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Abstract Fine-scale structures of intact modern and

fossil coralline skeletons were analysed to determine

alteration to secondary cements and phases using electron

backscatter diffraction (EBSD). EBSD analysis revealed

secondary aragonite cements in endolithic borings in the

modern skeleton and whole dissepiments of the fossil

skeleton replaced by calcite, despite X-ray diffraction

(XRD) bulk analysis of the general area suggesting only

aragonite was present. Non-destructive, in situ screening of

coral samples by EBSD analysis provides a valuable tool

for assessing the extent of alteration and can determine

which areas may produce more reliable climate proxy data.

Keywords Electron backscatter diffraction (EBSD) �
Diagenesis � Calcite � Dissepiments

Introduction

The value of annually banded reef-building corals as

recorders of climate information is well established (Gagan

et al. 2000; Cole 2003; Felis and Pätzold 2003; Correge

2006; Grottoli and Eakin 2007). In particular, the stable

oxygen isotope composition of coral aragonite has proven to

be a powerful tool for reconstructing past sea surface tem-

perature (SST) and sea water d18O, which is closely related to

salinity conditions, while the trace element composition of

coral aragonite can yield records of past SST. These records

can have monthly or even finer scale temporal resolution

over several centuries, as a consequence of the maximum life

span of an individual colony, with dead (fossil) corals pro-

viding evidence for climate change in the late Quaternary.

Such coral-derived records have provided important evi-

dence for the nature, drivers and global implications of

tropical climate variability and change, including improved

understanding of major features of the global climate system,

such as the El Niño Southern Oscillation and the monsoon

systems (Tudhope et al. 1996, 2001; Evans et al. 1998;

Urban et al. 2000; Charles et al. 2003; Cobb et al. 2003) and

whole tropical temperatures (Wilson et al. 2006). Recent

studies of North Atlantic Oscillation and mid-latitude cli-

mate variability have been obtained from annually banded

corals from subtropical oceans (Cohen et al. 2004; Kuhnert

et al. 2005). Porites is reported to display no species-specific

effects on proxy data (Maier et al. 2004); thus, Porites is well

suited to analysis for environmental proxies such as d18O and

Sr/Ca ratios.

Despite this, many small-scale variations have been

described in coral skeletons with the biology of the system

exerting a vital effect on the chemical signature of the coral

(Cohen et al. 2002; Cohen and McConnaughey 2003;

Meibom et al. 2003, 2004, 2006, 2007; Mitsuguchi et al.
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2003; Allison and Finch 2004; Allison et al. 2005; Gabitov

et al. 2006; Gaetani and Cohen 2006a, b). In addition to

considering vital effects, it is necessary to avoid samples

that are diagenetically altered (Guilderson et al. 1994,

2001; Tudhope et al. 1995, 2001; Woodroffe and Gagan

2000; Muller et al. 2001; Allison et al. 2007; Hendy et al.

2007). Until recently, coral samples were assessed using

X-ray diffraction (XRD) to determine the extent of diage-

netic alteration to calcite (Guilderson et al. 1994; Esat et al.

1999; Hughen et al. 1999). However, the relatively low

sensitivity of XRD means that trace material (*1–2%) is

not always detected (Jenkins and Snyder 1996), and this

fraction can have a significant effect on climate proxies, as

observed in screening through secondary ion mass spec-

trometry (SIMS) (Allison et al. 2007) and Raman

spectroscopy (Nothdurft et al. 2007). Stable isotope and

trace element climate proxies are often measured on a

spatial scale of micrometres to nanometres using techniques

such as SIMS, laser ablation inductively coupled plasma

mass spectrometry (LA-ICP-MS) and electron probe

microanalysis (EPMA). A diagenetic screening technique

that operates at similar spatial resolution is therefore

desirable. Electron backscatter diffraction (EBSD) has

recently emerged as a significant tool in the field of mate-

rials science (Wright and Adams 1991, 1992; Adams et al.

1993, Wright et al. 1994; Schwartz 2000). Following early

work by Nishikawa and Kikuchi (1928a, b) on diffraction

patterns of electrons from crystalline sample surfaces, the

development of an automated in situ non-destructive anal-

ysis technique that determines crystallographic information

from materials has been gradually developed during the last

century (Alam et al. 1954; Venables and Harland 1973;

Dingley 1981, 1984; Dingley and Razavizadeh 1981;

Schwarzer 1997a, b). However, EBSD application in

biominerals has only recently been undertaken (Schmahl

et al. 2004; Cartwright and Checa 2006; Dalbeck et al.

2006; Dalbeck and Cusack 2006; Cusack et al. 2007, 2008;

England et al. 2007; Perez-Huerta et al. 2007), which has

allowed in situ phase identification and crystallographic

information to be obtained from these biogenic systems in a

field of view of nanometres to hundreds of microns. Here,

EBSD was applied to Porites corals to assess this technique

as a means of detecting small amounts of diagenetic

alteration at fine spatial resolution appropriate for climate

proxy measurements made via techniques, such as SIMS,

LA-ICP-MS and EPMA.

Materials and methods

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

lutea) coral was obtained from Jarvis Island 0�22.30 S,

159�59.00 W and a fossil specimen was cored from a raised

reef in the Huon Peninsula (Chappell 1974) in Papua New

Guinea. Previous studies on cores from these specimens

have detailed the environmental (Marriott et al. 2004) and

geological settings of these specimens and the extent of

diagenesis in the fossil sample (Tudhope et al. 2001).

XRD analysis was performed on a Phillips PW 1050/35

with vertical goniometer along with a Co Ka Fe-filtered

radiation tube. The scanning speed was 2�2h/min and the

resultant profiles were compared with the Joint Committee

on Powder Diffraction Standards (JCPDS) database.

Sections of the coral cores were reduced to *2–3 cm

and mounted in Araldite resin. The resin blocks were

mounted on thin-glass section slides and the samples were

polished through a series of grinding and polishing discs.

The sample surface was ground down using diamond

impregnated papers at 74 lm and then 20 lm, diamond

slurry at 8 and 6 lm followed by a compound diamond pad

at 6 and 3 lm. Polishing stages were performed with alpha

aluminium oxide at 1 and 0.3 lm and the final treatment

with 0.06 lm 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 (Prior et al. 1999; Nowell et al.
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Fig. 1 XRD spectra for both modern (top) and fossil (bottom) Porites
coral specimens with the standard peaks for aragonite (black arrows)

correlating to all peaks in both spectra and standard peaks for calcite

(grey arrows) showing no correlation in either spectra, indicating the

detection of aragonite only in both samples
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2005). The polished slides were carbon coated and silver

paint was applied around the edges of each slide to reduce

surface charge.

EBSD analyses were performed in a FEI Quanta 200F

field emission scanning electron microscope (SEM)

equipped with a TSL EBSD system running OIM software

version 4. Analyses were carried out in high vacuum mode

with a beam aperture of 50 lm and an accelerating voltage

of 20 kV. The Kikuchi patterns were indexed using the

OIM Data Collection database, which contains structure

files of calcite and aragonite. The structure files were tested

against calcite and aragonite standard thin sections pre-

pared using the above method of mounting and polishing.

In testing the structure files, a confidence index (CI) of

[0.5 and pattern fit of\2 over an average of 10-trial spot

analyses were required to ensure accuracy of indexing.

Hough parameters were set to a minimum peak magnitude

of 2, 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

reliable data were displayed (Mahway 2005). Grain CI

standardization was applied with a grain tolerance angle of

5� and minimum grain size of two pixels and neighbour CI

correlation of CI 0.2. Further partitioning of data was

applied with only grains of CI C 0.2, Fit B 2.9 and

IQ C 19 displayed in the resultant OIM map to remove any

background noise from the final dataset.

Results and discussion

XRD revealed only aragonite in both the modern and fossil

Porites coral (Fig. 1). Absence of calcite diffraction sug-

gests that the samples may be pristine and could therefore

be considered suitable for climate proxy application.

EBSD analyses clearly define the coral ultrastructure

with aragonite fibres in bundles, radiating from the centres

of calcification (COC; Fig. 2b, d). The poor diffraction

Fig. 2 EBSD analysis of

Porites coral from Jarvis Island.

All four images are of the same

area. Scale bar = 10 lm. (a)

Secondary electron image of

polished area of Porites coral

analysed using EBSD. (b)

Diffraction intensity map, in

which brighter areas are those

that have diffracted the electron

beam most strongly. Dark area

at top right indicates the poor

diffraction of the COC. (c)

Combined diffraction intensity

and phase map with green

indicating aragonite. (d) Map of

combined diffraction intensity

and crystallographic orientation

of the same area (obtained

simultaneously), with mainly

blue and green colour coding

with reference to the key (e),

indicating that the {010} and

{100} planes of aragonite are

normal to the plane of view

indicating that the {001} is

concurrent with the fibre axis.

Secondary aragonite cement in

the microboring has a different

crystallographic orientation to

the original aragonite fibres with

the 001 plane normal to the

plane of view, which is why

cement appears red in the image
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quality from the COC may be a consequence of a high

organic content or nano-scale crystal size as in regions of

avian eggshells (Dalbeck and Cusack 2006). The c-axis of

aragonite is coincident with the fibre length by regular

alternation of {010} and {100} faces displayed from

neighbouring fibres at the analysis surface. A circular mi-

croboring *10 lm diameter containing aragonite infilling

(Fig. 2c, d) is clearly evident in the EBSD analysis of the

modern sample (Fig. 2b, d), exhibiting markedly different

crystallographic orientation to the surrounding material,

with the c-axis orientation perpendicular to the analysis

surface (Fig. 2d). The boring is not visible in the secondary

electron image (Fig. 2a). The phase map indicates that the

microboring contains aragonite cement (Fig. 2c).

With corals being used frequently in climate studies, it is

essential to ensure that pristine primary aragonite is ana-

lysed to provide reliable results. Previous studies have

discussed the possibility of other primary mineralised

material produced by modern coral (Vandermeule and

Watabe 1973; Constantz and Meike 1989; Meibom et al.

2008). No evidence of any material other than aragonite

was detected in the modern Porites sample using XRD or

EBSD. However, some of that aragonite is secondary

cement filling microborings (Fig. 2). The presence of sec-

ondary aragonite cements precipitated in coral skeletons

can affect climate proxies (Quinn and Taylor 2006; Allison

et al. 2007; Hendy et al. 2007; Nothdurft et al. 2007), with

the secondary aragonite showing chemical variation that

can affect the expected climatic record. For example, Al-

lison et al. (2007) showed that 2% secondary aragonite

could account for as much as 0.9�C deviation from Sr/Ca

estimates of SST.

Although calcite was not detected in XRD analyses of

bulk samples of fossil Porites specimen here (Fig. 1),

EBSD reveals the preferential replacement of the aragonite

of the dissepiments by calcite (Fig. 3c, d). The calcite of

the dissepiments diffracts the electron beam more inten-

sively than the aragonite of the fasciculi (Fig. 3b). The

calcite of the dissepiments occurs in single crystal domains

with single orientation, more than 100 lm long as indi-

cated by the crystallographic orientation map (Fig. 3d i).

The preferential replacement of aragonite of the

Fig. 3 EBSD maps of an

altered dissepiment of fossil

Porites coral from Papua New

Guinea. All four images are of

the same area. Scale

bar = 40 lm. Individual areas

of interest are labelled, centre of

calcifications (COC) (a),

secondary electron image of

analysis area, (b) diffraction

intensity map of area in (a). (c)

Combined diffraction intensity

and phase map with calcite

shown in red and aragonite in

green. (d i) Combined

diffraction intensity and

crystallographic orientation map

of calcite and aragonite with

crystallographic planes normal

to plane of view, coloured

according to keys, (d ii) for

aragonite and (d iii) for calcite.

Therefore, the uniform colour of

the calcite in (d i) represents an

uniform crystallographic

orientation
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dissepiments is likely to be a consequence of the relatively

high surface area of their structure. Alternatively, the

horizontal position of the dissepiments may render them

more susceptible to alteration.

Diagenetic replacement by another mineral such as

calcite may go undetected if the concentration of the sec-

ondary mineral is below the threshold of detection by XRD

(Fig. 1). Due to the different atomic structures of the two

CaCO3 polymorphs, preferential trace element incorpora-

tion between the two minerals (Kinsman and Holland

1969; Gaetani and Cohen 2004, 2006b; Mucci et al. 1989;

Zhong and Mucci 1989) can produce significant offsets

from expected SST estimates, greater than those for sec-

ondary aragonite (Allison et al. 2007, Nothdurft et al.

2007).

The results of this study demonstrate that EBSD analysis

provides a powerful tool for the investigation of even very

early stage coral diagenesis. While XRD remains a valu-

able means of screening for diagenetic alteration, EBSD

has the advantage over XRD and Raman spectroscopy of

being able to identify secondary aragonite (Fig. 2c, d). The

spatial resolution of EBSD, at the micrometre to nanometre

scale, makes it highly suitable for such screening in

advance of collecting climate proxy data on a similar

spatial scale using techniques such as SIMS, LA-ICP-MS

(Fallon et al. 2002) and EPMA. EBSD can therefore

complement SIMS analysis (Allison et al. 2007) or Raman

spectroscopy (Nothdurft et al. 2007) prior to analysis of

environmental proxies. A further advantage of EBSD

analysis is that it does not damage the sample area ana-

lysed. Thus, EBSD can be used to screen for alteration and

then, exactly the same area analysed to obtain climate

proxy data from pristine primary aragonite.
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