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This study uses electron backscatter diffraction (EBSD) and atomic force microscopy (AFM) to identify

secondary calcite in coral skeletons. Secondary calcite appears to have nucleated on the original aragonite

dissepiments, producing horizontal structures that mimic the morphology of the original coral aragonite,

forming dissepiment-like meniscus structures. The Sr/Ca and δ18O of the pristine aragonite and secondary

calcite were analysed by secondary ion mass spectrometry (SIMS). The effect of calcite inclusion on the mean

geochemistry of the coral carbonate and subsequent sea surface temperature (SST) calculations were

determined for both Sr/Ca and δ18O. Inclusion of as little as 1% secondary calcite within the primary coral

aragonite elevates the Sr/Ca-derived SST by 1.2 °C and could markedly offset estimates of past tropical climate.

Conversely, inclusion of 10% secondary calcite has little effect on the SST estimated from δ18O (+0.6 °C)

indicating that this proxy is relatively robust to even large amounts of calcite. The different extents to which

the two proxies would be influenced by inadvertent inclusion of such meniscus calcite demonstrate the

importance of a multi-proxy approach.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Scleractinian corals produce skeletons of calcium carbonate in the

form of aragonite. The chemistry of biogenic marine carbonates

provides valuable geochemical information, which can be used to

reconstruct past climates via an understanding of the interaction

between the material produced and the surrounding environment.

Seawater temperature at the time of coral aragonite growth can be

determined using seawater temperature proxies such as δ18O (Felis

and Pätzold, 2003; Felis et al., 2000, 2003; Greer and Swart, 2006;

Klein et al., 1992; Kuhnert et al., 1999; McConnaughey, 1989; Moses

et al., 2006; Rollion-Bard et al., 2007; Swart et al., 1998, 1999) or Sr/Ca

ratio (Allison and Finch, 2004; Allison et al., 2005a; Guilderson et al.,

1994, 2001; Moses et al., 2006; Tudhope et al., 2001). Coral skeletal

carbonate has provided a number of climate reconstructions for major

features of the global climate system particularly in the South Pacific

region (Charles et al., 2003; Cobb et al., 2003; Evans et al., 1998;

Tudhope et al., 1996, 2001; Urban et al., 2000). However, for such

reconstruction studies to be sufficiently accurate, the proxies must be

reliable (Meibom et al., 2003). Coral skeletons are susceptible to

alteration through diagenesis. Secondary material such as calcite and

secondary aragonite can be deposited in fossil corals, adversely

affecting climate estimates (Allison et al., 2007; Hendy et al., 2007;

Muller et al., 2001; Nothdurft et al., 2007).

Geochemical signatures of secondary material and cements can

show significant deviations from that of the original material (Allison

et al., 2007; Nothdurft et al., 2007). Analysis at fine spatial resolution is

therefore a necessity to avoid inclusion of secondary material in proxy

calculations.

In this study we use electron backscatter diffraction (EBSD) and

atomic force microscopy (AFM) to examine the crystallography of

modern (pristine) and fossil (diagenetically altered) Porites corals.

EBSD is highly effective in detecting early stages of post-mortem

alteration in coral mineralogy (Cusack et al., 2008b). EBSD has become

a valuable tool for providing in situ overviews of crystallographic

orientation of polycrystalline materials and is used here to identify
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calcite growth associated with dissepiments which are fine horizontal

structures within the coral. A common feature of biogenic calcium

carbonates is that they are composed of nanogranules (Cölfen and

Antonietti, 2005; Cusack et al., 2008a; Dauphin, 2003; Dauphin et al.,

2003; Li et al., 2004) (Cuif and Dauphin, 2005; Stolarski and Mazur,

2005). The use of AFM as a complement to EBSD analysis allows the

distinction between granular, biogenic calcium carbonate and non-

granular non-biogenic mineral structures (De Yoreo et al., 2007). We

used secondary ion mass spectrometry (SIMS) to quantify the

strontium content and stable isotopic composition of primary skeletal

aragonite in a fossil (Quaternary) Porites coral and secondary calcite

formed within the coral during diagenesis. EBSD data provides an in

situ crystallographic context for the analysis of pristine and secondary

material at a similar spatial resolution to SIMS analysis.

2. Materials and methods

2.1. Materials

A core from a living specimen of massive Porites sp. (cf lutea) coral

was obtained from Jarvis Island 0°22.3′S, 159°59.0′W and a Quater-

nary fossil specimen was cored from a raised reef in the Huon

Peninsula (Chappell, 1974) in Papua New Guinea (6°17.2063′S,

147°45.3676′E). Previous studies on cores from these specimens

have detailed their environmental (Marriott et al., 2004; McCulloch et

al., 1999) and geological settings (Tudhope et al., 2001).

2.2. Sample preparation

Sections of the coral cores were reduced to ~2–3 cm and mounted

in epoxy resin. The resin blocks were mounted on glass thin section

slides and the samples polished through a series of grinding and

polishing discs. The sample surface was ground down using diamond

impregnated papers at 74 μm and then 20 μm, diamond slurry at 8 μm

and 6 μm followed by a compound diamond pad at 6 μm and 3 μm.

Polishing stages were performed with alpha aluminium oxide at 1 μm

and 0.3 μm with a final treatment with 0.06 μm colloidal silica on a

short nap disc to ensure removal of any residual damaged surface

layers with local stress and deformity produced during the harder

compound grinding and polishing (Nowell et al., 2005; Prior et al.,

1999). For EBSD, a thin carbon coat was applied (Pérez-Huerta and

Cusack, 2009) to the polished slides and silver paint applied around

the edges of each slide to reduce surface charge. For SIMS analyses, the

polished samples were gold-coated.

2.3. Electron backscatter diffraction (EBSD)

EBSD was used to identify and characterize the crystallographic

structure of areas of both fossil and modern corals. EBSD analyses

were performed in an FEI Quanta 200F field emission scanning

electron microscope (SEM) equipped with a TSL EBSD system running

Orientation Imaging Microscopy (OIM) software version 5. EBSD and

scanning electron microscopy imaging was carried out at the Imaging

Spectroscopy & Analysis Centre (ISAAC) of the School of Geographical

& Earth Sciences at the University of Glasgow. EBSD analyses were

carried out in high vacuum mode (1.5×10−5 Torr) with a beam

aperture of 50 μm and an accelerating voltage of 20 kV. The Kikuchi

patterns were indexed using the OIM database, which contains

structure files for calcite and aragonite. The structure files were tested

against calcite and aragonite standard thin sections prepared using

the above method of mounting and polishing. In testing the structure

files, a confidence index of N0.5 and pattern fit of b2 over an average

of 10 trial spot analyses was required to ensure accuracy of indexing.

Hough parameters were set to a minimum peak magnitude of 2, a

minimum peak distance of 19, and peak symmetry of 0.80 and a

binned pattern size of 120. OIM maps were subject to two clean-up

algorithm procedures to ensure that reliable data were displayed

(Mahway, 2005). Grain Confidence Index (CI) Standardization was

applied with a Grain Tolerance Angle of 5° and minimum grain size of

2 pixels and a Neighbour Confidence Index (CI) Correlation of CI 0.2.

Further partitioning of data was applied, with only grains of CI≥0.2,

Fit≤2.9 and IQ≥19 displayed in the resultant OIM map to remove any

background noise from the final data set.

2.4. Atomic force microscopy (AFM)

AFM was used to identify nano-granular biogenic carbonate and

non-granular non-biogenic carbonate. Analyses were carried out in

the School of Engineering at the University of Glasgow. AFM was

carried out on polished and etched surfaces of coral cores. Samples

were cleaned in deionised water using an ultrasonic bath for two

minutes, rinsed in fresh deionised water, and then blown dry using N2

gas. The cleaned samples were then etched for two minutes at 180 W

in an O2 plasma using a GaLa Instruments PlasmaPrep 5 barrel asher to

ensure that the surface was free of contaminants. The ultrasonic water

clean and N2 dry was then repeated before a final etch for twominutes

at 180 W in the barrel asher. These steps removed any residues

remaining from the polishing and sputtered carbon film processes;

the reduced pressure in the asher also helped to minimise any water

film present on the sample surface that would be disruptive to AFM

scanning. AFM imaging was carried out using Tapping mode™ on a

Veeco Dimension 3000, with Nanoscope III controller, employing

tapping mode silicon probes (part number OTESPAW, Veeco). AFM

Tapping mode™ utilizes an oscillating tip at a tip amplitude of

approximately several tens of nm when the tip is not in contact with

the surface. The resolution of Tapping mode™ AFM is in the order of a

few nm. Height mode analyses depict the topography of the surface.

Phase imaging in AFM is a powerful extension that provides nanoscale

information about surface structure that goes beyond simple

topographical mapping to detect variations in chemical composition,

friction and other physical properties that contribute to the

viscoelastic properties of the surface (Schmitz et al., 1997). AFM

images were produced using Veeco software and WSxM Scanning

Probe Microscopy Software (Horcas et al., 2007), a freeware software

package from Nanotec Electronica. Small sections of the coral cores

were broken and mounted on aluminium stubs. These sections were

gold-coated and used to acquire SEM images for an overview of the

coral structure.

2.5. Secondary ion mass spectrometry (SIMS)

SIMS was used to determine the geochemistry of pristine and

altered sections of the corals. Samples were gold-coated for analysis

by SIMS. Areas of the coral spanning several growth lines of original

skeletal material as well as secondary calcite were selected for spot

analyses. Trace element ratios of the sample material were deter-

mined using a Cameca ims-4f ion microprobe with Charles Evans and

Associates interface and computer control running Control-PXT v1.0

at the School of Geosciences in the University of Edinburgh. Analyses

were carried out with a 16O− ion beam, accelerated at 14.5 kV. A

primary beam current of 5 nA, an image field of 25 μm, field aperture 3

(1.8 mm) and contrast aperture 3 (150 μm) were used. An energy

offset of 75 eV was applied with no evidence of any significant

interference for any of the isotopes studied (Allison and Finch, 2007).

Each analysis is the sum of ten cycles and, for each cycle, secondary

singly-charged cations were collected at masses 44Ca (2 s) and 88Sr

(5 s). Count rates on coral fasciculi were approximately 60,000 and

22,000 cps respectively. Internal error (the precision at a single point)

was calculated from the standard deviation (σ) of Sr/Ca ratio in the

ten cycles in each analysis as 2*(σ /(√10) and was typically 1% for Sr/

Ca. Multiple analyses were performed on the carbonate standard

(OKA carbonatite, Sr/Ca=13.66±1.65 mmol mol−1, (representing 3
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independent estimates of composition by different laboratories) to

estimate relative ion yield. The accuracy of the SIMS estimates is

affected by uncertainty in the composition of the standard (e.g.

reflecting variations in the different OKA crystals used for SIMS and

characterized by bulk analytical methods) and by potential matrix

effects resulting from chemical and physical differences between the

calcite standard and samples i.e. calcite and aragonite. To reduce this

uncertainty, estimates of Sr/Ca have been compared along adjacent

coral transects by SIMS and by bulk methods of analysis and

standardization factors calculated to apply to SIMS data (Allison et

al., 2005b, 2007). All the SIMS data presented here have been

normalized using these factors.

Stable oxygen isotope data were acquired with a Cameca ims 1270,

using a ~5 nA primary 133Cs+ beam and charge compensation by a

normal-incidence electron gun. Secondary ions were extracted at

10 kV, and 18O− (~8.0×106 cps) and 16O− (~4.0×109 cps) were

monitored simultaneously on dual Faraday cups. Each analysis

involved a pre-sputtering time of 60 s, followed by data collection in

two blocks of five cycles, amounting to a total count time of 45 s. To

correct for instrumental mass fractionation (IMF), all data were

normalised to an internal standard, University of Wisconsin Calcite

(UWC δ18O 23.28±0.06‰ VSMOW, J. Valley pers comm.), which was

assumed to be homogeneous and was measured throughout the

analytical sessions. The internal error of each analysis is +/−0.2 per

mil. External error +/−0.6 per mil is shown through repeated

analysis on the UWC standard of known composition. Conversion

from Standard Mean Ocean Water (SMOW) to Pee Dee Belemnite

(PDB) was carried out according to (Coplen et al., 1983).

2.6. Conventional mass spectrometry

Other studies have noted an offset (instrumental mass fraction-

ation) between SIMS and conventional δ18O analyses of carbonates

(Rollion-Bard et al., 2003). The instrumental mass fractionation was

quantified by comparing the δ18O of pristine modern coral analysed

by SIMS and conventional mass spectrometry. Sections of the coral

specimens were screened using EBSD to ensure an absence of calcite

prior to drilling. The isotopic analyses were carried out at the Scottish

Universities Environmental Research Centre (SUERC) on a VG

ISOCARB automated preparation system integrated with a VG ISOGAS

PRISM II isotope ratio mass spectrometer. Samples between 1 and

2.5 mg were drilled out using a slow speed dental drill and transferred

to a plasma asher. An oxygen plasma was set up to cold burn and

remove any organic matter from the samples for 20–24 h to ensure an

effective loss of organic material. A modified version of McCrea's

method (McCrea, 1950) was employed to determine the 18O/16O ratio,

Fig. 1. Secondary electron image of fracture sections of modern Porites lutea. (a) Low magnification image with the direction of coral growth indicated by the white arrow. Boxed

areas of horizontal structures presented in b and c. In b, a thick synapticula (S) is shown and in c, a thin dissepiment (D) is presented. In both b and c, fasciculi bundles are evident at

the bottom right of both high magnification images. White scale bar in a=500 μm, black scale bars in b and c=20 μm.
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with each sample reacted with 103% phosphoric acid (H3PO4) at 90 °C

to produce carbon dioxide (CO2) which was then analysed. The mass

spectrometer results for oxygen isotopes are corrected for isotopic

fractionation between calcium carbonate and CO2 using a fraction-

ation factor (103 lnα) of 7.904 for the reaction with 103% H3PO4 at

90 °C. Corrections were applied using the methods similar to those

described by (Craig, 1957) accounting for the presence of 17O and

other interference in the system. Isotopic results are reported using

the conventional δ‰ notation, with reference to the Vienna Pee Dee

Belemnite (VPDB) international standard (Coplen, 1995; Gonfiantini

et al., 1995). Precision of each analysis was calculated through

addition of internal laboratory marble (MAB2B) standards. The

MAB2B laboratory standard, which is Carrara Marble, is calibrated

against NBS19 and cross-checked against NBS18 and IAEA intercom-

parison material CO-1, CO-2 and CO-8. For each batch of analyses,

reproducibility between MAB2B standards for both 18O/16O and 13C/
12C was better than 0.1‰ at 1σ. Individual coral sample analyses were

replicated up to three times and variability between replicate analyses

was, on average, b0.3‰ at 1σ. Comparison of δ18O of modern coral

aragonite analysed by conventional mass spectrometry with that

determined by SIMS, indicates that an offset of 2.59‰ is required to

correct SIMS data. This correction has been applied to all SIMS data.

Recent work suggests that the IMF may be affected by the gross trace

element composition of the carbonate (Allison et al., 2010b). However

there is no significant correlation between the Sr/Ca and δ18O of

individual SIMS analyses in a coral section indicating that the typical

Sr/Ca heterogeneity observed by SIMS in coral skeletons does not

affect δ18O determinations (Allison et al., 2010a,b).

2.7. Estimation of surface sea temperature (SST)

Typical modern annual SST ranges at the two study sites are ~28–

30 °C at the Huon Peninsula (McCulloch et al., 1999) and ~26–29 °C at

Jarvis Island (Brainard et al., 2005). Modern and past SSTs were

estimated from coral Sr/Ca using a palaeothermometer equation

derived at Huon Peninsula (1000Sr/Ca=10.7–0.062SST, McCulloch et

al., 1999). SSTs were estimated from coral δ18O assuming a typical

temperature dependence of Porites skeletal δ18O of −0.21‰ /°C

(McConnaughey, 1989).

3. Results

3.1. Coral ultrastructure

Scanning electron microscopy analyses of the fossil and modern

specimens reveal a typical structure of colonial scleractinian coral

skeletons with long, vertical trabeculae constructed from bundles of

fasciculi composed of fibrous crystals (Fig. 1). Both the thread-like

dissepiments and the thicker synapticulae are visible, horizontally

linking the vertical septal structures (Fig. 1).

3.2. Coral crystallography

EBSD analysis of modern coral confirms that the fasciculi crystals,

radiating from the centres of calcification (COCs) are aragonite. The

secondary electron images of the areas analysed by EBSD are

presented in Fig. 2a and d. EBSD phase maps of these areas (Fig. 2b

and e) are shown with aragonite in red and calcite in green (none

present). The crystallographic orientation maps (Fig. 2c and f) show

the orientation of the aragonite fibres according to the colour key in

Fig. 2g.

In the fossil specimens, EBSD analysis reveals horizontal structures

(Fig. 3a, d, g, and j) that can span the 200 micron gaps between septa

(Fig. 3a, d, g, and j). Although they appear like dissepiments, these

structures are composed of calcite as indicated in the phase maps

(Fig. 3b, e, h, and k) where aragonite is in red and calcite in green.

Fig. 2. Electron backscatter (EBSD) analysis of horizontal structures in modern coral. Secondary electron images (a and d) of the areas analysed by EBSD with growth direction

indicated by white arrows. Box D in 2a indicates the specific area analysed in 2b and c. Phase maps (b and e) of the regions in a and d, present aragonite as red and calcite as green

(none present). Crystallographic orientation maps (c and f) of the same regions indicate the crystallographic orientation of aragonite according to the colour key in g. Bundles of

radiating needles of micro-crystalline aragonite comprising the main septa of the coral skeleton are evident in e and f. COC denotes the centre of calcification. Scale bar=60 μm

throughout.
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Crystallographic orientation maps (Fig. 3c, f, i, and l) indicate that the

dissepiment-like structures are large, usually single crystals of calcite

with crystallographic orientation indicated according to Fig. 3m, n for

aragonite and calcite respectively. The bulk of the coral skeleton

maintains the same crystallographic structure previously observed

where the needles of aragonite radiate from the centres of

calcification (COCs) (Fig. 3c and l).

3.3. Carbonate nanogranules

In the modern and fossil coral samples analysed, needles of

aragonite radiate from the COCs. AFM analyses of these regions reveal

that the aragonite is granular (Fig. 4a and b) indicating biogenic

carbonate. Biogenic carbonate structures are composed of nano-

granules surrounded by organic sheaths (Dauphin et al., 2006) with

Fig. 3. Electron backscatter (EBSD) analysis of fossil coral revealing relatively large crystals of calcite resembling horizontal structures in pristine corals. Secondary electron images

(a, d, g, and j) of the areas analysed by EBSD. Phase maps of these areas (b, e, h, and k) where aragonite is indicated in red and calcite in green. Crystallographic orientation maps (c, f,

i, and l) of these same regions with crystallographic orientation indicated by colour key (m and n) insets in (i) for aragonite and calcite respectively. Scale Bars for a–c=50 μm, d–

f=25 μm, g–i=50 μm and j–l=80 μm.
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higher order crystals composed of nano-granules that tend to be

spherules (Dauphin, 2002a; Grefsrud et al., 2008) or more triangular

(Cusack et al., 2008a). These granules are also evident in fossil

structures (Dauphin, 2002b). The appearance of granular aragonite in

the AFM images is therefore consistent with the presence of biogenic

aragonite which is an inorganic–organic composite. AFM analysis of

these regions in the fossil specimens also shows flat, featureless

segments of calcite contrasted against the granular texture of the

aragonite (Fig. 4a–c). The lack of granules in the calcite indicates that

it is likely to be a secondary structure of non-biogenic origin (Shindo

and Kwak, 2005).

3.4. Strontium content

The secondary calcite in the fossil specimen has a much lower (Sr/

Ca=2.93±2.10 mmol/mol, n=36) and more variable Sr concentra-

tion than that of both the modern (Sr/Ca=9.13±0.20 mmol/mol,

n=53) and fossil (Sr/Ca=8.98±0.16 mmol/mol, n=31) coral

aragonite fibres (values are means and standard deviations (1σ))

with inevitable consequences on calculated SSTs (Fig. 5). These Sr/Ca

ratios equate to estimated temperatures of 25.3±3.2 °C and 27.7±

2.6 °C for the modern and fossil coral respectively and fall within the

actual sea surface water temperature range for this region as

presented in Tudhope et al. (2001). The temperature calculated

from the mean Sr/Ca ratio of secondary calcite is 125.3±33.9 °C

(Fig. 5). Thus, with Sr/Ca as the water temperature proxy, inclusion of

as little as 1% secondary calcite would elevate calculated temperatures

by 1.2 °C.

3.5. Isotopic difference between phases

The stable isotopic composition of modern and fossil coral

aragonite was determined using conventional mass spectrometry

and the sea surface temperature (SST) calculated as in Tudhope et al.

(2001). δ18O values of −5.26±0.33 (n=48) and −5.37±0.19

(n=24) result in calculated mean temperatures of 25.1±1.6 °C and

25.6±0.9 °C for modern and fossil aragonite respectively assuming a

stable δ18Ow (Fig. 6). The standard deviation of δ18O in the pristine

fossil aragonite is far larger than that observed in the drilled samples

analysed by conventional mass spectrometry (Fig. 6), reflecting the

δ18Oheterogeneity of the coral aragonite at the scale analysed by SIMS

(e.g. Rollion-Bard et al., 2003). δ18O of fossil calcite is lower than that

of coral aragonite (Fig. 5) and equates to an estimated SST of 31.6 °C

which is about 6 °C higher than would be calculated from aragonite

δ18O (Fig. 6). The δ18O SIMS values were calculated assuming an

instrumental mass fractionation (IMF) of −2.59‰. However, IMF in

carbonates may be affected by trace element composition and

increased from −2.1 to −2.9‰ as carbonate Sr/Ca increased from

1.2 to 9.3 mmol mol−1 (Allison et al., 2010a). The Sr/Ca of the

secondary calcite analysed here (2.93 mmol mol−1) is considerably

lower than that of coral aragonite and it may be appropriate to apply a

smaller IMF to this data. We are unable to calculate an exact IMF as we

do not have a carbonate standard of comparable Sr/Ca to the

secondary calcite. We note that applying an IMF of −2.1‰ (as

Fig. 4. Atomic force microscopy (AFM) analysis of coral aragonite and calcite in 3-D. (a) calcite ‘dissepiment’ (C) with a seam of aragonite (A) running through. (b) Region where the

calcite makes contact with the main coral aragonite skeleton (A). (c) High magnification AFM height plot with phase overlay of the highlighted region in (b). The aragonite has a

granular texture whereas the calcite is completely featureless. White scale bar=500 nm, black vertical scale bar=250 nm. In all cases, Z scale is height from AFM.

Fig. 5. Coral Sr/Ca content and calculated sea surface temperature (SST). Means and

standard deviations are shown for modern coral aragonite (n=53), fossil aragonite

(n=31) and fossil calcite (n=36).

Fig. 6. δ18O and calculated sea surface temperature for modern and fossil coral

aragonite and fossil calcite. δ18O determined for modern (n=48) and fossil (n=24)

aragonite by conventional mass spectrometry. δ18O was also determined by secondary

ion mass spectrometry (SIMS) for fossil aragonite (n=31) and calcite (n=35). Means

and standard deviations are shown.
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observed in low Sr/Ca carbonates) to the SIMS analyses of the

secondary calcite yields a corrected SIMS δ18O of −6.1‰ and a SST

estimate that is 3–4 °C higher than that calculated from the pristine

coral aragonite. Thus, in this instance, δ18O ismuchmore forgiving as a

water temperature proxy than Sr/Ca with inclusion of as much as 10%

secondary calcite in a δ18O-based calculation, elevating calculated

temperature by 0.6 °C.

4. Discussion

4.1. Calcite cement formation

In the fossil coral, the presence of non-biogenic calcite, that mimics

themorphology of the original coral aragonite structure, has important

repercussions in determining past sea surface temperature fromproxy

measurements. The secondary calcite appears to be nucleating on the

slender horizontal aragonite dissepiments. The dissepiments, as thin

shelves ofmaterial,may act as areas for porewater to be held (through

capillary action and surface tension) and, as a consequence, calcite

grows and assumes the form of the “meniscus” formed by the fluid

held on either or both sides of the dissepiments. Fig. 7 depicts this

proposed model of calcite growth on the thin dissepiments.

Meniscus cements often represent diagenetic activity in beach

sands (McLaren and Gardner, 2004) in the vadose zone (McLaren,

1993). Meteoric water, undersaturated with respect to CaCO3, begins

to dissolve carbonate material and reprecipitates it as the more stable

polymorph, calcite. The mechanism required for such large single-

orientation crystals to grow remains unknown. The fact that the

crystals are large suggests slow growth rate, yet the crystallographic

uniformity and lack of growth zoning suggests that this non-biogenic

calcite has formed in a one-off rapid event. Growth rate is likely to

depend on the rate of transfer of pore fluid through the coral skeleton

(Harris and Matthews, 1968). With interest surrounding the potential

use of these cements as environmental indicators (Badiozamani et al.,

1977; Chung and Swart, 1990), care is required in their interpretation

(McLaren and Gardner, 2004). Identification and further understand-

ing of the nature of these calcite structures may yield important

palaeoclimate information recorded during diagenesis, as well as the

palaeoclimate information recorded at the time of coral growth,

encoded within the original coral material.

4.2. Variations in geochemistry

When the coral material is screened, prior to analysis, with EBSD it

allows the identification of areas of pristine primary aragonite for high

spatial resolution data acquisition. Such a selective analysis strategy is

essential for reconstructing SSTs with greater accuracy from coral

skeletal material (Allison et al., 2005b). The pristine aragonite

analysed here shows good agreement within expected ranges in SST

for data recorded for both the Jarvis Island and Huon Peninsula

regions and with previous findings, for both δ18O and Sr values. The

observation that secondary calcite has marked differences in isotopic

and geochemical composition which result in offsets in calculated

temperatures from predicted SSTs reinforces previous studies that

indicate that the presence of as little as 1% calcite cement can

adversely affect Mg/Ca-SST estimates by as much as 11 °C (Allison et

al., 2007). EBSD analyses reveal large calcite crystals in distinct

regions. Indiscriminate sampling could therefore incorporate a

significant portion of secondary calcite, thus affecting the gross δ18O

and Sr values.

An offset of 2.59‰ brings SIMS data for δ18O aragonite in-line with

that obtained from conventional mass spectrometry, leaving the δ18O

of fossil calcite noticeably lighter. Known offsets for δ18O values of

around 0.8‰ for calcite compared with aragonite have been reported

(Grossman and Ku, 1986; Rahimpour-Bonab et al., 1997; Rye and

Sommer, 1980; Tarutani et al., 1969). Such an additional adjustment

has been omitted deliberately since the aim was to assess the

influence of inadvertent inclusion of meniscus calcite into proxy

calculations given the fact that the meniscus calcite appears original

due to the mode of formation and could therefore slip through

screening procedures. Likewise, no attempt was made to apply

equations specific for calcite that would allow for difference in

behaviour between calcite and aragonite polymorphs (Gaetani and

Cohen, 2004, 2006; Kinsman and Holland, 1969; Mucci et al., 1989;

Rahimpour-Bonab et al., 1997; Zhong and Mucci, 1989).

The impact of the inclusion of meniscus calcite on sea surface

temperature calculations depends on the amount of material

included. The values presented in Figs. 5 and 6 for 100% meniscus

calcite should be easy to spot. Secondary meniscus calcite is a minor

component and we estimate that it accounts for less than 1% of the

calcium carbonate present. The real danger arises from inclusion of

smaller quantities that may increase calculated temperatures to

values that appear reasonable even if they are wrong. The extent of

impact also depends on which proxy is applied with a smaller increase

in calculated temperature occurring with δ18O (Fig. 6) compared to

the major elevation in calculated SST that could occur by applying the

Sr/Ca ratio as the proxy of choice (Fig. 5). Inclusion of 10% calcite

within a coral sample elevates the Sr/Ca-derived SST by 12.5 °C, but

has little effect on the SST estimated from δ18O (+0.3–0.6 °C,

depending on IMF used). The fact that δ18O and Sr/Ca are influenced

to different extents by the inclusion of meniscus calcite may simply

result from the specific environment in which the secondary calcite

formed in this case. The difference in proxy response supports a multi-

proxy approach where such discrepancies would be revealed.

Corals are an important tool in the reconstruction of past climates

and this study reinforces recent reports stressing the need for careful

Fig. 7. Diagram representing the formation of ‘meniscus’ secondary calcite cement within the coral structure. (a) Primary, unaltered sample showing slender, horizontal aragonite

dissepiments. (b) Arrows indicate pore water running through the sample, with some water being held on imperfections by capillary action and surface tension. (c) Calcite (green) is

deposited on the aragonite dissepiments with the new crystals assuming the form of the water meniscus. Scale bar=400 μm.
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sampling and improvements in sample screening of coral material

prior to analysis (Allison et al., 2005a, 2007; Nothdurft et al., 2007).

The secondary calcite observed in this study mimics morphological

structures of the original aragonite skeletal material and yields

distinct anomalies in geochemistry when analysed at high spatial

resolution. These compositional anomalies result in large offsets in

calculated SST and thus, deliberate steps are required to avoid

inclusion of such material in SST calculations, ensuring that only

pristine, original material is selected for climate proxy studies.
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