coral’s calcifying space by both passive and active
transport [51,52]. Passive entry occurs by way of seawater transported via
invaginated ‘vacuoles leaking or diffusing into the calcifying space. Active
transcellular transport of both ions occurs enzymatically, via the Ca®™ ATPase
pump. Regarding the control on precipitation, the origin, physical structure,
“and function of the putative organic matrix inn coral skeletons remains elusive.
A model proposed by Barnes [53] argues that fast growing crystals precipitated
from a supersaturated solution will compete with each other, The tendency for
these crystals to diverge from the optimum axis of growth gives rise to three-
dimensional fans. Further compelling evidence for the predominance of physico-
chemical factors in the growth of aragonite fibers is the correlation between fiber
morphology and coral growth rate [54]. : i

The range of fiber morphologies found amongst the scleractinian taxa could
be explained by basic theories of crystal growth in inorganic systems without
the need for mediation by an organic macromolecular framework or matrix.
Recently however, Cuif et al. [55} have proposed a polycyclic model of crystal
growth, involving step-by-step growth of aragonite fibers, each siep initiated
and guided by a sulfated organic matrix sheet. Alternatively sheets of sulfated
organic materials at daily growth boundaries could be inhibitory rather than
promotional features. :

4.4, Eoim:mﬁ_mwmmcz and Proxies

It is interesting to note the gradation between the chemistry of inorganic calcite,
planktonic foraminifera and the biologically extreme chemistry of coccolith
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calcite from Fig. 1, i.e., the coccolith calcite experiences the greatest biological
influence. Furthermore, all coccolith calcite partition coefficients are less than
1. This corroborates the extreme biological influence on the coccolith calcite
and argues for greater selectivity between calcium and trace metals. By contrast,
a coral skeleton largely resembles the chemistry that would be expected from
inorganic precipitation from seawater. Most trace elements and even small par-
ticles occur in the skeleton in proportions reflecting their abundance in seawater,
and their tendencies to become incorporated either within or among aragonite
crystals. The trace metal geochemistry of corals reflects minimal biological
influence. It appears that biomineralization controls the chemistry of biogenic
carbonates to differing-degrees for different organisms. These differences are
easily cxplained by the relative involvement of biological transport and
matrix-mediated precipitation, i.e., coccolithophores experience the most
involved intracellular precipitation compared to forams and corals (Fig. 4).

-There is an importance of seawater vacuolization for both corals and foram-

inifera, but this process is not thought to oceur in coccolithophores. By contrast,
organic mafrix-mediated precipitation in coccolithophores is key but its

LY
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Figure 4 A figure to summarize the relative influences of Ca®+ channels {open bars),
Ca?t pumps (brick bars), the template (filled bars), and seawater vacuolization {diagonally
hatched bars) on the biomineralization process in coccoliths, corals, and foraminifera.




254 . Rickaby and Schrag

importance is less for foraminifera and is still questioned in corals. The relative
trace metal chemistries of coccolithophores, foraminifera, and corals undoubt-
edly reflect the differing degrees of biological control on the precipitation.

5. BIOLOGICAL DISCRIMINATION BETWEEN CALCIUM AND
TRACE METALS ‘

In our quest to understand the mechanisms that account for the different
geochemistries of biominerals, we now turn our attention to the trace metal
discrimination characteristics of the transport and assemblage processes.
Calcium plays a dual role in biomineralizing organisms as both a substrate for
calcification and an intracellular regulator. :

The cytosol concentration of free calcium is rigorously controbled and

maintained at a very low level, For our biological end-member calcite, i.e., the
coccolithophores, the Ca® ions necessary for the formation of calcite diffuse
from seawater through Ca®*-selective channels into the cytosol of the coccolitho-
phore driven by a potential difference and by a very low Ca®" activity in the
cytosol (0.1 My (Fig. 5). This low cytosolic concentration of Ca®" means that
Ca* must be pumped against a concentration gradient at some stage during its
transport to the site of precipitation in order to attain saturation. Although this

process must be extremely selective for Ca®* jon, the very presence of trace.

metals in coccolith calcite indicates that the similarly sized trace metal ions
must substitute for Ca®t and be transported via the same mechanism but at a
different rate as Ca>". .

More generally, the two steps which must impact biogenic calcite chem-
istry are the transport of ions from seawater across membrane(s) to the site of
precipitation, and, the precipitation of the caleite on an organic matrix (Fig. 5).
One or both of these processes is common to all biomineralizing: organisms.
Transport of ions across a membrane is driven by pumps against a concentration
gradient or directed through channels when transport is with a concentration
gradient. Channels and pumps have very different modes of selectivity and trans-
port. Similarly, the intricate relationship between the molding and precipitation
control of the organic template or matrix may control the selection of ions
during assemblage of the mineral. _

5.1. Selectivity of lon Channels

Highly specific membrane spanning macromolecular structures, ion channels,
serve to facilitate and control the passage of selected charged ions across the
hydrocarbon lipid barrier down a concentration gradient. Three divalent ions,
Ca®*, Sr**, and Ba®*, pass readily through all known Ca®* channels. Most
other divalent ions act as blockers of Ca%™ channels, but in isofated -cases,
inward currents carried by Mg?*, Mn?*, Co®¥, Zn®*, or Ba®* have been demon-
strated [56—58]. The selectivity of an ion-selective channel for divalent ions
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—Hom.wu_..“_ seawater :
10 mmol/kg

Ca channel (Ca?] . |

cytosol
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Figure 5 Schematic representation for the most biclogically involved precipitation of

calcite to show the involvement of Ca®* channels (from high to low Ca?* concentration),
Ca®" pumps (from low to high Ca* concentrations) and the involvement of the template
as well as the final stage of crystal precipitation. All calcite biomineralization processes
will involve at least one or more of these steps.

follows the sequence Ca®* > Sr**> Ba®* » Mg?* (Ca’t > SP2* ~ Ba?™ >
Lit > Nat > K* > Cs™) (see Table 1). However, the selectivity of channels is
governed by two factors, partitioning into the membrane and mobility once
inside. As a result, for some channels the current of Ba®™ through the channel
can be greater than that of the more selected Ca®* or Sr2+. o
Although no detailed molecular structure has besn published for a Ca®* .
channel, many analogies regarding selectivity may be drawn. from the study of
a K* channel by Doyle et al. [59]. If a channel is highly ion-selective, the pore
must be narrow enough to force permeating ions into contact with the wall so
they can be sensed. These narrow ion selective regions of ion channels are
known as the selectivity filter. Doyle et al. [59] showed that a K+ channel
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Table 1 -Permenbility Ratios P,/Pc,, for L-Type O o o m m
Ca Changels® . . m K= .M < ,...M.
Ton P./Pc, Ton Py/Pc, m m 8 .5
: £
Ca L0 Li 1/424 ° m W. .m 8 g, 2
Sr 0.67 Na 1/1170 m = g ,m o =
Ba 0.40 K 1/3000 N} g% o4
_ Cs 1/4200 B o a2 8
T &5 Q -t m
“An L-type Ca channel has a large single-channel condue- m .M m m ..m WJ W
tance and a long-lasting cusrent. W 2 .@ o .M 0 B
255 Ea§ g
begins as a tunnel and then opens into a wide cavity near the middle of the mem- P20
brane. A K* jon would move throughout the internal pore and cavity and still 8 § <5
remain mostly hydrated. The chemical composition of the wall lining the pore ma m g =
is predominantly hydrophobic. In contrast, the natrow selectivity filter is lined gz ..m ..m @
exclusively by polar main chain atoms belonging to amino acids. So, the selec-- o . N\ o
tivity is maintained due to two ctitical structural factors. When an jon enters, it = m ﬂn
dehydrates nearly completely. To compensate for the energetic cost of H.ﬁ > 5
2]
dehydration, the carbonyl oxygen .atoms must take the place of the water .w g g
oxygen atoms, come in very close proximity and coordinate as strongly as the m._ 5 .e mm.
water (Fig. 6). ‘ . m m.. g n
Secondly, the interactions and hydrogen bonds between surrounding © A =
proteins seem to act like a layer of springs stretched radially outwards to hold m = %\ i
the pore open at its proper diameter. Smaller or larger ions would distort this = w °
structure and disrupt the energy balance. Finally, two K™ ions at close proximity © o, =
in the selectivity filter repel each other. The repulsion overcomes the otherwise W m B, =
strong interaction between ion and protein and allows rapid conduction in the ﬂ =] mul

setting of high mw_oomﬁﬁw. This feature is common to Ca®* channels which are
highly selective yet capable of high rates of ion transfer. Ca®" channels use

Figure 6 The selectivity filter of a K* channel shown as a stick representation with the chain closest to the viewer removed. The three -
chains represenied are comprised of signature amino acid sequences threonine, valine, glycine, tyrosine, from bottom to top. The selectivity

of the pore is controlled by the coordination of side chain carbonyl oxygen from amino acid groups. Adapted from Ref. [59].

diverse mechanisms of gating, but tend to exhibit similar ion permeabilit M &2 484 m
ne . : ! p ¥ 85 T 8- 8 2
characteristics. According to the earlier mechanism, the factors which define 8 g g B @A [
the selectivity of a channel are the energy of hydration of a cation, the energy S5 M .W m 2 .m = /m\
of coordination by carbonyl oxygen, ionic radius, pore radius, and charge. - T M %
. : @ ] Q
ESES7 848 5 =
5.2. Selectivity of lon Pumps =20 g3 m..m "m =hoN
e 2 C g & @ e
Ton pumps work in a different way to ion channels. In contrast to ion channels .m .m & ,.m H .m m. 3z W.
where the high selectivity of binding can slow down the transport of the selected + 2 oy g Y g2 g2
component, i.e., Ca**, jon pumps will transport most efficiently the highly = w..m ey m m e &
selected ions. Ca®", Sr**, and Mn®* are the only ions that have been demon- m 3 2w .,m.. 8 o B
strated to be transported by a Ca®* ATP-ase with the formation of concentration FERIEEET = m

gradients. Sumida et al. [60] studied the effects of other divalent cations on the
Ca*t uptake by microsomes from bovine aortic smooth muscle and indicated
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N

that Co*, Zn®*, Mn®*, Fe?*, and me+ did not interfere with Ca® " uptake not the
formation of the phosphorylated intermediate and hence, were not in competition
with Ca** transport. Cd®* however, inhibited both ca?t uptake and the for-
mation of the phosphorylated Eanso&mﬁ but in a non- ooEwmnEo manner.

The best analogue for Ca®* during transport by Ca®*ATPase is Sr°*, as
Sr** can replace Ca®* at the binding site. The Ca®* ATPase has a higher affinity
for Ca®* than for Sr** [61]. A simple mechanism for catalysis of transport of two
calcium ions which is coupled to the hydrolysis of ATP has been investigated for
the relative efficiency of transport of $r** vs, Ca®*. The first step is the binding of
two calcium ions to the exterior side of the vesicles. This hinding has a high
affinity for Ca with Ko 5 ~1 wM; the binding of Sr occurs with a lower affinity
of Kys ~83 pM [62]. Overall, 3@ mechanism for the transport of Sr** appears
to be the same as that for Ca®t and ocours at a similar rate but with a lower
affinity by two orders of magnitude.

The best studied Ca** ATPase to date is the skeletal muscle sacroplasmic
3:0&:5 calcium ATPase. (SERCA ATPase) which has been characterized to
2.6 A detail and shows a high degree of specificity for the transported ion (Fig. 7
[63]). The protein consists of 10 helices which conform to allow the Ca®" ion to
enter, be transported across the membrane and then leave. The specificity seems
to arise from the coordination geometry of six oxygen atoms which coordinate:
the Om~+ ion. Interestingly, the six oxygen atoms are located at a distance of
2.2-2.6 A from the center of each site, 1_.,_5 distance can be compared with the
Ca—0 distance in a calcite crystal of 2.359 A. This implies that the coordination
of the biological cations is controlled in a remarkably similar way to Ca®" in a
crystal. Furthermore, rows of main chain carbonyl oxygen within helices point
towards the cytoplasm and provide a hydrophilic pathway leading to the Ca*
binding sites. The rows constrict near the Ca>* binding sites, trapping a water
molecule. This geometry must be required for displacing water molecules from
the Ca®*. In a similar way to the mechanism of selectivity for Catt channels,
the selectivity of a Ca®* pump is defined by the energy of dehydration and case.
to strip water molecules, the energy of binding of the Ca®T to the specific site
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Figure 7 An extract of the crystal structure of the calcium ATPase of skeletal muscle .
sarcoplasmic reticulum at 2.6 A resolution with two calcium ions bound in the transmem-
brane domain defined by the electron density map. The two calcium ions are located side
by side and are swrrounded by four transmembrane helices, two of which are unwound for
efficient coordination, The binding site has a highly defined geometry which makes it a
high-affinity Ca®* binding site due to the coordination of six oxygen atoms from the
side chain oxygen atoms of asparagine, glutamate, threonine, aspartic acid, and glycine.
This kind of coordination geometry is only possible due to unwinding of the helices. In
ATPases that transport heavy metals, the glutamate residue is replaced by cysteine or
histidine. The two sites are stabilized by hydrogen-bond networks between the coordina-
ting residues and between residues on other helices. These hydrogen-bond networks must
be important for the cooperative binding of two Ca®" ions. Adapted from Ref, [63].
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denoted by sixfold oxygen coordination from carbonyl oxygen, ionic radius, and
charge.

Ca E.:Euw have been demonstrated to be present in most coccolith mem-
branes [64] and identified in the coceolith vesicle membrane [65]. By association
these pumps are inferred to be involved in the calcification process. Al-Horani
et al. [66] confirmed that corals pump Ca®™ into the calcifying space using the
enzyme Ca>* ATPase. No Ca®* pump in biomineralization has been character-
ized for its characteristics of trace metal selectivity. We can only conclude that
it is likely that pumps exhibit a strong selectivity between Ca** and all trace
metals during biomineralization according to the mechanism cutlined earlier.

5.3. Selectivity of Acidic _uo:\mmnm__m:% Template

The organic matrix is a preformed insoluble macromoleculear framework that is
a key mediator of controlled biomineralization. The matrix subdivides the min-
eralization spaces, acts as a structural framework for mechanical support, and
is interfacially active in nucleation [67]. The matrix is a polymeric framework
that consists of a complex assemblage of macromolecules, such as proteins
and- polysaccharides. In its simplest form the matrix consists of a struciural
framework of predominantly hydrophobic macromolecules with asseciated
cross-links, onto which are anchored hydrophilic macromolecules that present
an active nucleating surface. In many cases, the acidic macromolecules are
glycoproteins which are proteins with covalently linked polysaccharide side
chains that often contain sulfate and carboxylic acid residues [e.g., Fig. 8(c)1.

The central role of the organic matrix in controlling inorganic nucleation is
to lower the activation energy by reducing the interfacial energy. Lowering of the
activation energy for nucleation is considered to arise from the matching of
charge polarity, structure, and stereochemistry at the interface between an
inorganic nucleus and an organic macromolecular surface. This leads to
control over the rate of nucleation, the number and organization of nucleation
sites, polymorph selectivity, and oriented nucleation.

The role of any organic template in the. calcification of oQ.&m remains
questionable, and very little is known about the template used by foraminifera.
However, the ease of manipulation of coccolithophores in the laboratory has
yielded detailed characterization of the acidic polysaccharides which are involved
in nucleation and molding of calcite precipitation. Furthermore, the close relation-
ship between the organic matrix and the coccolith has been demonstrated using the
new NanoSIMS technique [Fig. 8(A) and (B)]. Future research-is planned to use
the high resolution cheinical abilities of this technique to map out trace metal dis-
tributions in the calcite associated with the organic matrix. Three polysaccharides
have been identified as being involved in the precipitation ‘of coccolith calcite.
Polysaccharide 1 and 2 (PS1 and PS2) form 20 nm particles with Ca** ions and
attach to the base plate rim [43]. PS2 probably facilitates calcite nucleation
whilst PS3 (in Pleurochrysis) or coccolith polysaccharide (in Emiliania huxleyi)
is a sulfated galacturonomannan {(Fig. 8(C) [68,69]) which is directly linked to
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o Qm_

m_m:_.m 8 (A) "CMNT image of a thin {1 pm) section of a cryofixed resin embedded
Coccolithus pelagicus cell obtained with the Cs™ ion beam of the Oxford NanoSIMS.
The CN™ beam depicts the cell and resolves intracellular compartments and the intricate
relationship between the organic template and calcite. The calcified cell has a diameter
of 12.5 pm. (B). An '“O~ image of the same cell. The '°0~ is produced only in
the areas where calcite is present and shows the external calcite platelets encircling the
cell. (C) The chemical structure of a galactosylurenic: acid residue (Gal) which forms

part of the acidic polysaccharide involved in calcification m%mﬁmﬁm and identified wBE
coccolithophores.

the growth and shaping of coccolith calcite. PS3 from Plewrochrysis carterae and
E. huxleyi share a similar structure of a backbone of mannosyl residues bearing
ester sulfate groups and many galacturonic scid-containing side. chains. In a
similar manner to the pumps and the channels, the selectivity for nucleation by
the template -will be controlled by the differential energy of binding of the
cations to coordinating oxygen ligands from the acidic polysaccharide.

5.4. Biomineralization Selectivity: A Hypothesis

The biological selectivity of the transporters and matrix is strikingly similar in its
base chemistry to the w&mogﬁ assembly of ions into 2 crystal. In each case the-
selectivity between Ca®" and trace metals derives from the balance between
the energy required for dehydration of the hexaaqua complex of the cation,
and the energy released from the new coordination geometry of binding with
either carbonyl oxygen from polysaccharides or amino acids, of- carbonate -
oxygen in the crystal. It is remarkable to note that the distance of Ca—0 in the
site of Ca®™ ATPase is 2.2-2.6 A compared with the Ca—O bond length in
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Table 2 Hydration Energy, Electronegativity, and M~O Bond Length for Cations
Found Commonly in Biological Calcites

Gibbs free energy of ‘Bond length M-O in
formation of aqueous ) - calcite or aragonite
ions Electronegativity structure
Metal (kJ/mol) [80] (Pauling scale) (A)
Ca** —5536 : o . 2.36
St —557.3 1.0 | 2.57-2.73
Ba’* ~560.8 09 : 274
Mg+ —454.8 1.2 2.1}
Mr*t —223.3 1.5 2.19
. —147.2 1.6 2.11
Ccd*r _ —T7.6 L7

calcite of 2.359 A (other M—-O bond lengths are quoted in Table 2) which shows
how the size of the crystal binding site is mimicked by biology.

However, the size of the binding site in a biological macromolecule: or
‘crystal relative to the ionic radius cannot be the only control on trace metal
partitioning. From Fig. 1, it is necessary to explain why biological selectivity
appears to be more efficient than crystals for cations of a smaller ionic radius
and less efficient than crystals for ions larger than Ca**. One possibility arises
from the different energies of hydration of the cations (Table 2). The Gibbs
free energy of formation of aqueous ions of Ca?*, Sr**, and Ba®" differ by
only 1.3% and Sr** and Ba®" are both incorporated preferentially into biological
calcite than inorganic calcite. Mg>™ is the next most similar but releases signifi-
cantly less energy on hydration (18%). Therefore both sides of the energy balance

required for Ca** transport are disrupted be it either in a channel or a pump. Not .

only will the cations smaller than Ca®* bind less favorably at the oxygen-
coordinated specific site, but the energy required for dehydration of the cation
before specific binding and transport is significantly different to that for Ca**.
This idea is speculative at the moment, but could be tested using theoretical
chemical calculations for the reaction Gibbs free energies. Furthermore, as calci-
fying organisms rise to the top of the agenda for genetic DNA sequencing, we
anticipate identification of the sequence of the Ca transporting proteins and
their closest analogies which will enable direct eXperimentation on selectivity
of transporters from the coccolithophores, foraminifera, and corals.

6. BIOLOGICAL ION SELECTIVITY AND THE ENVIRONMENT

All partition coefficients are sensitive to environmental factors EoE.&u,m tempera-
ture, growth rate or calcification rate and even pH or carbonate ion content of the
precipitating media. Whilst we would expect the equilibrium constant of inorganic

" Carbonates: Recorders of Past Oceans and Climate 263

carbonate equilibria reactions to be affected by the temperature or pressure of the:
reaction, the sensitivities of trace metal incorporation to these environmental
factors departs extensively from inorganic calcite predictions (Fig. 2). .
It is worth mentioning here that the biological sensitivity to the environment
or “vital effect” is nothing magical. As outlined earlier the dominant controls on ion
selectivity by transporters or the matrix hinges on dehydration of the cation and
coerdination or bonding by oxygen atoms from neighboring amino acids of a
macromolecular protein, which is analogous to the binding site within a calcite
or aragonite crystal where a cation is dehydrated and then coordinated by six or
nine oxygens of neighboring carbonates, respectively. However, it is important to
rememiber that the. utility of the chemistry of biogenic carbonate as proxies for.
past ocean conditions rests on the observed correlations of the chemistry with
enviropmental variables. If such a correlation does not reflect an inorganic
mechanism, it must be due to some biochemical process. Here, we explore how
environmental factors might control the biochemical discrimination.

6.1. Temperature

Very few studies have investigated the effects of temperature on the selectivity of
Ca®" ATPases, or Ca’* channels as the majority of systems of interest are in
warm-blooded mammals which maintain a constant body temperature. Nonethe-
less, we can create a hypothetical model for the selectivity of channels, pumps,
and templates based on the activation energy of binding. It should be noted
that Ca®" transporters show complex kinetics due to changes in the activation

-energy of transport, generally characterized by non-linear Arrhenius and van’t

Hoff plots, but also due to temperature having a great control over the fluidity
of the bilayered lipid membrane {70].

If we imagine a Ca®" channel which has high selectivity at binding but as a
result inhibits large ion currents of the highly specific ion, then the activation
energy for the transport of Ca®™ is higher than the similarly sized trace metals,

- By contrast, if we imagine a Ca® pump which has high selectivity for both

binding and transport, then the activation energy for the transport of Ca®* will
be lower than that for the similarly sized trace metals. In each case, as tempera-
ture increases, the differential between the two activation encrgies for transport of
Ca®* and a trace metal becomes less important. Therefore, for biomineralization
where Ca®* channel processes are dominant we would expect the M /Ca ratio to

~decrease with increasing temperatare, and for biomineralization where Ca®*

pumps are more important, we would expect the M/Ca ratio to increase as the
selectivity breaks down. So, we propose that positive or negative correlation
between trace metal uptake and temperature may be due to the differing import-
ance of channels or pumps in the biomineralization process. .

Following the previous logic, we would expect the temperature control on
the ordering of ions by the organic matrix or template to be similar to that of a
Ca®* pump. The binding is controlled by lowering the activation energy of
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binding for calcium in particular and would be higher for other trace metals.
As temperature increases, we expect the Ca*"-specific ligands to lose their
rigidity and as such reduce the selectivity of the nucleation sites such that the
M/Ca ratio will increase with increasing temperature.

6.2. Kinefics

Increasingly, growth rate is recognized as controlling the trace metal uptake into
hiogenic carbonate, and particularly coccolithophores [34-36,71]. Furthermore,
the carbonate ion in the surrounding media controls the degree of calcification
and mass of carbonate precipitated for planktonic foraminifera, coceelithophores,
and corals [72-74]. A further interlinking propdsal is that the trace metal uptake
is controlled by the carbonate ion, as demonstrated in benthic foraminifera
[75,76], and proposed for planktonic foraminifera [77]. As the rate of growth
or calcification increases in each case, be it driven by carbonate ion or not, the
incorporation of the trace metal increases. We propose that this biclogical rate
or kinetic control on trace metal uptake can be considered as a biological ana-
logue of the inorganic model proposed by Lorens [78]. In his model, he proposes
a rate-dependent discrimination by the crystal against ions of a different size to
Ca**. We propose that trace metal incorporation into biogenic carbonates is

Rate of
transport

Concentration of
transported ion

Figure 9. A hypothetical plot of rate of transport of an ion by a Ca®* transporter vs. the
concentration of the transported ion for Ca® (triangles) and M*" (squares). The skightly
higher charge density of the calcium ion relative to the metal ion leads to stronger bonding
of the calcium ion by the transporter and more efficient transport at lower concentrations.
As the rate of transport of ions increases from the open shapes to the gray shapes, the
M/Ca rate of the transported ions will also increase as marked by-the dotted lines.
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controtled by a rate-dependent discrimination of binding by the transport and
template macromolecules.

In channels, pumps or template, there is a binding: site specific to-the trans-
ported ion, namely calcium. In each case, Ca>* will be bound more strongly than
the trace metal ions [79]. This means that the maximal rate of transport by a Ca®*
pump or channel (Vi) would be attained at a lower concentration of Ca®" than -
of the trace metal (Fig. 9). As the rate of transport increases, the concentration of
the transported trace metal increases proportionally more than the Ca®*. The
M/ Ca rate transported to the vesicle and available for precipitation will increase
with increased rates of pumping. At higher rates, the discrimination between
Ca®* and trace metals to the nucleation. sites of the organic tefplate will .
be less efficient. In essence, at higher rates of reaction, more mistakes will be
made and each process in the biomineralization process is likely to enhance
incorporation of trace metals at higher rates of growth or precipitation.

7. SUMMARY

Tracg.metal proxies bound within the calcium carbonate tests of oceanic organ-
isms provide a unique insight into how the climate system works on timescales
which span eight orders of magnitude, from annual to hundreds of millions of
years. Whilst the motivation for developing these proxies was the idea that
thermodynamic equilibria control the chemistry during precipitation, in reality
the application of trace metal proxies relies upon empirical calibration. Such
calibration can be applied to a wide range of environmental reconstructions,
but more accurate application of proxies requires a mechanistic understanding
of the biomineralization process. )

The partitioning of trace metals into biogenic carbonates reflects to some
extent the same pattern as an inorganic crystal, but there is an additional selectiv-
ity and differing environmental sensitivity to, e.g., temperature, which confirms
that biochemical processes also play a role in the uptake and assembly of jons into
a crystal. Different organisms display differing degrees of biological control on
their carbonate chemistry. Aragonitic coral chemistry is most similar to inorganic
precipitation from seawater whilst coccolithophores are most different, and
these contrasts correlate with the degree of control of the organism over ifs
biomineralization. '

Selectivity between Ca and trace metals during biomineralization arises
during’ transport by pumps, channels, or nucleation upon an organic matrix.
The biological selectivity of the transporters and-matrix is strikingly similar in
its base chemistry to the selective assembly of ions into a crystal. In each case,
the selectivity between Ca®" and trace metals derives from the balance
between the energy required for dehydration of the hexaaqua complex of the
cation, and the energy released from the new coordination geometry of binding
with either carbonyl oxygen from polysaccharides or amino acids, of carbonate
oxygen in the crystal. This is a speculative idea, but with some careful chemical
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calculations based on the energy of binding of Ca** or the trace metal ions to
these macromolecular structures, it provides an alterpative thermodynarnic
framework within which-to consider the application of trace metal proxies.
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ABBREVIATIONS

AABW . Antarctic bottom water

59E isotopic variation of the element ™E, e.g., of 0, relative to an

’ internationally accepted standards in parts per Eo_._mmum or
per mill

kyr kilo years

MC-ICPMS multi-collector inductively oocu_oa plasma mass- %moqoao@

Myr " million years .

NADW - North Atlantic deep Ewno_..

Ps polysaccharide

SEM scanning electron microscopy

SERCA skeletal muscle sarcoplasmic reticulum calcium >15ummm

SI International System of Units

SIMS secondary ion mass spectrometry
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A

eutrophus, see Alcaligenes
haemolyticus, see Acinetobacter
Rhallzri, see Arabidopsis
putrefaciens, see Alteromonas
thaliana, see Arabidopsis
AAS, see Atomic absorption
spectroscopy
F-, see Flame atomic absorption
spectroscopy
GF-, see Graphite furnace atomic
absorption spectroscopy
Acetate
as ligand, 50
Achillea ageratum, 189
Acid volatile sulfide model, 67, 68
Acinetobacter haemolyticus, mN_.
Acinetoferrin, 34
structure, 36

Actinides (see also individual elements),

200-211, 215, 219-227
bioremediation, see Bioremediation
interaction with microorganisms,

220-227
oxidation states, 212, 221
redox potential, see Redox

potentials

Adenosine 5'-triphosphate,
see 5'-ATP

Aerobactin, 29

~ ferrie, 26
structure, 30

Aerosols (containing) (see also Air and

Atmosphere) .

analysis, 15
antimony, 185
from industry, 10
lead, 3
‘marine, 6
Mediterrean, 185
metals, 4, 10, 12
North Atlantic, 185
Saharan dust; 185
soil-derived, 11

_ Affinity constants, see Stability constants

Africa
antimony in atmosphere, 184
gold production, 10 .
mercury emission, 10
AFS, see Atomic fluorescence
spectrometry
Agriculture
pesticide, see Pesticides
Alr (see also Atmosphere}
antimony in, 183, 185"
pollution, 15
sources of metals, 6-13
Alaska
arsenic in soil, 147
Baffin Island, 147



