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The Mg/Ca ratio of foraminiferal calcite is a widely accepted and applied empirical proxy for ocean
temperature. The analysis of foraminifera preserved in ocean sediments has been instrumental in
developing our understanding of global climate, but the mechanisms behind the proxy are largely
unknown. Analogies have been drawn to the inorganic precipitation of calcite, where the endothermic
substitution of Mg for Ca is favoured at higher temperatures. However, evidence suggests that
foraminiferal Mg incorporation may be more complex: foraminiferal magnesium is highly heterogeneous
at the sub-micron scale, and high Mg areas coincide with elevated concentrations of organic molecules,
Na, S and other trace elements. Fundamentally, the incorporation mode of Mg in foraminifera is unknown.
Here we show that Mg is uniformly substituted for Ca within the calcite mineral lattice. The consistency
of Mg-specific X-ray spectra gathered from nano-scale regions across the shell (‘test’) reveals that the
coordination of Mg is uniform. The similarity of these spectra to that produced by dolomite shows that
Mg is present in an octahedral coordination, ideally substituted for Ca in a calcite crystal structure.
This demonstrates that Mg is heterogeneous in concentration, but not in structure. The degree of this
uniformity implies the action of a continuous Mg incorporation mechanism, and therefore calcification
mechanism, across these compositional bands in foraminifera. This constitutes a fundamental step
towards a mechanistic understanding of foraminiferal calcification processes and the incorporation of
calcite-bound palaeoenvironment proxies, such as Mg.

© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.
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1. Introduction

The Mg/Ca ratio of foraminiferal calcite is a widely accepted
and applied empirical proxy for ocean temperature (Bohaty et al.,
2012; Elderfield and Ganssen, 2000; Garidel-thoron et al., 2005;
Lea et al,, 2000; Niirnberg et al., 2000). The construction of Mg/Ca
records from foraminifera preserved in ocean sediments has been
instrumental in developing our understanding of global climate,
but the mechanisms behind the proxy have remained largely un-
known. Use and interpretation of the Mg/Ca palaeothermometer is
based on the assumption that Mg is inorganically hosted in the
calcite mineral lattice, but foraminiferal Mg/Ca ratios differ signifi-
cantly from those derived from inorganic precipitation experiments
(Bohaty et al.,, 2012; Elderfield and Ganssen, 2000; Garidel-thoron
et al., 2005; Lea et al, 1999, 2000; Morse and Bender, 1990;
Niirnberg et al., 2000). Most foraminifera contain orders of mag-
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nitude less Mg (Morse and Bender, 1990), Mg in foraminiferal cal-
cite is around three times more sensitive (up to ~10% per °C) to
temperature change (Lea et al., 1999), and both Mg concentration
and temperature sensitivity show high inter- (Morse and Bender,
1990) and intra-species (Elderfield et al., 2002) variability between
organisms inhabiting similar environments (Hintz et al., 2006;
Kisakiirek et al., 2008; Lea et al., 1999; Russell et al., 2004).
These disparities are labelled ‘vital effects’ (Urey et al, 1951;
Weiner and Dove, 2003), and are broadly attributed to biologi-
cal mechanisms that influence the calcification process. As long
as the offsets caused by ‘vital effects’ are systematic, and re-
main consistent within species, they can be overcome by robust
calibration studies (Anand et al., 2003; Elderfield et al., 2006;
Niirnberg et al., 1996), and do not represent an insurmountable
barrier to the application of the palaeothermometer. However, evi-
dence suggests that foraminiferal Mg incorporation may be more
complex: foraminiferal Mg is highly heterogeneous at the sub-
micron scale (Eggins et al., 2004; Erez, 2003; Kunioka et al., 2006;
Sadekov et al., 2005), and high Mg areas coincide with elevated
concentrations of organic molecules, Na, S and other trace ele-
ments (Erez, 2003; Kunioka et al., 2006). Internal heterogeneity
is both diverse, with different species exhibiting either systematic
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Fig. 1. The distribution of Mg in foraminifera. Electron microprobe maps of the samples reveal patterns of Mg/Ca banding (A), which are in agreement with Scanning
Transmission X-ray Microscope (STXM) images of Mg-Specific X-ray absorption (B, arbitrary units) in the thin-section samples (C). This confirms that the STXM Mg signal is
real, and not an artefact of sample density or thickness variations. This is evident in the uniformity of the off-peak STXM Optical Density (OD) images of the thin section
samples (C). In (C) brightness is a function of absorbed photons, and the dark areas either side of the Orbulina specimen are sections of the resin used to mount the samples.
Magnified areas of the STXM images denoted by dashed yellow boxes show the length scale of Mg heterogeneity to be in the order of 1-300 nm (D). The Mg bands in the
Amphistegina specimen (B and D) taper towards the bottom of the image. This reflects a decrease in sample thickness, not a reduction in Mg content. The Amphistegina (B)
image was taking in transmission mode (25 nm Zone Plate, 150 nm step, 2 ms dwell), and the Orbulina (B) image in fluorescence mode (40 nm Zone Plate, 100 nm step,
50 ms dwell). The colour scale bar denotes Mg/Ca in the electron microprobe maps (A), and the STXM images are in arbitrary units.

banding (Fig. 1) or apparently random variations (Sadekov et al.,
2005), and large, with [Mg] varying by up to a factor of 10 across
the test. The coincidence of Mg enrichment with high concentra-
tions of other trace elements and organic molecules (Erez, 2003;
Kunioka et al., 2006) raises the possibility that Mg is incorporated
in association with these other components, rather than directly
substituted for Ca. If Mg exists in association with organics, Na
or S, or in a coordination other than ideally substituted into cal-
cite, the connections drawn between modern and fossil species
by the application of empirical calibrations must be questioned.
Furthermore, if the coordination of Mg differs between the high-
Mg (‘on-band’) and low-Mg (‘off-band’) regions, this would imply
a complex two-phase incorporation mechanism, which would in-
validate the inorganic precipitation analogies. The small size (typ-
ically <500 pm @, walls 5-50 pm thick) and high purity (>99%
CaCOs3) of foraminifera has thus far precluded the direct miner-
alogical investigation of foraminiferal Mg. Here we apply nano-
scale synchrotron X-ray spectroscopy techniques to address the
fundamental uncertainties raised by internal Mg/Ca heterogene-
ity, by conducting a nano-scale mineralogical investigation of the
atomic coordination of Mg in on- and off-band regions through
the foraminiferal test.

2. Methodology

We characterise the coordination of Mg in two disparate species
of symbiont-bearing foraminifera using Near-Edge X-ray Absorp-
tion Fine Structure (NEXAFS) spectroscopy. Both the benthic Am-
phistegina lessonii (~40 mmol/mol Mg/Ca) and the planktic Or-
bulina universa (1-10 mmol/mol Mg/Ca) are known to exhibit sys-

tematic Mg banding (Eggins et al., 2004; Erez, 2003; Kunioka et al.,
2006; Sadekov et al., 2005), which was confirmed in our specimens
by electron microprobe maps (Fig. 1A). Test cross-sections were
prepared using a focused ion beam (FIB, Fig. 1C), and analysed
using a scanning transmission X-ray microscope (STXM, Fig. 1B
and D).

2.1. Sample preparation

Recently alive specimens of Orbulina universa and Amphistegina
lessonii. were obtained from plankton tow samples and cultures,
respectively. Individual tests were broken into several pieces with
a fine scalpel blade in ethanol, and the fragments mounted on
double-sided tape with the flattest broken edge in plane with the
tape surface (so the majority of the fragment protruded normal
to the tape surface). These mounted fragments were set in epoxy
resin following a standard procedure for preparing petrographic
samples. The set resin blocks were cleaned with petroleum ether
to remove traces of the tape adhesive, and polished to expose
the edges of the test fragments. The polished surface was carbon
coated, and imaged in an SEM to guide the location of the sample
fragments in a focused ion beam (FIB) instrument.

Sections were cut bisecting the test wall perpendicular to the
polished surface in a Helios NanoLab FIB, following a modifica-
tion of FEI™’s standard procedure for producing and extracting
TEM samples (Reyntjens, 2006). Deviations from the normal meth-
ods were necessary because the foraminifera sections were wedge
shaped, and larger and thicker than normal TEM sections. Wedge-
shaped samples were required to allow for uncertainties in the
required sample thickness for STXM analysis.
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A protective platinum layer was deposited on the polished sur-
face and rough trenches were cut on three sides of the sample us-
ing the highest available current (30 kV, 21 nA). The section shape
refined using a 9.3 nA beam, leaving a 4 pm thick section which
was cut out with a 2.8 nA beam and transferred to a TEM grid us-
ing an Omniprobe™ micromanipulator. Once attached to the TEM
grid with platinum, a series of angled polishing cuts were made
to form the sample into the desired wedge shape. These cuts were
made at 0.92 and 0.46 nA (both at 30 kV), decreasing the current
as the sample neared completion. The final sections thinned from
approximately 2 pm to extinction along their shortest axis.

The FIB milling process is known to leave an amorphous dam-
aged layer on the surface of the specimen (McCaffrey et al., 2001).
The thickness of the damaged layer is proportional to the beam
energy, and varies with the angle of the beam relative to the sam-
ple (McCaffrey et al., 2001). A 30 kV beam was used at all sample
preparation stages for speed, and low angle milling (beam paral-
lel to sample) was employed to minimise the angle component of
sample damage. This milling setup is estimated to leave 20-24 nm
of amorphous damaged material on the sample surface (Gao et al.,
2004; Giannuzzi et al., 2005). All X-ray analyses were performed
on sections of the sample >1.8 um thick, so this damaged layer
comprised <3% of the analysed material. Previous studies have
obtained meaningful STXM and TEM data from FIB-prepared bio-
genic calcite samples (Benzerara et al., 2011; Kudo et al.,, 2010;
Obst et al., 2009), suggesting this damage layer should not signifi-
cantly influence our results.

2.2. Electron probe mapping

Electron probe maps were taken from the polished resin blocks
adjacent to the site of FIB milling. The scan setup was modified
from a previous study (Sadekov et al.,, 2005), employing a finer
beam (~1 pm @), and a smaller step size (0.5 pm).

2.3. STXM data acquisition and analysis

Data were gathered at the STXM branch of beamline 11.0.2 at
the Advanced Light Source (ALS, Berkeley, CA) (Bluhm et al., 2006).
This instrument has a spatial resolution of 30 nm, which allowed
us to map the Mg bands in fine detail (Fig. 1B and D), and extract
NEXAFS spectra from precise on- and off-band regions to exam-
ine Mg coordination. A NEXAFS spectrum measures the absorption
of X-rays at and above (to +150 eV) the ionization energy (or
‘absorption edge’) of an element. Specific elements within a sam-
ple can be targeted because of their unique ionization energies.
The position of the absorption edge is influenced by the electronic
structure of the atom, and features of the post absorption edge
region are defined by multiple scattering from the atom’s next-
nearest-neighbours. The features of a NEXAFS Mg-spectrum are
determined by the Mg coordination: the number, arrangement and
species of its nearest-neighbour atoms, and in turn their environ-
ment (what else they are bonded to) - everything that influences
the local electronic structure around the atom of interest. In the
consideration of these Mg spectra, it is important to note that only
the immediate environment around the Mg is relevant, and not the
long-range structure of the whole phase.

All samples were mounted on aluminium STXM sample hold-
ers. The TEM mounts containing the foraminiferal sections were
attached using carbon tape, and powder reference samples were
applied to Silson™ 100 nm SisN4 TEM windows fastened to the
sample mounts with rapid setting epoxy. Prior to data acquisi-
tion the sample chamber was evacuated (to 40 Pa) and flooded
with He gas to 34-50 kPa to minimise X-ray absorption in air.
STXM images and NEXAFS spectra were collected in both trans-
mission (Bluhm et al, 2006) and fluorescence (Hitchcock et al.,

2010) modes. Transmitted X-rays were collected using a scin-
tillation counter, operating in pulse counting mode at low flux
(<20 MHz), and in analogue mode at higher fluxes while in flu-
orescence mode (>20 MHz). In fluorescence mode emitted X-rays
were collected using a front-mounted Amptek™ X123 Super-SDD
detector, recording Mg Ka (1254 eV) and KB (1302 eV) emission
bands. Zone Plates were 25 and 40 nm in transmission and fluo-
rescence modes, respectively. The 25 nm Zone Plate gave the best
spatial resolution (~30 nm spot size), but the short working dis-
tance (1000-1200 pm) and lower flux made it unsuitable for use
with the fluorescence detector. The 40 nm Zone Plate decreased
the spatial resolution (to ~45 nm), but lengthened the working
distance (2000 pm) to physically accommodate the front-mounted
Amptek™ detector and minimise the background scatter it picked
up from the OSA, and allowed a higher flux, which improved fluo-
rescence data quality.

STXM images presented here (Fig. 1) were taken after a rough
NEXAFS spectrum was recorded to find the position of the Mg K-
edge. They are presented as simple absorption maps, as the wedge
shape of the samples precludes the meaningful interpretation of
optical density maps of the whole section.

Samples were analysed following a standard procedure: a series
of STXM images were taken at the Mg K-edge (~1314 eV) with
increasing spatial resolution to locate a region of interest (in trans-
mission mode, an area with 30-90% absorption). NEXAFS spectra
were then collected by taking either a stack of images or line
transects at a series of energy steps across the absorption edge.
In absorption mode the acquisition area always included an off-
sample region for background (Ip) normalisation, and conversion
to optical density (OD = —log(I/lp)). This was not necessary in
fluorescence mode, as the variations in fluorescence Iy over the
energy range considered are negligible. Absorption spectra were
normalised to Iy and extracted from the image stacks or line scans
using the aXis2000 IDL™ widget package (Hitchcock, 1997). For the
reference materials, if the quality of a single spectrum was poor
extra spectra were collected, and data summed to improve qual-
ity, effectively increasing the pixel count time. All spectra collected
during the experiment can be seen in Fig. 2.

Spectrum processing, fitting, analysis and graphing were per-
formed in R (R Core Team, 2012; RStudio, 2013). The presented on-
and off-band Mg spectra are averages of multiple on- and off-band
regions to improve data quality. On- and off-band regions were se-
lected by hand, leaving an unselected margin on the edges of the
bands (Fig. S1). To ensure the size or shape of the selection area
did not influence the resulting spectra, multiple sizes and shapes
of selection were compared, and in all cases the results were the
same. Prior to analysis all spectra were normalised so their range
was 0 to 1. Before normalisation, the maximum optical density in
any spectra was 1.75, well below the level where saturation ef-
fects are seen on this beamline (above 2.4-2.6). Specimen spectra
were fitted with combinations of reference spectra and a linear
background using a linear least squares model (Im). Data were col-
lected over a period of reduced beam stability, which introduced a
variable error in energy accuracy between the samples, particularly
between samples collected in different beamtime shifts. To account
for this uncertainty, all but one spectrum (dolomite) were allowed
to drift by up to +0.5 eV during the fitting process. A detailed as-
sessment of our fitting algorithm can be found in the supplemen-
tary material. The dolomite spectrum was the major component of
all fits, and was used as an internal energy standard.

There is some uncertainty surrounding the relative scaling of
peak intensities with Mg concentration in different Mg-bearing
phases, and therefore the sensitivity of the technique to detecting
combinations of different Mg coordination states. Most candidate
phases had peaks that were distinct from the sample spectra, and
their presence would have been clearly manifest in a systematic
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Fig. 2. Mg NEXAFS spectra. The normalised Mg K-edge NEXAFS spectra collected
from the samples and reference materials in this study. The sample spectra are at
the top, and the reference spectra presented in descending order based on their
similarity to the sample spectra.
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Fig. 3. The detection of organic-hosted Mg. The count-normalised 1314 eV Mg
peak height from 3 biogenic calcites (foraminifera and two echinoderm samples)
is shown as a function of weight% Mg. Peak height shows a linear increase with
Mg concentration, which is unsurprising as the linearity of this relationship un-
derlies electron-probe and XRF techniques. The count-normalised Mg peak height
from our organic reference material (muscle tissue of Mytilus edulis) produced a
disproportionately intense peak, implying that our method was more sensitive to
organic-hosted Mg than calcite-hosted Mg, and rendering the detection of organic-
hosted Mg in our spectra feasible.
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Fig. 4. Uniform Mg coordination. Normalized Mg K-edge NEXAFS spectra collected
from high- and low-Mg bands in O. universa (1 and 2) and A. lessonii (3 and 4) reveal
that Mg is coordination is uniform throughout the test. The residuals comparing
each scan to all others are shown, with their identity denoted by the numbers on
the right hand side. The spectra are identical to within instrumental error, as is
evident in the featureless (within the instrumental noise) residuals.

modification of the Mg peak shape. However, organic matter pro-
duces a diffuse, featureless peak (Fig. 2), as it does not contain Mg
in a well-defined coordination. This would be hard to detect if the
organic spectra were also very weak. To explore this, we examined
the relationship between Mg peak intensity and Mg concentra-
tion in biogenic Mg-calcite and organic matter (Fig. 3). This reveals
that the technique is more sensitive to organic-hosted Mg than
calcite-hosted Mg, demonstrating that organic-hosted Mg would be
apparent if it were significantly present in the high-Mg bands. Flu-
orescence spectra will exhibit a similar trend, as they are governed
by the same physical principles.

3. Results

Raster X-ray absorption images map Mg distribution at much
higher resolution than the electron microprobe (Fig. 1B and D
vs. A). This high-resolution mapping reveals that the broad
(~2-3 pm) Mg rich bands observed in A. lessonii by the electron
probe were in fact made up of sequential finer (<500 nm) bands
in close proximity, revealing that banding is much finer-grained
than previously thought (Sadekov et al., 2005).

Spectra gathered from on- and off-band regions in A. lessonii
and O. universa were identical within instrumental error, as is evi-
dent from the featureless (to within instrumental noise) residuals
in Fig. 4.

A linear-least-squares fitting procedure was used to compare
the spectra of foraminiferal Mg to those of reference materials with
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Fig. 5. Identifying the Mg environment. We compare of the local Mg environment in O. universa and A. lessonii to the candidate minerals dolomite, hydromagnesite and
magnesite. The normalized Mg K-edge NEXAFS spectrum from foraminiferal Mg is shown at the top, with mixtures of candidate mineral spectra determined by linear least
squares fitting displayed below. Each fit consists of one or more candidate spectra combined with a linear background. The dolomite spectrum alone is a good fit for the
foraminiferal Mg, although not perfect. The fit is marginally improved by including extra materials in the mixture, but importantly the shape of the residuals (shown below
each model on the same scale) does not alter significantly, and the increase in goodness of fit (indicated by R?) is minimal.

known Mg coordination (Figs. 2 and 5). Both individual reference
spectra, and mixtures of reference spectra were considered in the
fitting model. The foraminiferal Mg spectrum was most similar to
that of dolomite (Fig. 5), although the fit was not perfect in either
0. universa or A. lessonii (R?2 = 0.967 and 0.953, respectively). The
fit was either marginally improved (in A. lessonii) or not affected
(in O. universa) by the inclusion of minor hydromagnesite and mag-
nesite components in the model (indicated by R? values in Fig. 5).
The inclusion of spectra from brucite, epsomite and Mytilus edulis
tissue were detrimental to the fit.

4. Discussion

First, we address the question of whether the observed differ-
ences in Mg concentration (Fig. 1) are accompanied by variations
in Mg coordination, by comparing NEXAFS spectra gathered from
on- and off-band regions. The Mg banding could either be pro-
duced by variations in the concentration of Mg hosted in a single
phase, or be the result of a multi-host-phase system, where a back-
ground Mg environment is augmented by an alternate Mg host
phase in the bands. Our reference NEXAFS spectra demonstrate
the sensitivity of this technique to changes in the coordination
and speciation of atoms around Mg: closely related mineral phases
produce disparate spectra (Fig. 2). Therefore, we would expect a
single-host-phase system (Mg in a single coordination) to produce
uniform spectra throughout the test, and the spectra produced by a

multi-host-phase system (with multiple Mg coordinations) to vary
between the on- and off-band regions. The coincidence of Mg,
S, Na and organic maxima in the test (Erez, 2003) suggests that
Mg is structurally associated with these other components in the
high-Mg bands, and thus exists in a two-phase system. Our data,
however, conclusively demonstrate that the coordination of Mg is
uniform across the banding of individual tests and between the
two species (Fig. 4). This reveals that intra-test Mg heterogeneity
does not result from a multi-host Mg incorporation system, but is
driven by variations in the concentration of Mg in a single coor-
dination. The similarity between these two disparate species also
suggests that these results are more broadly applicable to other
foraminifera that exhibit Mg banding (Sadekov et al., 2005).

The uniformity of Mg coordination reveals that Mg is hosted
in a single atomic environment in foraminifera, but the nature of
this environment is unknown. To address this second problem, we
compare the foraminiferal Mg spectra to those of various model
materials: dolomite, magnesite, hydromagnesite, brucite, epsomite
and organic material (the muscle tissue of Mytilus edulis, Fig. 2).
The spectrum produced by foraminiferal Mg is most similar to
that produced by dolomitic Mg (Fig. 5). Dolomite ((CaMg)(COs3);)
has the same mineral structure as calcite, with Ca and Mg oc-
cupying equivalent octahedral sites in the lattice; Mg is ideally
substituted for Ca. It is important to emphasise that the sim-
ilarity to the dolomite spectrum indicates that the local atomic
environment, or coordination of Mg is similar, not that dolomite is
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present in the test structure. A survey of Mg spectra in the lit-
erature (Farges et al.,, 2009; Finch and Allison, 2008, 2007; Trcera
et al.,, 2009) confirms that the only published NEXAFS Mg spec-
tra that bears a resemblance to foraminiferal Mg are dolomite and
Mg-calcite. One other notable candidate Mg coordination is that
of northupite (Na3Mg(CO3),Cl, seen in Farges et al., 2009), which
produces a similar spectrum to dolomite. However, this similarity
is only superficial, as is evident from examination of the ‘D’ peak
of the spectra (~1330 eV in Farges’ dolomite, ~1322 eV in our
dolomite, owing to differences in energy calibration). The D peak
of northupite is at lower energy than the D peak of dolomite, and
we observe a shift in the opposite direction in our foraminiferal
calcite (Fig. 2, relative to dolomite). If the ‘extra’ on-band Mg were
hosted in a northupite-like coordination, this would be manifest in
a split D peak in the on-band spectra, which we do not see. The
literature also reveals that NEXAFS is capable of detecting disor-
dered organic-bound Mg in carbonate minerals (Farges et al., 2009;
Finch and Allison, 2008). This reveals that Mg is ideally substituted
for Ca in foraminiferal calcite, and validates the long-held assump-
tion underpinning the Mg/Ca proxy.

The dolomite spectrum is not a perfect fit for foraminiferal
Mg (Fig. 5). The goodness-of-fit (indicated by R? values in Fig. 5)
is marginally improved in A. lessonii by including hydromagnesite
(Mg5(C03)4(0OH);.4(H,0)) or magnesite (MgCO3) Mg-environments
alongside dolomite in the model (Fig. 5). The presence of a magne-
site environment component would indicate Mg clustering, while
a hydromagnesite environment suggests Mg associated with hy-
droxyl groups. Fitting a mixture of dolomite, magnesite and hydro-
magnesite spectra to the foraminiferal Mg, magnesite dominates
the minor fit component in A. lessonii, while it is of similar im-
portance as hydromagnesite in O. universa (although there is no
improvement in goodness-of-fit in the latter, Fig. 5). This implies
that Mg clustering may be more prominent in the higher-Mg cal-
cite produced by A. lessonii. However, it is important to note that
the shape of the fit residuals do not alter significantly with the ad-
dition of these extra environments, indicating that neither of these
additional coordinations fully account for the differences between
the Mg in dolomite and foraminiferal calcite. These disparities can
be attributed to the compositional differences between dolomite
(~50% Mg) and foraminiferal calcite (<0.5% Mg), creating a differ-
ent next-nearest-neighbour Mg environment in the crystal struc-
ture (Finch and Allison, 2007). The increase in goodness-of-fit in
the two- and three-phase mixtures are so small that the interpre-
tation of these minor phase components must remain tentative.
We conclude from these results that Mg is ideally substituted for
Ca in foraminifera, with the caveat that a small fraction may be
present in close proximity to other Mg atoms in the calcite, or in
association with hydroxyl groups.

These results give insights into the calcification processes of
foraminifera. We conclusively demonstrate that banding is not
caused by variations in the concentration of a separate, non-calcite
Mg-bearing organic or mineral phase, or by the alternation be-
tween Mg being hosted in distinct coordinations (a two-phase Mg
system). Intra-test Mg bands represent variations in the concentra-
tion of ideally substituted Mg in the calcite lattice. Therefore, they
must either be the result of variations in the mechanism of crystal
growth that affect Mg fractionation from the calcification fluid, or
of changes in the chemical or physical mineralisation environment.
The Mg/Ca palaeothermometer in its current form relies on the
latter hypothesis, where changes in the physical environment (i.e.
temperature) will effect the incorporation of Mg in a uniform way,
despite biologically driven changes in solution chemistry. However,
if the mechanism of crystal growth varies, so too will the sensi-
tivity of Mg/Ca in different regions to temperature, and the ratio
of on-band/off-band regions in the tests becomes a complicating
factor that is not measured routinely in Mg/Ca analysis.

When combined with previous NEXAFS studies of Mg-calcites
(Finch and Allison, 2007), our results provide strong evidence that
the mechanism of crystal growth is constant in the foraminifera
species studied here. An investigation of Mg in diverse inorganic
calcite samples (Finch and Allison, 2007) revealed variations in Mg
coordination that were detectable in NEXAFS spectra. These vari-
ations are not associated with differences in [Mg] between the
inorganic calcites (Finch and Allison, 2007), indicating that they
stem from differences in the mineral formation mechanism. Based
on this observation, the degree of uniformity of Mg spectra gath-
ered from on- and off-band regions in A. lessonii or O. universa
(Fig. 4) implies the action of a single, continuous Mg incorpora-
tion (and therefore mineralisation) mechanism throughout the test
structure. Furthermore, atomic force microscopy (AFM) studies of
foraminiferal calcite (Cuif et al., 2012) report a uniform mosaic of
~100 nm globular ‘units’ of calcite running throughout the test,
in spite of compositional variations. If the mechanism of crys-
tal growth varied significantly between compositional bands, we
would expect to see some microstructural heterogeneity between
on- and off-band regions, which is not observed. Together, these
observations suggest that Mg is substituted into calcite by a uni-
form mechanism, and that Mg/Ca is entirely dependent on the
physical and chemical calcification environment, rather than a vari-
ation in the mechanism of mineral growth.

This allows us to propose a working model of foraminiferal Mg
incorporation, in which an ultimate connection between tempera-
ture and Mg/Ca is evident. In this model, the mineral in the whole
test structure is deposited via a uniform crystallisation mechanism.
Internal Mg heterogeneity is driven by variations in the chem-
istry of the calcification fluid, which stem from fluctuations in
the biological mechanisms responsible for introducing the well-
documented ‘vital effect’ Mg/Ca offsets (Weiner and Dove, 2003).
For example, diurnal changes in the balance between organism res-
piration and symbiont photosynthesis can drive local pH changes
of up to 1 unit, which would effect solution chemistry and crystal
growth rate, and influence Mg incorporation (Eggins et al., 2004;
Wolf-Gladrow et al., 1999). Inorganic precipitation experiments
show that the incorporation of Mg into calcite is highly sensitive
to the chemical mineralisation environment (Elhadj et al., 2006a;
Katz, 1973; Mucci, 1987; Mucci and Morse, 1983; Stephenson et
al., 2008), and that variations in calcification fluid chemistry would
be sufficient to drive internal heterogeneity. The chemical envi-
ronment can affect Mg incorporation in diverse ways, from simple
increases in the concentration of Mg in the fluid (Mucci and Morse,
1983), to changes in the pH, saturation state and crystal growth
rate (Burton and Walter, 1991), to considerably more complex in-
teractions between defects on crystal growth faces and organic
ligands (Elhadj et al., 2006b; Stephenson et al., 2008) or other trace
cations (Stephenson et al., 2011). Our data cannot reveal which as-
pect of solution chemistry drives internal Mg/Ca variations, which
are undoubtedly important in determining whole test Mg/Ca. Be-
yond these local variations in the chemical mineralisation envi-
ronment, ocean temperature exerts a constant influence over the
physical environment of crystal growth. Irrespective of the chem-
istry of the calcification fluid, and the mechanism by which Mg/Ca
incorporation is modulated, temperature will affect the amount of
Mg incorporated into the calcite lattice, following the basic ther-
modynamic and kinetic principles underlying an endothermic sub-
stitution. The fact that Mg is hosted in a calcite lattice means that
temperature will always influence the amount of Mg incorporated
into the calcite, relative to the solution the calcite is precipitat-
ing from. Furthermore, the enhanced temperature sensitivity of
foraminiferal Mg/Ca (Lea et al., 1999) (cf. inorganic precipitation
experiments) reveals that the biological mechanisms controlling
the calcification fluid are also temperature sensitive (Bentov and
Erez, 2006), and act to amplify foraminiferal Mg/Ca. Id est, if the
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water is warmer, foraminiferal Mg/Ca will increase in both on-band
and off-band regions (or vice versa), as a result of temperature
driven changes in the kinetics of crystal growth, and the chemistry
of the calcification fluid. Thus, ocean temperature influences the
Mg/Ca of the whole test, in spite of local Mg/Ca variations.

5. Conclusions

Our results provide a fundamental step towards a mechanistic
understanding of the Mg/Ca paleotemperature proxy and biomin-
eralisation. By conclusively demonstrating the ideal substitution
of Mg into the calcite lattice we have confirmed a long-held,
yet untested assumption behind the Mg/Ca proxy, supporting the
presence of an inorganic thermodynamic connection between sea-
water temperature and foraminiferal Mg/Ca. We demonstrate that
foraminiferal Mg is not hosted in organic molecules, or in a sec-
ondary interstitial mineral or organic environment. Furthermore,
the consistency of the Mg coordination throughout the test in-
dicates that foraminifera employ a uniform mechanism of crystal
growth. This supports the links between calcite-bound trace ele-
ments (like Mg) and the external environment upon which palaeo-
proxies rely.
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