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Abstract. Geochemical records of biogenic carbonates pro-

vide some of the most valuable records of the geological

past, but are often difficult to interpret without a mechanis-

tic understanding of growth processes. In this experimental

study, Halimeda algae are used as a test organism to untan-

gle some of the specific factors that influence their skele-

tal composition, in particular their Ca-isotope composition.

Algae were stimulated to precipitate both calcite and arago-

nite by growth in artificial Cretaceous seawater, resulting in

experimental samples with somewhat malformed skeletons.

The Ca-isotope fractionation of the algal calcite (−0.6 ‰)

appears to be much smaller than that for the algal arago-

nite (−1.4 ‰), similar to the behaviour observed in inor-

ganic precipitates. However, the carbonate from Halimeda

has higher Ca-isotope ratios than inorganic forms by approxi-

mately 0.25 ‰, likely because of Rayleigh distillation within

the algal intercellular space. In identifying specific vital ef-

fects and the magnitude of their influence on Ca-isotope ra-

tios, this study suggests that mineralogy has a first-order con-

trol on the marine Ca-isotope cycle.

1 Introduction

This work investigates the mechanism of Ca-isotope frac-

tionation in one of the major producers of aragonite sed-

iment, 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 understood. The el-

emental and isotopic compositions of biogenically precip-

itated minerals deviate from those of inorganic precipi-

tates – differences sometimes referred to as “vital effects”

– which complicate the application of geochemical proxies

in skeletal material. Ca-isotope ratios, defined as δ44 / 40Ca

=
[(

44Ca/40Ca
)

sample
/
(

44Ca/40Ca
)

standard
− 1

]
· 1000, may

provide a tool for understanding the environmental factors

affecting carbonate geochemistry and are themselves a tool

to assess past environmental conditions. Ca is the dominant

cation in biogenic calcite and aragonite and should be sub-

ject 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 cate-

gories, “biologically induced” and “biologically controlled”,

reflecting the location of biomineralization, the transport of

chemical species, and the influence of environmental condi-

tions (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 observation 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 Hal-

imeda growth experiment replicating the conditions of Stan-

ley et al. (2010), where the Mg/Ca ratio of seawater was

changed to reflect hypothetical conditions during Earth’s his-

tory. 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
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to favourable temperature conditions, pCO2, phosphate, or

sulfate concentrations (e.g. Burton and Walter, 1987, 1990;

Morse et al., 1997; Bots et al., 2011). Several lines of ev-

idence, such as halite fluid inclusions, nonskeletal carbon-

ate 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 geo-

chemistry (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 repro-

duce the unusual case of aragonite and calcite grown simul-

taneously under the same conditions. The growth of two dif-

ferent carbonate minerals from the same bulk fluid presents

a test case for the isotopic effects of carbonate mineral pre-

cipitation, modified by relatively simple algal biology, with

implications for the balance of the Ca-isotope budget.

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 Fan-

tle and Tipper, 2014). In isotope notation, this is expressed

as α < 1 (where α is the ratio of precipitate 44Ca/ 40Ca

to solution 44Ca/ 40Ca) or 144/40Ca< 0 (where 144 / 40Ca

is equal to δ44/40Cacarbonate− δ
44/40Casolution). Fractionation

of laboratory-grown aragonite (144 / 40Ca) has an average

value of −1.7 ‰ at 15 ◦C, while showing a small positive

temperature dependence of 0.015 ‰ ◦C−1 (Gussone et al.,

2003). Smaller fractionations are generally observed during

calcite growth, with samples precipitated in a beaker aver-

aging −0.8 ‰ at 15 ◦C, with a similar positive temperature

dependence as for aragonite (Marriott et al., 2004). Much

greater fractionations, up to −2.34 ‰, have been observed

in laboratory speleothem-like calcite growth (Reynard et al.,

2011), and relationships between 144 / 40Ca and other fac-

tors such as growth rate and [CO2−
3 ] have also been identified

(Lemarchand et al., 2004; Tang et al., 2008). Gussone et al.

(2011) showed that the metastable CaCO3 polymorph ikaite

expresses smaller fractionations of −0.55 ‰ and −0.62 ‰

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 temper-

atures between 10 and 48 ◦C. Measured fractionations of

less than −0.2 ‰ for synthetic amorphous calcium carbon-

ate (ACC) suggest that Ca-isotope ratios are not strongly af-

fected 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 pref-

erence for light isotopes in solid mineral phases is due to

a kinetic effect associated with ion dehydration and attach-

ment onto a surface, moderated by the kinetic fractionations

of a backwards detachment reaction and ion transport effects

(Gussone et al., 2003; DePaolo, 2011). The isotopic frac-

tionation 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 carbonate

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 attachment

fractionation (DePaolo, 2011). This model can explain the

relationships between δ44 / 40Ca 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.

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 variable growth conditions differ from the in-

organic data presented above, confirming the presence of

vital effects (e.g. Gussone et al., 2003, 2006; Böhm et al.,

2006). For example, temperature changes induce a range of

responses in various marine organisms. Many forms of bio-

genic carbonate exhibit a similar temperature dependence to

that of inorganic precipitates of 0.01–0.03 ‰ ◦C−1 (e.g. Gus-

sone et al., 2003, 2005; Böhm 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 ‰ ◦C−1 (Nä-

gler et al., 2000; Hippler et al., 2006) and 0.17 ‰ ◦C−1 (Hip-

pler et al., 2009), respectively, although subsequent stud-

ies of these and other planktic foraminifera show a neg-

ligible temperature dependence (Chang et al., 2004; Sime

et al., 2005; Griffith et al., 2008; Kasemann et al., 2008).

A study of benthic foraminifera revealed a temperature sen-

sitivity of ∼ 0.02 ‰ ◦C−1 for shells formed at tempera-

tures> 5 ◦C, but deviations from this relationship at tem-

peratures< 5 ◦C (Gussone and Filipsson, 2010). Very large

Ca-isotope ranges (1.6–3.7 ‰) were found within individual

foraminiferal shells on the scale of tens of microns using in

situ secondary ion mass spectrometry (Rollion-Bard et al.,

2007; Kasemann et al., 2008). These different responses in

Biogeosciences, 11, 7207–7217, 2014 www.biogeosciences.net/11/7207/2014/



C. L. Blättler et al.: Ca isotopes of Halimeda algae 7209

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 δ44/42Ca (‰) n δ44/40Ca (‰) 2 SE Avg. 144/40Ca % cc wt%

rel. to SRM915a rel. to seawater δ44/40Ca (difference) carbonate

Ca salt used for Cretaceous “seawater”

CaCl2-A 0.40 4 −1.08 0.07 −1.19

CaCl2-B 0.38 4 −1.13 0.07

CaCl2-C 0.33 4 −1.23 0.10

CaCl2-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, 2011)

H. opuntia −1.22 −1.18 −1.22

H. tuna −1.22 −1.22

H. incrassata −1.11 −1.11

∗ Poorly calcified sample.
∗∗ Offshoot of another individual, entirely grown in aquarium.
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biocalcifiers, in contrast to the relatively consistent temper-

ature sensitivity of inorganic carbonates, demonstrate that

metabolic or physiological processes can contribute signif-

icantly to skeletal δ44 / 40Ca 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 corre-

lation with both [CO2−
3 ] and growth rate was observed for in-

organic calcite (Lemarchand et al., 2004), but no correlation

was apparent with [CO2−
3 ] for the planktic foraminifera O.

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 δ44 / 40Ca in the

planktic foraminifera G. siphonifera (Kısakürek et al., 2011),

but not for the coccolithophore E. huxleyi (Langer et al.,

2007). Observed variations in skeletal δ44 / 40Ca 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 (Gus-

sone et al., 2009; Kısakürek et al., 2011). These studies sug-

gest that Ca-isotope responses to [CO2−
3 ] and growth rate are

determined by biological control over internal pH and car-

bonate chemistry, and are likely to vary according to specific

biocalcification mechanisms.

Estimating the precise magnitude of vital effects in bio-

calcifiers is complicated by the additional isotopic fraction-

ations associated with ion reservoirs and fractional utiliza-

tion of Ca. The blue mussel, Mytilus edulis, demonstrates

the significance of these effects by precipitating its skele-

ton from an extrapallial fluid that has higher δ44 / 40Ca than

the surrounding seawater (Heinemann et al., 2008), produc-

ing a difference in δ44 / 40Ca between its calcitic and arag-

onitic skeletal components of only 0.25 ‰, rather than the

expected 0.9 ‰ for an inorganic process. Transport effects

and Rayleigh distillation have also been implicated in coc-

colith calcification (Gussone et al., 2006) and coral skeletal

growth (Böhm et al., 2006). For foraminifera, conflicting es-

timates of the magnitude of these internal isotopic fraction-

ations have been made, balancing their utilization of an in-

ternal pool of Ca against its compositional difference from

seawater (Erez, 2003; Gussone et al., 2009). Griffith et al.

(2008) developed a Ca-isotope model (α = 0.9985, 85 % uti-

lization) suggesting that this internal reservoir could be offset

by −0.8 to −0.9 ‰ from seawater, whereas Kısakürek et al.

(2011) proposed that utilization of only 10–40 % of the reser-

voir indicates a smaller offset of −0.2 to −0.4 ‰, with addi-

tional fractionation originating from active Ca-pumping. Be-

fore proxy δ44 / 40Ca measurements can be linked to environ-

mental 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

This case study investigates the balance of isotopic effects

linked to specific biocalcification mechanisms in the sam-

ple organism, Halimeda discoidea. Experiments were per-

formed at the University of Hawai‘i to induce the growth of

both calcite and aragonite from the normally aragonitic al-

gae, essentially replicating the previous experimental condi-

tions of Stanley et al. (2010), which showed clear aragonite

needles and calcite rhombs in SEM (scanning electron micro-

scope) images. Individual specimens of Halimeda discoidea

were collected offshore Hawai‘i from a sandy substrate at

a depth of ∼1.5 m off the coast of Waimanalo, Oahu. They

were transported within less than 1 h in a 2-gallon container

containing their ambient seawater to an aquarium containing

30 L of artificial seawater with the ionic chemistry of mod-

ern 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 1

week, they were transferred to an aquarium that was iden-

tical to the one in which they were acclimated, except that

the molar Mg/Ca ratio was maintained at 1.5 and [Ca2+]

at 25.3 mM, while the sum of ([Mg2+
] + [Ca2+

]) remained

equal to that of modern seawater to match total salinity. Af-

ter approximately 6 weeks of growth, eight individuals were

harvested, rinsed thoroughly in distilled water, and sent to

the University of Oxford (Fig. 3). The samples look rather

different than wild specimens, likely because of the stressed

growth conditions under low Mg/Ca and limited time for

full growth and calcification.

A number of wild specimens were also analysed to com-

pare with the experimental samples. Various species of Hal-

imeda algae (see Table 1) were collected in the vicinity of

Lee Stocking Island in the Bahamas. The sampling locality

was in shallow water (ca. 1 m) on the leeward side of a barrier

island close to the coast.

3.2 Sample preparation

Four to five terminal segments from each individual Hal-

imeda were sampled by hand and washed three times in

18 M� water to remove dried sea salt. Samples were then

bleached for 1 h using ∼15 % NaClO and an ultrasonicat-

ing bath to remove organic matter. Following this treatment,

samples were rinsed five times in 10 M� 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 miner-

alogy or isotopic results, aside from removal of a halite signal
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from the XRD spectrum. Estimates of the skeletal mass frac-

tion were derived from comparison of the mass of powder to

the amount of dissolved carbonate, as determined by measur-

ing the concentration of Ca in solution and assuming a skele-

tal composition of pure stoichiometric CaCO3.

3.3 XRD analysis

XRD was used to quantify the percentage of calcite and arag-

onite in each sample using a PANalytical X’Pert Pro diffrac-

tometer in the Department of Chemistry, University of Ox-

ford. Approximately 10 mg of sample powder was scattered

onto a glass slide with a frosted surface to randomize parti-

cle orientation. Analyses used a Cu-Kα X-ray source (40 mA

and 40 kV) with the sample loaded on a fixed stage while

2θ varied through 25–40◦ with a 0.004◦ step size (0.05◦s−1).

Aragonite produces prominent peaks at 2θ = 26.2◦ (3.40 Å,

[111]), 27.2◦ (3.27 Å, [021]), and 33.0◦ (2.70 Å, [012]),

whereas calcite produces a much stronger relative signal at

2θ = 29.4◦ (3.04 Å, [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 calibra-

tion 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 us-

ing areas under the aragonite peak at 2θ = 26.2◦ and the cal-

cite peak at 2θ = 29.4◦ and the formula % cc = cc/(cc + arag)

(Fig. 1) along with a curve fit to the data. Errors for determi-

nation 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 multicollector 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 Blättler et al. (2011). Sample Ca was isolated us-

ing ion-exchange chromatographic columns and prepared as

10 ppm (parts per million) Ca solutions in 2 % HNO3, with

blanks contributing < 5 ng Ca to the total sample. Ratios of
44Ca/42Ca were measured on a Nu Instruments MC-ICP-MS

with standard–sample–standard bracketing, with the interna-

tional carbonate standard NIST (National Institute of Stan-

dards and Technology) SRM915a used as a reference (Eisen-

hauer et al., 2004). Mass-dependent fractionation was con-

firmed by measuring 44Ca, 43Ca, and 42Ca 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 ‰ (1σ external precision). Values of δ44/42Ca, equal

to
[(

44Ca/42Ca
)

sample
/
(

44Ca/42Ca
)

standard
− 1

]
· 1000 rela-

tive to the standard SRM 915a, are converted to δ44 / 40Ca

relative to modern seawater using a δ44 / 40Ca value of 1.88
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Figure 1. Standard calibration curve for quantifying the proportions

of calcite and aragonite using XRD. Analyses used a Cu-Kα X-ray

source (40 mA and 40 kV) with the sample loaded on a fixed stage

while 2θ varied through 25–40◦ with a 0.004◦ step size (0.05◦s−1).

Areas under the calcite (cc) peak at 29.4◦ and the aragonite (arag)

peak at 26.2◦ were used to calculate the proportional intensity of

calcite as cc/(cc+arag). Insets show standard intensity vs. 2θ -angle

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).

for seawater relative to SRM915a (Hippler et al., 2003) and

144 / 40Ca (Table 1). 144 / 40Ca are calculated by subtract-

ing δ44 / 40Ca of the growth fluid from that of the carbonate

(Table 1).

4 Results

The growth experiment yielded Halimeda skeletons which

contained small amounts of calcite, although the proportions

of calcite were not as significant as in a previous experiment

(Stanley et al., 2010). Whereas the carbonate skeleton of nat-

ural, wild samples contained 0–5 % calcite, seven of the ex-

perimental samples had slightly increased levels of 2.8–8.8 %

calcite (Table 1, Fig. 2). The eighth experimental individual

(sample #6) was poorly calcified and its XRD spectrum had

a very weak calcite peak and no visually identifiable arago-

nite peak. Peak area calculations resulted in a calculated per-

centage of 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 an es-

timated error of up to 15 %.

The quantitative mineralogical data are consistent with the

morphologies of the experimental Halimeda, with the low-

est amounts of calcite (within the range of natural Halimeda)

present in thick, well-calcified segments, whereas higher lev-

els (up to 8.8 %) were present in flimsier, malformed sam-

ples (Fig. 3). All the specimens were somewhat less calcified

than natural, wild-grown specimens, which is a result of the
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Figure 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.

limited growth interval of the experiment. The most calcite-

rich sample was particularly shrivelled and yielded a skeletal

mass fraction< 10 % of the 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 144 / 40Ca, the difference between

fluid and precipitate, for all samples (Table 1, Fig. 4). Anal-

yses include the calcium chloride salt added to the aquar-

ium water, the aquarium water from both before and after

the growth period, terminal algal samples which grew en-

tirely in artificial Cretaceous–Eocene seawater (eight indi-

vidual Halimeda), and basal algal samples whose calcifica-

tion commenced in natural seawater and may have continued

in experimental seawater after transplanting (three individu-

als). The Ca in the artificial seawater was a mixture of mod-

ern seawater Ca and added calcium chloride salt in an ap-

proximate proportion of 1 : 3, based on the δ44 / 40Ca of sea-

water (0 ‰, as the reference value), the salt (−1.19 ‰), and

the resulting solution (−0.87 ‰). The Ca-isotope ratio in the

aquarium appears to have risen slightly (by +0.1 ‰) 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 period. 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

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

Figure 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 par-

ticularly malformed.

not result in a large effect on the δ44 / 40Ca fractionation of

carbonate precipitation.

The seven experimental algae with < 10 % calcite had

an average δ44 / 40Ca of −2.31 ‰ relative to natural seawa-

ter, or 144 / 40Ca = −1.44 ‰. This fractionation is in good

agreement with six natural Halimeda samples which express

144 / 40Ca = −1.42 ‰. Variability on the order of 0.3 ‰ 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 δ44 / 40Ca of −1.65 ‰ relative to natural seawa-

ter, reflecting a mixture of carbonate precipitated before the

transplant and continued calcification from the isotopically

lighter aquarium water. The anomalous, calcite-rich sam-

ple had a much smaller fractionation than other Halimeda,

with δ44 / 40Ca of −1.47 ‰ and 144 / 40Ca = −0.61 ‰.

This sample, although only a single specimen, provides the
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Figure 4. Ca-isotope data from the Halimeda experiment as well as

wild Halimeda measured in this study. Note that 144 / 40Ca values,

the offsets between growth medium and skeleton, are similar for the

majority of the experimental and wild Halimeda, despite different

δ44 / 40Ca values.

opportunity to test the relationship between skeletal miner-

alogy and Ca-isotope fractionation of Halimeda. The discus-

sion below treats this sample as a possible indicator for the

effect of calcite in Halimeda, but further experiments that re-

produce these effects would be recommended to establish the

results with more certainty.

5 Discussion

The identification of specific fractionation mechanisms in

the Halimeda Ca-isotope data is possible due to the rela-

tively simple biology of the algae. Halimeda grow by initially

forming a white protosegment which is then populated with

chloroplasts the next day, and begins calcification with arag-

onite needles soon after active photosynthesis commences

(Larkum et al., 2011). The rapid calcification of Halimeda

allows it to be a major contributor to modern carbonate mud

(Neumann and Land, 1975). During the process of aragonite

growth, Halimeda exert minimal control on the calcification

process and the environment in which it takes place. Calcium

carbonate oversaturation is achieved by photosynthetic CO2

consumption and subsequent local CO2−
3 elevation, without

additional control over the carbonate system (Borowitzka

and Larkum, 1987). Cell walls provide surfaces for precipita-

tion of aragonite needles which subsequently fill the intercel-

lular 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, leaving diffusion of seawater as the only uptake mech-

anism (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 dur-

ing experiments in solutions with a variety of Mg/Ca ratios
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Figure 5. Ca-isotope ratios for Halimeda grown in experimental

Cretaceous seawater, plotted against the percentage of calcite de-

termined 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

endmembers from Marriott et al. (2004) and Gussone et al. (2005),

respectively, at 15 ◦C. The Halimeda data occupy a region of simi-

lar slopes and approximately 0.25 ‰ heavier values than inorganic

carbonate.

(Stanley et al., 2010). Without the complicating effects of or-

ganic matrices and active transport observed in some biolog-

ical systems, the simplicity of Halimeda skeletal formation

makes it possible to focus on other specific factors affecting

Ca-isotope ratios.

Under these conditions for precipitation, the presence of

different carbonate polymorphs can help define the influ-

ence of mineralogy on the chemical composition of skeletal

carbonate in Halimeda. While clearly defined mineralogical

changes were not as evident in these experiments as for the

experiments of Stanley et al. (2010), the single, calcite-rich

sample with a much smaller144 / 40Ca is suggestive and begs

explanation. One tempting explanation for these data is that

the experimental Halimeda reflect a calcite–aragonite mix-

ing line, which can be used to define endmember Ca-isotope

values for the pure calcite and pure aragonite phases (Fig. 5).

The offset in δ44 / 40Ca between aragonite and calcite end-

members is nearly identical, at ca. 0.9 ‰, for both the ex-

perimental Halimeda and inorganic precipitates, suggesting

that the intrinsic fractionation factor for these carbonate poly-

morphs is expressed even when these crystals are formed in

biogenic settings. It is perhaps unexpected that this relation-

ship should have a similar slope to the mixing line between

inorganic phases, due to the possibility of competing isotopic

effects from changes in growth rate, for example. Although

a range of 144 / 40Ca values have been observed for cal-

cite and aragonite, the consistent offset between the phases

suggests that effects from growth rate or CO2−
3 content are
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secondary to the first-order relationship between mineralogy

and 144 / 40Ca. Given this behaviour for Ca-isotope ratios in

this study, it would be expected that other metal / Ca ratios

experience a similarly strong influence from carbonate min-

eralogy in Halimeda skeletons. While this interpretation re-

lies heavily on a single sample to define the calcite–aragonite

mixing line, the Mg /Ca data in Stanley et al. (2010) also

support the hypothesis that Halimeda skeletal geochemistry

strongly reflects the inorganic chemistry of the preferred car-

bonate mineral.

These Halimeda data also allow the effect of substrate

on Ca-isotope fractionation to be assessed. Beaker experi-

ments usually probe carbonate-nucleated growth of calcite

or aragonite, but understanding the effect of an organic sub-

strate 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 carbon-

ate mineralogy, but not for further affecting cation geochem-

istry. The prevalence of aragonite in most of the experimen-

tal Halimeda, despite a fluid composition that mimics Creta-

ceous seawater (molar Mg/Ca= 1.5) and strongly favours

calcite, suggests that the cell walls exerted influence over

carbonate mineralogy, even without a three-dimensional or-

ganic matrix. By influencing the mineralogy of the first nu-

cleated 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 asso-

ciated with, but not entirely controlled by, organic material

may show similar mineralogical and geochemical behaviour.

Although many aspects of Halimeda calcification resem-

ble inorganic calcification, 144 / 40Ca for Halimeda over the

observed range of mineralogical compositions is ∼ 0.25 ‰

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 calcification rate, which

has been shown to decrease fractionation on both an exper-

imental and theoretical basis (Lemarchand et al., 2004; De-

Paolo, 2011). Within the intercellular spaces, consumption of

CO2 by photosynthesis drives carbonate oversaturation and

promotes calcification. However, differences in calcification

rate were visibly apparent in the samples, which ranged from

thick and fleshy to stunted and shrivelled, and did not always

accompany changes in δ44 / 40Ca. This relationship implies

that growth rate had a minor impact on Ca-isotope ratios.

The second possibility is the occurrence of Rayleigh distil-

lation, or a reservoir effect. As light isotopes are preferen-

tially consumed within the intercellular space, the δ44 / 40Ca

of that reservoir will rise and the apparent fractionation be-

tween 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. The observed enrichment of ∼ 0.25 ‰ for the

integrated product of Rayleigh distillation implies removal

of 25 % of the Ca within the reservoir, given the inorganic

fractionation factor of−1.7 ‰. This mechanism could be re-

sponsible for the difference in 144 / 40Ca of inorganic arag-

onite 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 car-

bon) supply eventually limits calcification. If such a link oc-

curs in other settings, then the magnitude of the Rayleigh

effect in Halimeda,∼ 0.25 ‰, may reflect a characteristic vi-

tal effect among macroorganisms with a similar calcification

mechanism.

The Ca-isotope fractionation that is expressed by Hal-

imeda has implications for the marine Ca-isotope budget.

Due to the large difference in 144 / 40Ca between arago-

nite 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 (Farkaš

et al., 2007; Blättler et al., 2012). This mechanism can

help explain variation in reconstructed seawater δ44 / 40Ca

over the Phanerozoic only if the difference between sedi-

mentary aragonite and calcite δ44 / 40Ca is maintained over

time. Although few major calcifying species remained quan-

titatively 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 mineral-

ogy on biogenic δ44 / 40Ca in this experimental setup appears

to support this hypothesis.

6 Conclusions

This work presents a growth experiment with the sediment-

producing algae Halimeda that investigates mechanisms of

biocalcification and their geochemical expression. Develop-

ing a mechanistic understanding of biogenic carbonate for-

mation and associated vital effects is necessary for linking

skeletal proxy measurements to environmental interpreta-

tions 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 Ca-isotope ra-

tios for the experimental Halimeda demonstrate how min-

eralogy strongly influences Ca-isotope ratios in biominer-

als. Biological substrates can exert first-order control on Ca-

isotope fractionation by promoting a particular mineral form.

The most substantial vital effect in this example is likely to
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be Rayleigh distillation of Ca within the algal intercellular

space, which may have analogues in other simple macroor-

ganisms. Stronger vital effects in other biocalcifiers are likely

due to more sophisticated ion-transport mechanisms and in-

ternal reservoir dynamics, but the expression of an intrin-

sic mineralogical signal within Halimeda suggests that the

calcite and aragonite content of marine carbonate can sig-

nificantly 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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