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Abstract.

Geochemical records of biogenic carbonates provide some of the most valuable records of the
geological past, but are often difficult to interpret without a mechanistic understanding of growth
processes. In this experimental study, Halimeda algae are used as a test organism to untangle some

5 of the specific factors that influence their skeletal composition, in particular their Ca-isotope com-
position. Algae were stimulated to precipitate both calcite and aragonite by growth in artificial
Cretaceous seawater. The Ca-isotope fractionation of the algal calcite is much smaller than that for
the algal aragonite, similar to the behaviour observed in inorganic precipitates. However, the carbon-
ate from Halimeda is isotopically heavier than inorganic forms, likely due to Rayleigh distillation

10 within the algal intercellular space. In identifying specific vital effects and the magnitude of their
influence on Ca-isotope ratios, this study suggests that mineralogy has a first-order control on the

marine Ca-isotope cycle.

1 Introduction

This work investigates the mechanism of Ca-isotope fractionation in one of the major producers of
15 aragonite sediment, Halimeda algae, to test models of biocalcification and the marine Ca-isotope
cycle. Biogenic carbonate is the source of many important sedimentary records, which can be
useful for interpreting ancient environments if the mechanisms of skeletal formation are under-
stood. The elemental and isotopic compositions of biogenically precipitated minerals deviate from
those of inorganic precipitates — differences sometimes referred to as ‘vital effects’ — which com-

20 plicate the application of geochemical proxies in skeletal material. Ca-isotope ratios, defined as
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the environmental factors affecting carbonate geochemistry and are themselves a tool to assess past
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environmental conditions. Ca is the dominant cation in biogenic calcite and aragonite and should be
subject to similar vital effects as other cations. The experiments presented here use skeletal material
from Halimeda to isolate particular aspects of the biocalcification process and quantify their effects
on the Ca-isotope system.

Skeletal growth can be divided broadly into two categories, ‘biologically induced’ and ‘biologi-
cally controlled’, reflecting the location of biomineralization, the transport of chemical species, and
the influence of environmental conditions (Weiner and Dove, 2003). The green algae Halimeda spp.
are recognized as an example of a biologically induced system, based on the crystallography and
organization of their aragonite needles (Borowitzka and Larkum, 1987) and confirmed by observa-
tion of changing skeletal mineralogy under experimental conditions (Stanley et al., 2010). Their
simplicity provides an ideal starting point for addressing the mechanisms of cation fractionation in
biogenically induced aragonite.

Samples for this study were generated in a controlled Halimeda growth experiment, where the
Mg/Ca ratio of seawater was changed to reflect hypothetical conditions during Earth history. The
current molar Mg/Ca ratio of the oceans is 5.2, which generally favours the precipitation of aragonite
and high-Mg calcite (cation composition > 4 mol% Mg) over low-Mg calcite (cation composition
< 4 mol% Mg), subject to favourable temperature conditions, pCO,, phosphate, or sulfate concen-
trations (e.g. Burton and Walter, 1987, 1990; Morse et al., 1997; Bots et al., 2011). Several lines of
evidence, such as halite fluid inclusions, nonskeletal carbonate mineralogy, and fossil echinoderm
Mg/Ca, suggest that seawater Mg/Ca may have been as low as 1.0-1.5 during periods such as the
Cretaceous, which would have favoured the precipitation of low-Mg calcite (Sandberg, 1983; Hardie,
1996; Stanley and Hardie, 1998; Lowenstein et al., 2001; Horita et al., 2002; Dickson, 2004). Growth
experiments on a variety of biocalcifiers under such low Mg/Ca conditions have produced changes in
calcification rate and skeletal geochemistry (e.g. Stanley et al., 2002, 2005; Ries et al., 2006) and, in
the case of Halimeda incrassata, a partial change in carbonate mineralogy from aragonite to calcite
(Stanley et al., 2010). For this study, the Halimeda experiment was repeated with a close relative,
Halimeda discoidea, to reproduce the unusual case of aragonite and calcite grown simultaneously
under the same conditions. The growth of two different carbonate minerals from the same bulk fluid
presents a test case for the isotopic effects of carbonate mineral precipitation, modified by relatively

simple algal biology, with implications for the balance of the Ca-isotope budget.
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2 Background to Ca-isotope fractionation
2.1 Inorganic Ca-isotope fractionation

The behaviour of Ca isotopes in inorganic carbonates has been explored in a variety of precipitation
experiments, with all calcium carbonate minerals expressing fractionation in favour of the lighter
isotopes of Ca (see compilation in Fantle and Tipper, 2014). In isotope notation, this is expressed
as & < 1 (where « is the ratio of precipitate **Ca/*’Ca to solution **Ca/*’Ca) or A**/4°Ca < 0 (where
A¥H0Ca is equal to 8**°Ca,yponare — 0**°Cagppion). Fractionation of laboratory-grown aragonite
(A**/%9Ca) has an average value of —1.7%o at 15 °C, while showing a small positive temperature
dependence of 0.015%o per °C (Gussone et al., 2003). Smaller fractionations are generally observed
during calcite growth, with samples precipitated in a beaker averaging —0.8%o at 15 °C, with a similar
positive temperature dependence as for aragonite (Marriott et al., 2004). Much greater fractionations,
up to —2.34%o, have been observed in laboratory speleothem-like calcite growth (Reynard et al.,
2011), and relationships between A*/40C3a and other factors such as growth rate and [CO527] have
also been identified (Lemarchand et al., 2004; Tang et al., 2008). Gussone et al. (2011) showed that
the metastable CaCOj3 polymorph ikaite expresses smaller fractionations of —0.55%0 and —0.62%o
for experimental and natural samples, respectively, grown between 0 and 6°C, while laboratory-
grown vaterite has an even smaller average fractionation of —0.36%¢, at temperatures between 10
and 48°C. Measured fractionations of less than —0.2%o for synthetic amorphous calcium carbonate
(ACC) suggest that Ca-isotope ratios are not strongly affected in the absence of a mineral structure
(Gagnon et al., 2011), although the cause of isotopic offsets for the different carbonate minerals is
not understood.

Models of Ca-isotope fractionation suggest that the preference for light isotopes in solid mineral
phases is due to a kinetic effect associated with ion dehydration and attachment onto a surface, mod-
erated by the kinetic fractionations of a backwards detachment reaction and ion transport effects
(Gussone et al., 2003; DePaolo, 2011). The isotopic fractionation between fluid and carbonate in
equilibrium appears to be close to zero, based on evidence from pore fluids and deep-sea carbonate
sediment (Fantle and DePaolo, 2007) and from groundwater and host rock in a long-lived carbon-
ate aquifer (Jacobson and Holmden, 2008). These observations suggest that maximum fractionation
occurs at intermediate growth rates when isotopically light surface-layer ions are incorporated into
the crystal, and ion transport in the fluid is rapid enough not to limit the expression of the attach-
ment fractionation (DePaolo, 2011). This model can explain the relationships between **/°Ca and
several growth variables as observed during inorganic precipitation experiments (e.g. Lemarchand

et al., 2004; Tang et al., 2008), but it may not translate directly to biological settings.
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2.2 Biogenic Ca-isotope fractionation

In biological calcification systems, carbonate skeletons are also isotopically lighter than the fluid
(usually seawater) from which they precipitate, but the degree of fractionation and responses to vari-
able growth conditions differ from the inorganic data presented above, confirming the presence of
vital effects (e.g. Gussone et al., 2003, 2006; Bohm et al., 2006). For example, temperature changes
induce a range of responses in various marine organisms. Many forms of biogenic carbonate ex-
hibit a similar temperature dependence to that of inorganic precipitates of 0.01-0.03%o per °C (e.g.
Gussone et al., 2003, 2005; Bohm et al., 2006; Gussone et al., 2006), although there are significant
exceptions to this trend. The planktic foraminifera G. sacculifer and N. pachyderma express much
greater sensitivities of 0.22-0.24%¢ per °C (Négler et al., 2000; Hippler et al., 2006) and 0.17%o
per °C (Hippler et al., 2009), respectively, although subsequent studies of this and other planktic
foraminifera show a negligible temperature dependence (Chang et al., 2004; Sime et al., 2005; Grif-
fith et al., 2008; Kasemann et al., 2008). A study of benthic foraminifera revealed a temperature
sensitivity of ~0.02%o per °C for shells formed at temperatures > 5 °C, but deviations from this
relationship at temperatures < 5 °C (Gussone and Filipsson, 2010). Very large Ca-isotope ranges
(1.6 to 3.7%0) were found within individual foraminiferal shells on the scale of 10s of microns using
in situ secondary ion mass spectrometry (Rollion-Bard et al., 2007; Kasemann et al., 2008). These
different responses in biocalcifiers, in contrast to the relatively consistent temperature sensitivity of
inorganic carbonates, demonstrate that metabolic or physiological processes can contribute signif-
icantly to skeletal $*4/4°Ca and indicate the potential for Ca isotopes to provide information about
the processes of biomineralization.

Isotopic vital effects are also observed in response to carbonate-ion concentration and growth
rate. A strong correlation with both [CO32~] and growth rate was observed for inorganic calcite
(Lemarchand et al., 2004), but no correlation was apparent with [CO;%7] for the planktic foraminifera
0. universa (Gussone et al., 2005) nor several coccolithophorid species (Gussone et al., 2006, 2007;
Langer et al., 2007). Growth rate was shown to have an effect on the planktic foraminifera §*+/4°Ca
in G. siphonifera (Kisakiirek et al., 2011), but not for the coccolithophore E. huxleyi (Langer et al.,
2007). Observed variations in skeletal §*4/4°Ca in response to salinity may also be related to changes
in growth rate, given that assemblages are usually adapted to local salinity conditions and are stressed
by environmental changes (Gussone et al., 2009; Kisakiirek et al., 2011). These studies suggest that
Ca-isotope responses to [CO3%~] and growth rate are determined by biological control over internal
pH and carbonate chemistry, and are likely to vary according to specific biocalcification mechanisms.

Estimating the precise magnitude of vital effects in biocalcifiers is complicated by the additional
isotopic fractionations associated with ion reservoirs and fractional utilization of Ca. The blue mus-
sel, Mytilus edulis, demonstrates the significance of these effects by precipitating its skeleton from an
extra-pallial fluid that has higher 8**/4°Ca than the surrounding seawater (Heinemann et al., 2008),

producing a difference in 8*#/4°Ca between its calcitic and aragonitic skeletal components of only
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0.25%o rather than the expected 0.9%o for an inorganic process. Transport effects and Rayleigh dis-
tillation have also been implicated in coccolith calcification (Gussone et al., 2006) and coral skeletal
growth (Bohm et al., 2006). For foraminifera, conflicting estimates of the magnitude of these internal
isotopic fractionations have been made, balancing their utilization of an internal pool of Ca against
its compositional difference from seawater (Erez, 2003; Gussone et al., 2009). Griffith et al. (2008)
developed a Ca-isotope model (@ = 0.9985, 85% utilization) suggesting that this internal reservoir
could be offset by —0.8 to —0.9%0 from seawater, whereas Kisakiirek et al. (2011) proposed that
utilization of only 10-40% of the reservoir indicates a smaller offset of —0.2 to —0.4%0, with addi-
tional fractionation originating from active Ca-pumping. Before proxy 6*4/4°Ca measurements can
be linked to environmental variables, the magnitudes and relative contributions of these competing

biological and physico-chemical effects must be resolved.

3 Samples and methods
3.1 Halimeda experiment and samples

This case study investigates the balance of isotopic effects linked to specific biocalcification mecha-
nisms in the sample organism, Halimeda discoidea. Experiments were performed at the University
of Hawai‘i to induce the growth of both calcite and aragonite from the normally aragonitic algae.
Individual specimens of Halimeda discoidea were collected offshore Hawai ‘i from a sandy substrate
at a depth of ~1.5m off the coast of Waimanalo, Oahu. They were transported within less than one
hour in a two-gallon container containing their ambient seawater to an aquarium containing 30L of
artificial seawater with the ionic chemistry of modern seawater and maintained at 25+1°C. They
were planted by burying their holdfasts in sand, positioning them as they had been in nature. They
were illuminated and fertilized as described for previous experiments with Halimeda (Stanley et al.,
2010). After being acclimated in that aquarium for one week, they were transferred to an aquar-
ium that was identical to the one in which they were acclimated, except that the Mg/Ca molar ratio
was maintained at 1.5 and [Ca’"] at 25.3 mM, while the sum of ((Mg?*] + [Ca®*]) remained equal
to that of modern seawater to match total salinity. After approximately six weeks of growth, eight
individuals were harvested, rinsed thoroughly in distilled water, and sent to the University of Oxford.

A number of wild specimens were also analyzed to compare with the experimental samples. Var-
ious species of Halimeda algae (see Table 1) were collected in the vicinity of Lee Stocking Island in
the Bahamas. The sampling locality was in shallow water (ca. Im) on the leeward side of a barrier

island close to the coast.
3.2 Sample preparation

Four to five terminal segments from each individual Halimeda were sampled by hand and washed

three times in 18 MQ water to remove dried sea salt. Samples were then bleached for 1 hour us-
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ing ~15% NaClO and an ultrasonicating bath to remove organic matter. Following this treatment,
samples were rinsed five times in 10 MQ water, patted dry and air-dried completely overnight, and
crushed to a powder by mortar and pestle. The same homogenized powders were used for both XRD
(X-ray diffractometry) and Ca-isotope analysis. Test analyses of untreated, washed, and bleached
Halimeda indicate that these methods do not affect the mineralogy or isotopic results, aside from
removal of a halite signal from the XRD spectrum. Estimates of the skeletal mass fraction were
derived from comparison of the mass of powder to the amount of dissolved carbonate, as determined
by measuring the concentration of Ca in solution and assuming a skeletal composition of pure stoi-

chiometric CaCOs.
3.3 XRD analysis

X-ray diffractometry (XRD) was used to quantify the percentage of calcite and aragonite in each
sample using a PANalytical X Pert Pro diffractometer in the Department of Chemistry, University
of Oxford. Approximately 10 mg of sample powder was scattered onto a glass slide with a frosted
surface to randomize particle orientation. Analyses used a Cu-Ka X-ray source (40 mA and 40 kV)
with the sample loaded on a fixed stage while 26 varied through 25-40° with a 0.004° step size
(0.05°/sec). Aragonite produces prominent peaks at 26 = 26.2° (3.40A, [111]), 27.2° (3.27A, [021)),
and 33.0° (2.70A, [012]), whereas calcite produces a much stronger relative signal at 26 = 29.4°
(3.04A, [104]). The dominant calcite peak has a greater magnitude than that of any aragonite peak for
a mass contribution of only 10% calcite. For the purpose of assessing the mass fraction of carbonate
minerals, a calibration curve was generated using mixtures of aragonite (a fire coral, Millepora, from
the Bahamas) and calcite (mineral spar) standards. The proportion of calcite was calculated using
areas under the aragonite (arag) peak at 26 = 26.2° and the calcite (cc) peak at 26 = 29.4° and the
formula % cc = cc/(cc + arag) (Figure 1). Errors for determination of % cc are estimated to be 5 %,

based on the scatter of the standard calibration curve.
3.4 Ca-isotope analysis

Ca-isotope analysis by multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS)
was performed on both carbonates and growth solutions, using between 0.5 and 2.0 mg of carbonate
powder. Methods are derived from those in Blittler et al. (2011). Sample Ca was isolated using
ion-exchange chromatographic columns and prepared as 10 ppm Ca solutions in 2% HNOj3, with
blanks contributing < 5 ng Ca to the total sample. Ratios of **Ca/**Ca were measured on a Nu In-
struments MC-ICP-MS with standard—sample—standard bracketing, with the international carbonate
standard NIST SRM915a used as a reference (Eisenhauer et al., 2004). Mass-dependent fraction-
ation was confirmed by measuring 44(Ca, BCa, and *2Ca beams, correcting for the interference of
double-charged Sr by monitoring the beam at mass 43.5. Multiple internal standard measurements

and replicate analyses of samples generate standard errors of ~0.05%c(external precision). Values
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of §*/%2Ca, equal to [(44Ca/ 42Ca) / (44Ca/ 42Ca)mndwd - 1] -1000 relative to the standard SRM
915a, are converted to §**/4Ca relative to modern seawater using a 8**/#°Ca value of 1.88 for sea-
water relative to SRM 915a (Hippler et al., 2003). A*/40Ca are calculated by subtracting §**/4°Ca

of the growth fluid from that of the carbonate (Table 1).

sample

4 Results

The growth experiment yielded Halimeda skeletons that were slightly enriched in calcite, but not
as strongly enriched as in a previous experiment (Stanley et al., 2010). Whereas the carbonate
skeleton of natural, wild samples contained 0-5% calcite, seven of the experimental samples had
slightly increased levels of 2.8-8.8% calcite (Table 1, Figure 2). The eighth experimental individual
(Sample #6) was poorly calcified and its XRD spectrum had a very weak calcite peak and no visually
identifiable aragonite peak. Peak area calculations resulted in a calculated % calcite of 88%, but this
value is probably affected by the background noise levels during XRD analysis and best treated as
a minimum. This sample is therefore treated as having a skeletal mineralogy of > 85% calcite with
error bars of up to 15%.

The quantitative mineralogical data are consistent with the morphologies of the experimental Hal-
imeda, with the lowest amounts of calcite (within the range of natural Halimeda) present in thick,
well-calcified segments, whereas higher levels (up to 8.8%) were present in flimsier, malformed
samples (Figure 3). The most calcite-rich sample was particularly shriveled and yielded a skeletal
mass fraction < 10% of total sample mass, in comparison to other experimental and natural algae
where the skeletons represented 45-75% of the total mass.

Ca-isotope ratios of various experimental materials were measured to establish A*/40Ca, the dif-
ference between fluid and precipitate, for all samples (Table 1, Figure 4). Analyses include the
calcium chloride salt added to the aquarium water, the aquarium water from both before and af-
ter the growth period, terminal algal samples which grew entirely in artificial Cretaceous—Eocene
seawater (eight individual Halimeda), and basal algal samples whose calcification commenced in
natural seawater and may have continued in experimental seawater after transplanting (three indi-
viduals). The Ca in the artificial seawater was a mixture of modern seawater Ca and added calcium
chloride salt in an approximate proportion of 1:3, based on the 8**/#°Ca of seawater (0%, as the
reference value), the salt (—1.19%o), and the resulting solution (—0.87%o). The Ca-isotope ratio in
the aquarium appears to have risen slightly (by +0.1%0) during the course of the experiment, which
may be due to analytical error or to the preferential uptake of light Ca isotopes during the growth pe-
riod. This would imply significant removal of Ca (~10%) from the aquarium during the experiment,
which could be the result of both algal calcification and/or abiotic precipitation on other surfaces
in the aquarium, but would not result in a large effect on the 8**/#°Ca fractionation of carbonate

precipitation.
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The seven experimental algae with < 10% calcite had an average 6**/4°Ca of —2.31%o relative to
natural seawater, or A**/4°Ca = —1.44%o. This fractionation is in good agreement with six natural
Halimeda samples which express A*/40Ca = —1.42%,. Variability on the order of 0.3%o is present
within both of these sample groups. Three samples taken from the base of the experimental algae,
rather than the terminal segments which grew entirely in the aquarium, had an average **/4°Ca
of —1.65%o relative to natural seawater, reflecting a mixture of carbonate precipitated before the
transplant and continued calcification from the isotopically lighter aquarium water. The anomalous,
calcite-rich sample had a much smaller fractionation than other Halimeda, with **/4°Ca of —1.47%o
and A**/40Ca = —0.61%o. Due to the particular qualities of this single sample, a relationship between

skeletal mineralogy and Ca-isotope fractionation of Halimeda is suggested (Figure 5).

5 Discussion

The identification of specific fractionation mechanisms in the Halimeda Ca-isotope data is possible
due to the relatively simple biology of the algae. Halimeda exert minimal control on the calcifi-
cation process and the environment in which it takes place. Calcium carbonate oversaturation is

2= elevation, without

achieved due to photosynthetic CO, consumption and subsequent local CO3
additional control over the carbonate system (Borowitzka and Larkum, 1987). Cell walls provide
surfaces for precipitation of aragonite needles which subsequently fill the intercellular space, and
their morphology suggests that the algae do not further control the crystallography of the precipitate
with organic templates (Borowitzka and Larkum, 1987; Macintyre and Reid, 1995). Insensitivity
to Ca-channel blocking drugs indicates that algal tissue has no influence on the supply of Ca, leav-
ing diffusion of seawater as the only uptake mechanism (de Beer and Larkum, 2001). This lack of
biological cation transport is consistent with the observation of similar Mg/Ca ratios for inorganic
precipitates and Halimeda during experiments in solutions with a variety of Mg/Ca ratios (Stanley
et al., 2010). Without the complicating effects of organic matrices and active transport observed in
some biological systems, the simplicity of Halimeda skeletal formation makes it possible to focus
on other specific factors affecting Ca-isotope ratios.

Although only one experimental sample displayed a strong mineralogical effect, the influence of
mineralogy on the chemical composition of skeletal carbonate is suggested by the distinct Ca-isotope
data for this calcite-rich Halimeda sample. The much heavier Ca-isotope value for the calcite-rich
individual defines a possible relationship between mineralogy and A*/4°Ca for experimental Hal-
imeda (Figure 5). It is perhaps unexpected that this relationship should have a similar slope to the
mixing line between inorganic phases, with an offset of ca. 0.9%¢ between aragonite and calcite
endmembers, due to the possibility of competing isotopic effects from changes in growth rate, for
example. However, the similarity of the inferred trends between mineralogy and A*/4°Ca for both

the experimental Halimeda and inorganic precipitates suggest that the intrinsic fractionation fac-
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tor for these carbonate polymorphs is expressed even when these crystals are formed in biogenic
settings. Although a range of A*/#°Ca values have been observed for calcite and aragonite, and
variability is also present within the experimental Halimeda samples, the consistent offset between
the phases suggests that effects from growth rate or CO3>~ content are secondary to the first-order
relationship between mineralogy and A**/4°Ca. Given this behaviour for Ca-isotope ratios, it is ex-
pected that other metal/Ca ratios experience a similarly strong influence from carbonate mineralogy
in Halimeda skeletons.

These Halimeda data also allow the effect of substrate on Ca-isotope fractionation to be assessed.
Beaker experiments usually probe carbonate-nucleated growth of calcite or aragonite, but under-
standing the effect of an organic substrate on carbonate geochemistry could be important for in-
terpreting ooid or microbial mat carbonate. The Halimeda experiment is able to isolate this factor
to some degree, due to the space and manner in which aragonite needles grow (Borowitzka and
Larkum, 1987). The results suggest that the organic substrate may be important for determining
carbonate mineralogy, but not for further affecting cation geochemistry. The prevalence of aragonite
in most of the experimental Halimeda, despite a fluid composition that mimics Cretaceous seawa-
ter (molar Mg/Ca = 1.5) and strongly favours calcite, suggests that the cell walls exerted influence
over carbonate mineralogy, even without a three-dimensional organic matrix. By influencing the
mineralogy of the first nucleated crystals, the organic surface may affect the structure and therefore
geochemistry of further growth, even when the ambient fluid promotes an alternative mineralogy.
Halimeda appears to behave in this manner, and other carbonate associated with, but not entirely
controlled by, organic material may show similar mineralogical and geochemical behaviour.

Although many aspects of Halimeda calcification resemble inorganic calcification, A*/4°Ca for
both the aragonitic and calcitic endmembers is ~0.25%0 smaller than for inorganic precipitates in the
experiments of Gussone et al. (2003) and Marriott et al. (2004). Among the several factors which
could introduce a vital effect of this magnitude, the calcification process of Halimeda suggests two
primary candidates for this difference. One possibility is increased carbonate saturation and calcifi-
cation rate, which has been shown to decrease fractionation on both an experimental and theoretical
basis (Lemarchand et al., 2004; DePaolo, 2011). Within the intercellular spaces, consumption of
CO; by photosynthesis drives carbonate oversaturation and promotes calcification. However, differ-
ences in calcification rate were visibly apparent in the samples, which ranged from thick and fleshy
to stunted and shriveled, and did not always accompany changes in 8**/4°Ca. This relationship
implies that growth rate had a minor impact on Ca-isotope ratios. The second possibility is the oc-
currence of Rayleigh distillation, or a reservoir effect. As light isotopes are preferentially consumed
within the intercellular space, the §**/4°Ca of that reservoir will rise and the apparent fractionation
between the external fluid and the skeleton will decrease. The rate of calcification relative to the
recharge of Ca ions into the calcifying space by diffusion would determine the magnitude of this

effect. This mechanism could be responsible for the difference in A*/4°Ca of inorganic aragonite
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and aragonitic sclerosponges, as the sponges also have a simple system of induced biocalcification
(Gussone et al., 2005). Although the balance of calcification to diffusion rate could be specific to
individual organisms, some inherent link between the two could arise as DIC (dissolved inorganic
carbon) supply eventually limits calcification. If such a link occurs in other settings, then the mag-
nitude of the Rayleigh effect in Halimeda, ~ 0.25%0, may reflect a characteristic vital effect among
macroorganisms with a similar calcification mechanism.

The Ca-isotope fractionation that is expressed by Halimeda has implications for the marine Ca-
isotope budget. Due to the large difference in A**/4°Ca between aragonite and calcite, it is possible
that the overall proportion of these two minerals in the global carbonate sink can affect the steady-
state Ca-isotope composition of seawater (Farkas et al., 2007; Blittler et al., 2012). This mechanism
can help explain variation in reconstructed seawater §**/°Ca over the Phanerozoic only if the dif-
ference between sedimentary aragonite and calcite **/4°Ca is maintained over time. Although few
major calcifying species remained quantitatively important contributors to the carbonate sink over
long timescales (107-108 years), and Halimeda only became a major sediment producer in the late
Cenozoic aragonite sea (Stanley and Hardie, 1998), the first-order control of mineralogy on biogenic

8*/49Ca in this experimental setup appears to support this hypothesis.

6 Conclusions

This work presents a growth experiment with the sediment-producing algae Halimeda that investi-
gates mechanisms of biocalcification and their geochemical expression. Developing a mechanistic
understanding of biogenic carbonate formation and associated vital effects is necessary for linking
skeletal proxy measurements to environmental interpretations and mass-balance calculations. While
not applicable to every calcifying organism, the principles derived here show that it is possible to
understand a combination of factors with superimposed effects on skeletal geochemistry. The in-
ferred relationship between mineralogy and A*/4°Ca for the experimental Halimeda demonstrate
how mineralogy strongly influences Ca-isotope ratios in biominerals. Biological substrates can ex-
ert first-order control on Ca-isotope fractionation by promoting a particular mineral form. The most
substantial vital effect in this example is likely to be Rayleigh distillation of Ca within the algal inter-
cellular space, which may have analogues in other simple macroorganisms. Stronger vital effects in
other biocalcifiers are likely due to more sophisticated ion-transport mechanisms and internal reser-
voir dynamics, but the expression of an intrinsic mineralogical signal within Halimeda suggests that
the calcite and aragonite content of marine carbonate can significantly affect the Ca-isotope balance
of seawater. Further work on this and other biocalcifiers may continue to unravel the factors that

control carbonate composition and increase the value of these important geological archives.
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Fig. 1. Standard calibration curve for quantifying the proportions of calcite (cc) and aragonite (arag) using
XRD. Insets show XRD spectra for 0% (pure aragonite), 49.7%, and 100% calcite (note the relative change in

the vertical axis for the 0% calcite/pure aragonite standard).
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Fig. 2. XRD spectra of the experimental Halimeda and a wild specimen. Note the small calcite peak and lack

of aragonite peaks present for Sample #6.
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wild Halimeda discoidea

Sample #1, 2.8% cc Sample #2, 4.9% cc

Sample #3, 7.6% cc Sample #4, 8.8% cc

Sample #5, 3.7% cc Sample #6, >88% cc

Sample #7, 8.5% cc Sample #8, 4.0% cc*

*offshoot, grown

entirely in aquarium

Fig. 3. Photographs of the eight individual Halimeda samples from the experimental Cretaceous seawater. Note

that Sample #6, which contained mostly calcite rather than aragonite, appears particularly malformed.
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experimental and wild Halimeda, despite different 8**/4°Ca values.
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Fig. 5. Ca-isotope ratios for Halimeda grown in experimental Cretaceous seawater, plotted against the percent-
age of calcite determined by XRD analysis. The open circle represents the average value for natural, ocean-
grown Halimeda. The black line represents a mixing relationship between the inorganic calcite and aragonite
end-members from Marriott et al. (2004) and Gussone et al. (2005), respectively, at 15 °C. The Halimeda data

occupy a region of similar slopes and approximately 0.25%o heavier values than inorganic carbonate.
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Table 1. Ca-isotope and mineralogical data for natural and experimental Halimeda algae and other experimental

materials. Percent calcite (% cc) determined by XRD.

Sample name  8*/*2Ca (%) n 8*/*Ca (%0) 2SE  avg. AMH0Ca %D wt%

rel. to SRM915a rel. to seawater §%/40Ca (difference) carbonate

Ca salt used for Cretaceous “seawater”

CaCl-A 0.40 4 -1.08 0.07 -1.19

CaCl,-B 0.38 4 -1.13 0.07

CaCl,-C 0.33 4 -1.23 0.10

CaCl,-D 0.27 3 -1.34 0.11

Pre-experimental Cretaceous “seawater”

PRE-A 0.54 4 -0.80 0.07 -0.87 0.00

PRE-B 0.51 4 —-0.86 0.07

PRE-C 0.49 4 -0.91 0.10

PRE-D 0.49 3 -0.91 0.11

Post-experimental Cretaceous “seawater”

EXP-A 0.58 4 -0.72 0.07 -0.77 0.10

EXP-B 0.55 4 -0.77 0.07

EXP-C 0.54 3 -0.81 0.10

EXP-D 0.54 4 -0.79 0.11

Experimental Halimeda samples, post-XRD analysis (terminal segments only)

HAL-1 -0.30 5 -2.49 0.10 -2.20 -1.62 2.8 73
HAL-2 -0.19 4 -2.25 0.11 -1.38 4.9 70
HAL-3 -0.21 4 -2.31 0.11 -1.44 7.6 63
HAL-4 -0.21 4 -2.31 0.11 -1.44 8.8 49
HAL-5 -0.15 4 -2.17 0.11 -1.30 3.7 57
HAL-6* 0.20 4 -1.47 0.09 -0.61 88.3 4
HAL-7 -0.15 4 -2.19 0.11 -1.32 8.5 45
HAL-8** -0.27 5 -2.42 0.10 -1.56 4.0 50
Transplanted Halimeda samples (basal samples)

HAL-2X 0.14 5 -1.59 0.09 -1.65 -1.59

HAL-4X 0.01 5 —-1.85 0.09 -1.85

HAL-6X 0.19 5 -1.50 0.09 -1.50

Wild Halimeda samples (from the Bahamas)

H. monile 0.30 4 -1.28 0.13  -1.42 -1.28

H. tuna 0.18 4 -1.52 0.13 -1.52

H. discoidea 0.26 4 -1.36 0.13 -1.36 1.6

H. discoidea 0.22 4 -1.44 0.13 -1.44

H. incrassata 0.19 4 -1.50 0.13 -1.50

H. incrassata 0.22 4 -1.44 0.13 -1.44

Wild Halimeda samples (from Punta Maroma, Mexico, after Holmden et al. (2012))

H. opuntia -1.22 -1.18 -1.22

H. tuna -1.22 -1.22

H. incrassata -1.11 -1.11

* poorly calcified sample

** offshot of another individual, entirely grown in aquarium
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