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Abstract. Aragonite, which is the polymorph of CaCO3 pre-

cipitated by modern corals during skeletal formation, has

a higher solubility than the more stable polymorph calcite.

This higher solubility may leave animals that produce arago-

nitic skeletons more vulnerable to anthropogenic ocean acid-

ification. It is therefore important to determine whether scle-

ractinian corals have the plasticity to adapt and produce cal-

cite in their skeletons in response to changing environmen-

tal conditions. Both high pCO2 and lower Mg /Ca ratios in

seawater are thought to have driven changes in the skeletal

mineralogy of major marine calcifiers in the past ∼ 540 Ma.

Experimentally reduced Mg /Ca ratios in ambient seawater

have been shown to induce some calcite precipitation in both

adult and newly settled modern corals; however, the impact

of high pCO2 on the mineralogy of recruits is unknown. Here

we determined the skeletal mineralogy of 1-month-old Acro-

pora spicifera coral recruits grown under high temperature

(+3 ◦C) and pCO2 (∼ 900 µatm) conditions, using X-ray

diffraction and Raman spectroscopy. We found that newly

settled coral recruits produced entirely aragonitic skeletons

regardless of the treatment. Our results show that elevated

pCO2 alone is unlikely to drive changes in the skeletal min-

eralogy of young corals. Not having an ability to switch from

aragonite to calcite precipitation may leave corals and ulti-

mately coral reef ecosystems more susceptible to predicted

ocean acidification. An important area for prospective re-

search would be the investigation of the combined impact

of high pCO2 and reduced Mg /Ca ratio on coral skeletal

mineralogy.

1 Introduction

Scleractinian corals are the major reef builders, with their

skeletons providing the structural basis for the habitats of

many marine organisms. In modern adult corals, the skele-

tons are comprised of aragonite, a polymorph of calcium

carbonate (CaCO3) whose stability is highly sensitive to

changes in ocean pCO2 (Orr et al., 2005; Feely et al., 2009).

However, examination of a 70 million year old scleractinian

coral fossil showed that some ancient corals were able to

produce skeletons entirely of calcite (Stolarski et al., 2007),

the most stable and least soluble polymorph of CaCO3 (de

Leeuw et al., 1998; Boulos et al., 2014). Throughout the

Phanerozoic (past 540 Ma), there have been oscillations be-

tween calcite and aragonite as the dominant polymorph pre-

cipitated by major reef building organisms. During this time

period there have been three aragonite-facilitating periods or

“aragonite seas” and two calcite-facilitating periods or “cal-

cite seas”. The cause of these transitions in mineralogy has

been the topic of much debate over the past 30 years. One

of the most important factors affecting skeletal mineralogy

is the magnesium to calcium ratio (Mg /Ca) of seawater

(Sandberg, 1983; Ries, 2010). If the Mg /Ca > 2, then arag-

onite is predominantly precipitated and if the Mg /Ca < 2,
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then calcite is predominantly precipitated. Currently, con-

ditions favour aragonite precipitation, with modern seawa-

ter having a Mg /Ca ratio of 5.2 (Lowenstein et al., 2001).

A recent study found CaCO3 polymorph precipitation to

be a function of both Mg /Ca ratio and temperature, with

aragonite precipitated at high temperature and Mg /Ca ratio

and calcite precipitated at low temperature and Mg /Ca ra-

tio (Balthasar and Cusack, 2015). Changes in atmospheric

pCO2 are also thought to contribute to changes in skele-

tal mineralogy (Sandberg, 1983; Zhuravlev and Wood, 2009;

Lee and Morse, 2010), with rising pCO2 and subsequent re-

ductions in carbonate saturation state, potentially favouring

the precipitation of minerals with higher stability and lower

Mg content, such as calcite (Morse et al., 2006; Zhuravlev

and Wood, 2009). The polymorphism of abiotically precip-

itated calcium carbonate varies with both temperature and

pCO2, but occurs only at low Mg /Ca ratios (Lee and Morse,

2010; Balthasar and Cusack, 2015). However less is known

about the polymorphism of biologically precipitated CaCO3.

If ocean acidification favours the deposition of more stable

carbonate minerals such as calcite (Mackenzie et al., 1983;

Morse et al., 2006; Andersson et al., 2008), then organisms

producing less stable aragonite skeletons will likely be more

vulnerable to changes in ocean chemistry under high pCO2.

Alternatively, organisms will be much less vulnerable if, un-

der high pCO2 conditions, they have the ability to switch

from predominantly aragonite to calcite precipitation, espe-

cially in their early developmental stages.

It is therefore important to determine whether modern

aragonitic corals, like some of their ancestors, are able to

produce calcite in response to changing seawater chemistry.

Initial work on coral skeletal mineralogy reported the pres-

ence of calcite in modern corals (Houck et al., 1975; Con-

stantz and Meike, 1990); however, contamination by diage-

netic recrystallization (Nothdurft and Webb, 2009) and de-

posits from microboring organisms (Nothdurft et al., 2007)

and coralline algae (Goffredo et al., 2012) were later pro-

posed to be the source of the calcite, rather than primary cal-

citic formation by the coral. Adult corals grown under low

Mg /Ca ratios simulating “calcite seas”, have been shown

to produce significant amounts of calcite (Reis et al., 2006);

however again, some of this calcite production may be due

to secondary infilling of pore spaces (Reis et al., 2006; Ries,

2010). Nevertheless it is accepted that modern adult corals

grown under current ambient conditions have entirely arago-

nitic skeletons (Cuif et al., 1999).

Much less is known about the mineralogy of corals in the

early post-recruitment phases. Early work on the mineralogy

of new recruits reported the presence of calcite in only the

very early post-settlement stages (Wainwright, 1963; Van-

dermeulen and Watabe, 1973), leading to the assumption that

unlike adults, newly settled recruits were able to precipitate

both calcite and aragonite under ambient conditions (Gof-

fredo et al., 2012). However, new recruits of Acropora mille-

pora grown under carefully controlled ambient conditions

did not show any evidence of calcite in their skeleton (Clode

et al., 2011) with these authors concluding that initial reports

of calcite in recruits was also likely to be artefactual. Simi-

larly, an experiment growing new recruits under a range of

seawater Mg /Ca ratios, reported that even under the lowest

Mg /Ca ratio (0.5), the skeletal mineralogy was still dom-

inated by aragonite and under current ambient conditions

(Mg /Ca ratio= 5.3) skeletons were composed entirely of

aragonite (Higuchi et al., 2014). Interestingly however, this

study confirmed that coral recruits are capable of producing

some primary calcite in their skeletons if the water chemistry

is adjusted to “calcite sea” conditions (low Mg /Ca).

The impact of elevated pCO2 on the skeletal mineral-

ogy of new recruits is yet to be investigated. Here we

tested whether the treatment conditions of high tempera-

ture, high pCO2, or a combination of high temperature and

high pCO2, affected the skeletal mineralogy of newly settled

corals. Specifically, we question whether high pCO2 and re-

duced carbonate saturation facilitate the production of calcite

within coral recruit skeletons.

2 Methods

2.1 Treatment conditions

A detailed description of the coral culturing methods and ex-

perimental set-up is given in Foster et al. (2015). Briefly,

adult Acropora spicifera colonies were collected from the

Houtman Abrolhos Islands in Western Australia prior to

spawning and maintained under ambient conditions (∼ 24 ◦C

and pH 8.1). Larvae were similarly cultured and maintained

under ambient conditions until they were motile, at which

point they were transferred to treatment tanks. Treatment

conditions were the following: ambient temperature and

pCO2 (Control: 24 ◦C, ∼ 250 µatm), high temperature and

ambient pCO2 (high temperature: 27 ◦C, ∼ 250 µatm), am-

bient temperature and high pCO2 (high pCO2: 24 ◦C, ∼

900 µatm), and high temperature plus high pCO2 (high tem-

perature+pCO2: 27 ◦C, ∼ 900 µatm). See Table 1 for more

detail on the experimental conditions.

2.2 Processing of skeletons

Once the coral larvae had settled, the recruits were grown

for 4 weeks under treatment conditions, before the exper-

iment was concluded. To remove organic material, polyps

were immersed in 3–7 % sodium hypochlorite (NaOCl) and

rinsed three times in de-ionized water. The skeletons were

then stored in 100 % ethanol until further examination and

analysis were possible.

2.3 X-ray diffraction analysis

Bulk analysis of the skeletal mineralogy was conducted by

obtaining X-ray diffraction (XRD) patterns of the skele-
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Table 1. Physical and chemical conditions maintained for the duration of the experiment (mean±SD). Table from Foster et al. (2015).

Treatment Temperature (◦C) pHT TA (µmol kg−1) pCO2 (µatm) �ar

Control 24.4± 0.5 8.22± 0.05 2308± 40 242± 22 4.51± 0.14

High temperature 27.6± 0.8 8.18± 0.05 2312± 26 275± 24 4.68± 0.17

High pCO2 24.1± 0.6 7.77± 0.06 2307± 30 872± 58 1.93± 0.08

High temperature+pCO2 27.4± 0.9 7.75± 0.08 2309± 32 976± 103 2.03± 0.12

TA: total alkalinity; pCO2: partial pressure of carbon dioxide; �ar: aragonite saturation state.

Figure 1. One-month-old living Acropora spicifera recruit (a),

a typical Acropora spicifera recruit skeleton with organic mate-

rial removed (b) and crushed skeletal material showing a typical

∼ 60 µm2 scan area grid analyzed by Raman spectroscopy (c). Scale

bars for (a) and (b)= 500 µm and scale bar for (c)= 40 µm.

tal material. Subsets of five juvenile skeletons were ran-

domly selected from each treatment. Skeletons were re-

moved from the ethanol and air dried, then detached from the

transparency paper using a scalpel and gently crushed. The

crushed skeletal material from each treatment was mounted

on a low background holder (off-angle piece of single crystal

silicon) and attached to a reflection spinner stage. A PANa-

lytical Empyrean X-ray diffractometer was used with CuKα
radiation to record the XRD patterns. The scanning rate was

250 s per step in 2 θ ranging from 10 to 80◦, with a step

size of 0.006◦. XRD patterns of skeletal material were com-

pared to the XRD peaks for ICSD (Inorganic Crystal Struc-

ture Database) aragonite and calcite standards .

2.4 Raman spectroscopy

XRD provides an average analysis for the entire sam-

ple; however for calcium carbonate samples, Raman spec-

troscopy has been shown to have lower detection limits and

lower rates of error, though only the surfaces of selected

fragments can be analyzed at any one time (Kontoyannis

and Vagenas, 2000). Therefore, complementary Raman spec-

troscopy was also used to check the skeletons for the pres-

ence of calcite within discreet skeletal fragments. A further

five skeletons from each treatment were randomly selected

and each skeleton was individually analyzed. Raman spectra

were collected from 10 random areas (∼ 60× 60 µm) in the

crushed skeletal material of each sample, using a 633 nm red

Helium neon laser. Spectra were measured every 1 µm along

the gridded ∼ 60 µm2 area (Fig. 1) for each of the 10 areas

Figure 2. XRD patterns for Acropora spicifera coral recruit skele-

tons grown under control (a), high temperature (b), high pCO2 (c)

and high temperature+pCO2 (d) conditions. Aragonite standard

peaks occur at 26.2 and 27.2◦ (green bars), and the calcite standard

peak occurs at 29.4◦ (yellow bar).

per sample (∼ 36 000 individual spectra were taken per sam-

ple). Spectra were similarly taken of both a polished calcite

standard and a biogenic aragonite standard to use as refer-

ences.

3 Results

Calcite was not detected in the XRD patterns of any of the

skeletons, regardless of treatment. Prominent peaks were ob-

served at 2 θ ∼ 26.2 and 27.2◦, corresponding with the arag-

onite standard peaks, while no peaks were observed at 2 θ

∼ 29.4◦, the location of the primary calcite peak (Fig. 2).

After analysing all of the skeletal material using XRD, the

more sensitive Raman spectrometry was employed to collect

www.biogeosciences.net/13/1717/2016/ Biogeosciences, 13, 1717–1722, 2016
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spectra from random fragments of the skeleton. Similarly,

no trace of calcite was detected in the spectra of any of the

treatments. The calcite standard showed peaks at 154, 281,

713, and 1086 cm−1, and the biogenic aragonite standard

showed peaks at 154, 205, 704, and 1086 cm−1, which are

typical of these polymorphs of CaCO3 (Dandeu et al., 2006).

Since both calcite and aragonite peak at ∼ 154, ∼ 710, and

∼ 1086 cm−1, the peaks of interest were the 281 cm−1 peak

typical of calcite and the 205 cm−1 peak typical of aragonite

(Dandeu et al., 2006). All spectra from all individuals, across

all treatments, exhibited peaks typical of only aragonite min-

eralogy (Fig. 3), with prominent peaks at ∼ 207 cm−1 and

no peaks at ∼ 281 cm−1. Both the XRD patterns and Ra-

man spectra collected indicate that neither temperature nor

pCO2 had any effect on the skeletal mineralogy of 1-month-

old coral recruits, as all skeletons across treatments formed

entirely aragonitic skeletons.

4 Discussion

Since aragonite is a more soluble polymorph of CaCO3 than

calcite, it would be advantageous for modern corals in a

rapidly acidifying ocean to be able to produce calcite. Pro-

duction of calcite has been shown to be a phenotypically

plastic, with many marine calcifiers able to adjust both the

proportion of calcite in their shell or skeleton as well as the

Mg /Ca ratio (Ries, 2010, 2011). In this study both temper-

ature and pCO2 were manipulated to assess their impact on

skeletal mineralogy of newly settled coral recruits. Neither

temperature nor pCO2 affected mineralogy, with all coral re-

cruits analyzed producing entirely aragonitic skeletons. Al-

though temperature has been shown to significantly affect

abiotic polymorph precipitation (as a function of Mg /Ca),

calcite co-precipitation with aragonite is favoured at cooler

temperatures and low Mg /Ca ratios (< 20 ◦C, Mg /Ca < 2,

Balthasar and Cusack, 2015). As such, temperature treat-

ments applied in this study (24 and 27 ◦C), were within the

range of temperatures favouring aragonite production. These

temperatures were chosen because they are ecologically rel-

evant to the sub-tropical corals used in this study, under both

present ambient and future elevated temperature regimes.

Predicting the impact of high pCO2 on polymorph min-

eralogy is more complex. The extent to which oscillations

between “calcite seas” and “aragonite seas” throughout the

Phanerozoic were primarily driven by pCO2 or Mg /Ca ra-

tios has received a lot of attention (see review by Ries, 2010).

It is accepted that modern adult corals under current ambient

conditions produce skeletons comprised entirely of aragonite

(Cuif et al., 1999). Furthermore, despite initial work suggest-

ing that new coral recruits were bimineralic (producing both

calcite and aragonite), more recent studies have shown that

under ambient conditions recruits produce purely aragonitic

skeletons (Clode et al., 2011; Higuchi et al., 2014). How-

ever, under reduced Mg /Ca ratios, both adult and newly

Figure 3. Specific Raman shift of a calcite standard (a) and a

biogenic aragonite standard (b) and skeletal material from con-

trol (c), high temperature (d), high pCO2 (e), and high tempera-

ture+pCO2 (f) treated Acropora spicifera coral recruits. The∼ 205

peak specific to aragonite is highlighted in green and the∼ 281 peak

specific to calcite is highlighted in yellow.

settled corals are able to produce some calcite (Ries et al.,

2006; Higuchi et al., 2014). Despite this ability to switch to

a bimineralic skeleton, corals still produce skeletons com-

prised mainly of aragonite, even under extremely reduced

Mg /Ca ratios (Higuchi et al., 2014), suggesting that the

ability of some corals in the fossil record to produce en-

tirely calcitic skeletons (Stolarski et al., 2007) may not have

been solely controlled by the Mg /Ca ratio of seawater. How-

ever, it should also be noted that other coral lineages in the

Cretaceous formed entirely aragonitic skeletons, even under

highly reduced Mg /Ca ratios (Sorauf, 1999). The impact of

elevated pCO2 on mineralogy has also been examined for

a range of marine calcifiers (Ries, 2011). In bimineralic an-

imals (e.g. whelks), the proportion of calcite in the skele-

ton increased with increasing pCO2; however in monomin-

eralic animals (entirely aragonitic skeletons), calcite was not

incorporated into the skeleton as the pCO2 increased. For

the adult temperate coral Oculina arbuscula, a range of CO2

treatments had no impact on skeletal mineralogy, with corals

in all treatments producing aragonitic skeletons (Ries et al.,

2010). Our study similarly observed no change in skeletal

mineralogy under elevated pCO2 for newly settled corals.
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Both the elevated temperature and elevated pCO2 condi-

tions applied in this study were ecologically relevant values,

chosen to correspond to future projections for atmospheric

CO2 by 2100, under a business-as-usual (RCP 8.5) emis-

sions scenario (Meinshausen et al., 2011; IPCC, 2013). How-

ever, applying more extreme values for both temperature and

pCO2 could potentially identify changes in the mineralogy

under extreme conditions. Nevertheless, this study is part

of a growing body of evidence that indicates that corals do

not produce calcite under current ambient or predicted near-

future high pCO2 scenarios, regardless of their life stage.

It is likely that new coral recruits will continue to produce

aragonitic skeletons under future emissions scenarios, how-

ever at reduced calcification rates (Cohen et al., 2009; An-

lauf et al., 2011; Foster et al., 2015) and forming skeletons

that are smaller, malformed, and show evidence of dissolu-

tion (Foster et al., 2016). Recruits require high calcification

rates and robust skeletons to both maintain their position on

the substrate as they compete with other benthic organisms

for space (Dunstan and Johnson, 1998), and also to rapidly

outgrow the high mortality rates of the smallest and most vul-

nerable size classes (Babcock, 1991; Babcock and Mundy,

1996; Doropoulos et al., 2012). Reduced calcification rates

and more soluble aragonitic skeletons will have implications

for the longer-term survival of young corals, as these factors

will increase mortality rates in the early stages of growth and

development, thereby reducing the numbers of recruits that

survive into adulthood.

While coral recruits exposed to extremely reduced

Mg /Ca ratios still produced predominantly aragonitic skele-

tons (Higuchi et al., 2014), the combined impact of elevated

pCO2 and reduced Mg /Ca ratio on the skeletal mineral-

ogy of new recruits is yet to be tested. Since pCO2 and

Mg /Ca ratio have varied approximately inversely propor-

tionally to one another over geological time (Reis, 2010,

2011), this would be an interesting direction for future re-

search. Certainly if elevated pCO2 and concomitant reduc-

tions in Mg /Ca ratio are driving the ocean towards “calcite

sea” conditions (Andersson et al., 2008), then it will be im-

portant to examine the simultaneous impact of both acidified

and low Mg /Ca ratio conditions on coral skeletal mineral-

ogy.
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