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Abstract Scleractinian corals are increasingly used as
recorders of modern and paleoclimates. The microstructure
of four common reef-building coral genera is documented
here: Acropora, Pocillopora, Goniastrea, and Porites. This
study highlights the complexity and spatial variability of
skeletal growth in different coral genera and suggests that a
single growth model is too generalized to allow the ac-
curate depiction of the variability observed in the four
genera studied. New models must be introduced in or-
der for coral skeletogenesis to be understood adequately
to allow coral skeletons to serve as repositories of tempo-
rally constrained geochemical data. Owing to differences
in microstructural patterns in different genera, direct obser-
vation of microstructural elements and growth lines may be
necessary to allow microsamples to be placed into series
that represent temporal sequences with known degrees of
time averaging. Such data are critical for constraining mi-
crosampling strategies aimed at developing true time series
geochemical data at very fine spatial and temporal scales.

Keywords Scleractinian corals . Microstructure .
Paleoclimate . Porites

Introduction

The geochemistry of scleractinian coral skeletons is in-
creasingly applied to the study of paleoclimate (e.g., Beck
et al. 1992; de Villiers et al. 1995; Marshall and McCulloch
2002; McGregor and Gagan 2003), coastal run-off (e.g., Al-
ibert et al. 2003; McCulloch et al. 2003), marine pollution
(e.g., Fallon et al. 2002), ocean up-welling (Lea et al. 1989),
and even marine productivity (Wyndham et al. 2004). Tech-
niques such as laser ablation-inductively coupled plasma-
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mass spectrometry (LA-ICP-MS) (e.g., Sinclair et al. 1998;
Fallon et al. 1999; McCulloch et al. 2003; Runnalls and
Coleman 2003; Sinclair and McCulloch 2004), ion mi-
croprobe (Allison and Tudhope 1992; Allison 1996; Co-
hen et al. 2001, 2002; Meibom et al. 2003; Rollion-Bard
et al. 2003) and vibrational spectroscopy (Cuif and Dauphin
1998; Cuif et al. 2003a) now allow sampling at increasingly
fine levels of resolution with the hope of increased, even
monthly or daily, temporal resolution (Cohen et al. 2001;
Gill et al. 2006). However, for increased sampling resolu-
tion to reflect increased temporal resolution, a better under-
standing of patterns of coral skeletogenesis and resulting
skeletal microstructure is required. Coral skeletal growth
does not represent simple linear extension at microscopic
scales (e.g., Sorauf 1972; Jell 1974; Cuif et al. 1997; Perrin
2003; Stolarski 2003). Thus, spatially sequential sample
sets may not represent temporal sequences of coral growth
capable of yielding true time series data. Additionally, all
samples reflect some amount of time averaging, in extreme
cases, over long time spans (e.g., more than 1 year).

The microstructure of coral skeletons has been studied for
well over a century, but our understanding of coral biomin-
eralization processes has improved particularly over the last
30 years. The ‘spherulitic’ hypothesis, or physio-chemical
model of skeletal precipitation, based mostly on the work of
Bryan and Hill (1941), has been replaced by more complex
models wherein biomineralization is controlled by organic
matrices (e.g., Goreau 1959; Towe 1972; Mitterer 1978;
Johnston 1980; Constantz and Weiner 1988; Cuif et al.
1997; Gautret et al. 1997; Cuif and Sorauf 2001; Cuif et al.
2003a; Cuif and Dauphin 2005). The fundamental units of
coral microstructure (i.e., fibers and centers of calcifica-
tion) have been well established for many years, but Sorauf
(1972) noted that fibers and centers of calcification are ar-
ranged differently in different scleractinian genera resulting
in a variety of distinct three-dimensional microstructural
patterns. The implications of those different patterns are
still being elucidated (e.g., Roniewicz 1996; Cuif et al.,
1997; Cuif and Perrin 1999; Perrin 2003; Stolarski 2003).

Current difficulties in interpreting coral skeletal geo-
chemistry may be attributed partly to the failure to take
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skeletal microstructure into account. For example, Sr/Ca
thermometry in corals has been attempted at several tem-
poral scales with correlation coefficients between Sr/Ca
ratios and monthly sea-surface temperatures (SST) of bet-
ter than 0.8 (Alibert and McCulloch 1997; Linsley et al.
2000). However, data tend to be noisy, and at least nine
different Sr/Ca paleotemperature equations have been pub-
lished for the genus Porites alone (e.g., a Sr/Ca value of
9 mmol/mol yields SST’s ranging from 22.5 to 28◦C; Co-
hen et al. 2002). Corrège (2006) calculated similar results
in an up-to-date summary of published Sr/Ca vs SST cal-
ibrations for Porites. Some of the ‘noise’ in analyses may
reflect vital effects wherein trace-element distributions cor-
relate directly to microstructural patterns (e.g., Cohen et al.
2001; Marshall 2002; Rollion-Bard et al. 2003; Allison and
Finch 2004; Meibom et al. 2004; 2006), but other noise
could be produced by sampling non-sequential or inappro-
priately time-averaged data. Confidence in paleoclimate
reconstruction requires a better understanding of all factors
that may contribute to measured chemical signatures and to
their spatial heterogeneity, and such understanding is par-
ticularly important as technology allows increasingly finer
sampling resolutions.

The purpose of this paper is to document the microstruc-
ture of four important reef-building coral genera, including
Porites, which is widely analyzed as a geochemical archive.
Coral growth rates (i.e., rates of extension) are discussed in
terms of specific skeletal microstructure in order to deter-
mine the range of temporal relationships possible between
closely spaced skeletal elements. Such data are critical if
we are to constrain microsampling strategies aimed at de-
veloping true time series geochemical data at very fine
scales. Additionally, although the skeletal microstructure
of extinct Paleozoic corals (Rugosa and Tabulata) has been
studied extensively for taxonomic and phylogenetic analy-
sis (Wang 1950; Kato 1963; Seminoff-tian-Chansky 1984;
Lafuste and Plusquellec 1987; Rodriguez 1989; Oekentorp
2001), similar microstructural applications to scleractinian
coral taxonomy, with a few exceptions (e.g., Roniewicz

1996; Sorauf 1996; Cuif et al. 1997; Perrin 2003), have
not been pursued as vigorously, despite the need for such
studies having been demonstrated decades before (Sorauf
1972; Jell 1974; Jell and Hill 1974). Recent attempts to
link skeletal microstructure with molecular phylogenetic
techniques (Cuif et al. 2003b; Stolarski 2003) have given
only partial support for microstructure-based phylogenetic
relationships within the Scleractinia, but Cuif and Perrin
(1999) suggested that this may partly be the result of the nu-
merous uncertainties concerning the exact microstructural
patterns of the species upon which major taxa are based.
Hence, a better differentiation of microstructural patterns
in scleractinian corals will have important implications for
phylogenetic analysis within the group.

Coral skeletal microstructure

Scleractinian coral polyps build exoskeletons of aragonite
(CaCO3) crystals formed beneath a layer of organic mate-
rial secreted by cells in the basal ectoderm of the polyp (So-
rauf 1972). Individual aragonite ‘crystals’ are precipitated
in a ‘hydro-organic gel’ (Cuif et al. 2004; Cuif and Dauphin
2005) and are arranged into macroscopic skeletal elements,
such as walls, septa and dissepiments as controlled by the
distribution of the ectoderm and organic matrix molecules
at nanometer scales of organization (Cuif and Sorauf 2001;
Cuif and Dauphin 2005; Stolarski and Mazur 2005). The
dominant microstructural units of the coral skeleton have
long been recognized as ‘fibers’ or ‘crystallites’. However,
skeletal fibers are not simple crystals, but are compos-
ite biocrystals wherein organic compounds and mineral
ions interact at a sub-micrometer to molecular scale, with
growth at the tips of the fibers oriented towards the soft tis-
sues of the polyp (Cuif et al. 1997; Cuif and Dauphin 2005;
Stolarski and Mazur 2005). Etching techniques reveal the
remains of a cyclic biomineralization process characterized
by the presence of micrometer scale zonations or growth
lines perpendicular to the direction of growth (Fig. 1A) that

Fig. 1 Scanning electron photomicrographs of basic scleractinian
coral skeletal microstructures on polished and etched sections. A
Fibers with micrometer-scale zonation forming apparent growth in-
crements perpendicular to the direction of growth; Goniastrea favu-
lus (sample 98-6-12B). B Trabecula composed of skeletal fibers that

radiate from the centers of calcification (dark area); Pocillopora dam-
icornis (sample 03-10-92). C Layered growth of fibers and centers of
calcification termed a ‘center of rapid accretion’ by Stolarski (2003);
Goniastrea favulus (sample 04-9-30)
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Fig. 2 Schematic diagrams of models of skeletal growth in scle-
ractinian corals. A The ‘spherulitic’ or trabecular model of Bryan
and Hill (1941) wherein distally directed trabeculae form adjacent
cylinders that make up vertical skeletal elements. B The original
‘two-step’ model (Cuif et al. 1997) wherein the early mineralizing
zone and trabeculae serve as scaffolding for fibrous layers that onlap
as a secondary phase of skeleton growth with distinct discontinuity.

C, D The two end members of the ‘layered model’ proposed by Sto-
larski (2003, his Fig. 17) here modified slightly to omit some detail.
C End-member with continuous growth between ‘Centers of Rapid
Accretion’ and thickening deposits. D End-member with a disconti-
nuity between dCRA and TD, similar to Cuif’s et al. (1997) two-step
model (B)
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Fig. 3 Schematic diagram showing the three-dimensional spatial
interplay between different microstructural associations of fibers
that result in specific microstructural patterns in corals. A Individual
fibers consist of alternating organic-rich and crystalline elements at
nanoscales. Fibers are the dominant units of coral microstructure and
are arranged into discrete geometric associations. These associations
and their surface expressions are shown in B, C, D, E and F. B and
C Trabeculae, both traditional and in the layered model of Stolarski

(2003), result in spines or spinules at the surface. D Fibronormal lay-
ers typically result in smooth surfaces. E, F bundles result in smaller
bumps on surfaces. F Bundles of subparallel to radiating fibers may
lie at acute angles to the overall surfaces on which they are secreted
thus forming shingles. G The various microstructural associations
of fibers combine in three dimensions to form macroscopic skeletal
structures such as septa. Thickening deposits on the trabeculae may
be composed of either fibronormal layers or bundles

are thought to correspond to successive positions of the
secretory ectoderm (e.g., Ogilvie 1896; Cuif and Sorauf
2001). Fluorescent staining techniques and atomic force
microscopy suggest that the growth layers include intra-
fibrous organic components (Gautret et al. 2000; Cuif and
Dauphin 2005). Thus, skeletal fibers with lengths of tens
of micrometers consist of composite growth increments
of aragonite approximately 3 to 5 µm long separated by
thin organic-rich layers (Cuif and Sorauf 2001). Cuif and
Dauphin (2005) showed that the increments are coordinated
between adjacent microstructural elements.

Centers of calcification were differentiated as discrete
structures by both microstructural and biochemical tech-
niques by previous authors (e.g., Gautret et al. 1997). These
centers were originally interpreted to contain micrometer-
size, randomly orientated crystals at the centers of stacked
radiating structures called trabeculae and were generally re-
garded as the areas where many individual fibers nucleate
(Fig. 1B and 2A). However, in some cases, centers appear
to consist primarily of organic matter with few preserved
biocrystals (Stolarski 2003). The differences between cen-
ters of calcification and radiating fibers led to the develop-
ment of a ‘two-step model’ of coral skeleton growth (Cuif
et al. 1997), with the first phase of growth occurring in
the organic-rich centers of calcification. The centers then
served as scaffolding for successive growth of a distinctly

separate, second phase of layers of aragonite fibers (Fig.
2B). The two steps highlight the temporal differences in
the formation of distinct microstructural and biochemical
units. The model was subsequently adjusted with calcifi-
cation centers replaced by the ‘early mineralization zone’
(EMZ) (Cuif et al. 2003a).

Recently, Stolarski (2003) introduced a new model, the
‘layered model’, with new nomenclature to contrast with
the traditional two-step model. In the layered model, centers
of calcification are not fundamentally distinct from layers
of fibers that cause skeletal thickening. Alternating layers
of aragonite fibers and organic-rich zones pass through cen-
ters of calcification, suggesting the simultaneous formation
of centers of calcification and lateral fibrous layers. How-
ever, Stolarski (2003) suggested two extreme end members.
One depicts continuous growth of organi-mineral zones be-
tween ‘centers of rapid accretion’ (dCRA) (or EMZ sensu
Cuif et al. 2003a) and ‘thickening deposits’ (TD) (or fi-
brous growth) with no disjunction between the two zones
(Figs. 1C, 2C–D). The second extreme has a discontinuity
between dCRA and TD due to an increased rate of growth
at dCRA, which is similar to the original two step model
of Cuif et al. (1997). Stolarski suggested that this boost in
growth is mainly due to increased production of organic
matrix and not mineral phases within the dCRA. As dis-
tribution of organic and mineral phases in the EMZ and in
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Fig. 4 The four common reef-building scleractinian coral species
upon which the present study is based. A Acropora hyacinthus (sam-
ple 03-10-52). B Pocillopora damicornis (sample 03-10-70). C Goni-

astrea favulus (sample 04-9-30). D Porites lobata (sample 03-10-85).
All samples were collected live from Heron Reef, Great Barrier Reef;
scale bars are 1 cm

individual fibers has been better documented, the original
two step model of Cuif et al. (1997) has evolved to en-
compass the cyclic alternation of organic-rich and mineral
phases both in individual fibers and in the EMZ (Cuif and
Dauphin 2005).

Irrespective of the models of skeletogenesis producing
the specific micro- and nanostructures, it is the three-
dimensional spatial-temporal interplay between different
microstructural elements that provides specific microstruc-
tural patterns in corals. Different coral microstructures have
been described in detail in some scleractinian genera since
the advent of scanning electron microscopy, and the works

of Sorauf (1972), Jell (1974), and Jell and Hill (1974) re-
main some of the best descriptions of microstructural rela-
tionships in coral skeletons. Sorauf (1972) and Roniewicz
(1996) pointed out that fibers in corals occur in discrete geo-
metric associations, and these associations combine in three
dimensions to form macroscopic skeletal structures such as
septa. The microstructural associations include: columns of
radiating fibers (trabeculae), layers wherein parallel or pal-
isaded fibers are perpendicular to the ectoderm (fibronor-
mal microstructure), and bundles of subparallel to radiating
fibers that may lie at low angles to the overall surfaces on
which they are secreted (Fig. 3). The surface expression of
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these microstructural elements varies between fibronormal
layers typically resulting in smooth surfaces, trabeculae
resulting in spines or spinules, and bundles resulting in
smaller bumps commonly referred to as fasciculi (Wise
1970), tufts (Jell 1974), scales or shingles (Sorauf 1972).
Much variability in microstructure between different coral
genera is caused by differences in the occurrence and/or
disposition of these microstructural fiber associations, and
the focus of different researchers on genera that have differ-
ent combinations of associations has contributed to some
of the difficulties in interpreting scleractinian skeletogen-
esis. Additionally, much recent attention has been focused
away from gross microstructure towards more nanostruc-
tural studies (i.e., of structure within individual fibers) (e.g.,
Cuif and Daupin 2005; Stolarski and Mazur 2005), and
there has been a rapid evolution of microstructural con-
cepts and terminology. However, with the illustration of
very different microstructures in common corals such as
Fungia (e.g., Sorauf 1972), Acropora (e.g., Gautret et al.
2000) and Porites (e.g., Cuif and Dauphin 2005), it is now
clear that no single model of skeletal growth describes all
genera equally. Thus, attention must focus on the relation-
ship between different microstructural fiber associations
(trabeculae, fibronormal layers and bundles) in order to es-
tablish the fine-scale temporal relationships within coral
skeletons.

Methods and materials

For this study, four species of scleractinian coral, Acropora
hyacinthus, Pocillopora damicornis, Goniastrea favulus,
and Porites lobata (Fig. 4) were collected live from Heron
Reef, an enclosed elongate lagoonal platform reef just south
of the Tropic of Capricorn and 70 km from the mainland
in the southern Great Barrier Reef, Australia. Fifteen spec-
imens were collected of each species within 20 m of the
reef margin. Samples were immersed in sodium hypochlo-
rite (NaOCl) for 1–2 days to remove organic matter prior
to analysis and rinsed thoroughly with deionized water.
Portions of the samples were then set in epoxy resin.

Scanning electron microscope (SEM) observations were
made using a FEI QUANTA 200 using several operation
modes, including operation at high vacuum (15 and 20 kV)
on samples coated with carbon and at 2–10 kV for un-
coated samples using both secondary and backscattered
electron images. Secondary electron images were recorded
of freshly broken and external surfaces, with some spec-
imens etched with dilute formic acid (2%) for 20 s prior
to being carbon coated. Transverse and longitudinal ultra-
thin sections (‘lame a faces polies’ of Lafuste 1970) were
prepared for observation using optical microscopy. Ultra-
thin sections are doubly polished thin sections that are 3–
10 µm thick instead of the 30 µm of standard petrographic
thin sections. Ultrathin sections have primarily been used
for studying Paleozoic corals (e.g., Semenoff-tian Chan-
sky 1984; Lafuste and Plusquellec 1985; Lafuste et al.
1993) but recently have also been used to study sclerac-
tinian corals (e.g., Perrin and Cuif 2001; Perrin 2003, 2004;

Nothdurft and Webb in press). Ultrathin sections allow ob-
servation of fine-scale skeletal features and the crystallo-
graphic orientations of individual skeletal fibers.

Results

Acropora hyacinthus microstructure

Acropora hyacinthus forms vase- to plate-like colonies with
branches primarily projecting horizontally. Fine upward-
projecting branchlets 3–7 mm in diameter and up to
20 mm long extend from the branches (Wallace 1999).
Each branchlet contains an axial corallite with 1–2 mm
outer diameter, 0.4 to 1.1 mm inner diameter, and six pri-
mary septa. Radial corallites are evenly sized, adjoining
and labellate (sensu Wallace 1999). The inner (towards the
axial corallite) part of the wall of each corallite does not
stand free and the outer walls extend outward around the
branch forming a distinct rosette around the axial corallite
(Fig. 5A–C). The depth of the calice (i.e., depth to the last
dissepiment to form) is difficult to determine owing to the
sparse and delicate nature of dissepiments. However, the
best estimates are approximately 6 mm in radial corallites
and up to 20 mm in axial corallites. Coenosteum is costate
with spinules (small spines that occur in the coenosteum as
opposed to within corallites). Spinule morphology is vari-
able with irregular, rough-tipped spinules mainly on the
underside of colonies and relatively smooth-tipped spin-
ules on the upper side of the colony and on branchlets (Fig.
5D–F).

!Fig. 5 Scanning electron photomicrographs of Acropora hy-
acinthus. A Distal view of a branchlet showing axial corallite (a)
and smaller radial corallites (r) (sample 03-10-50). B Transverse sec-
tion through a branchlet. Axial corallite is in center (a) with promi-
nent septa. Radial corallites (r) surround the axial corallite and have
costae (white arrows) that extend outward from the lip but no ob-
vious septa (sample 03-10-16). C Lateral view of the outside of a
radial corallite (r) on a branchlet. Costae (c) are ridge-shaped struc-
tures running up the outside of the radial corallite while spinules
(s) are digitate structures covering coenostial areas of the branchlet
(sample 03-10-50). D Lateral view of the outside of a radial corallite
on a branchlet showing costae and spinules covered in shingle ter-
minations. Shingles are better developed at the base of the corallite
(sample 98-6-12C). E Spinules with smooth tips and synapticulae
(arrows) at their base composed of shingles (sample 03-10-50). F
Costae with predominantly smooth tips and interconnecting wall
made of shingle microstructure developed from thickened synapticu-
lae (sample 03-10-50). G Polished and etched surface with low-relief,
overlapping shingle microstructure showing slight radiation of arag-
onite fibers within each bundle (sample 98-6-12C). H Polished and
etched section of shingles viewed end on showing that the outermost
edges of shingles are more resistant to acid etching than the inner
aragonite fibers (sample 98-6-12C). I, J and K Polished and etched
sections through trabecular microstructures that are surrounded by
shingle microstructure. I Transverse section of area of trabecula and
surrounding shingle development. The growth directions of the shin-
gles are highly variable as indicated by the black arrows. Crosses
indicate shingles that are directed in or out of the section (sample 03-
10-44). J Prominent trabecula enveloped by shingle microstructure
(sample WH-10). K Costae, indicated by white arrows, consisting
of trabeculae with subsequent filling of intercostal space by shingle
microstructure (sample 03-10-44)
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Walls are formed by an initial phase of skeletal growth in-
volving fibrous trabeculae, followed by the filling of open
inter-trabecular spaces by individual flattened, elongated
bundles of fibers that occur at an oblique, low angle to
the basal ectoderm resulting in a ‘shingle-like’ appearance
(Sorauf 1972; Sorauf and Podoff 1977; Gautret et al. 2000;
Nothdurft and Webb in press) (Figs. 5D–K, 6A–B). Outer
surfaces of skeletal elements are covered by such shingles.
Shingles appear to be better developed at bases of costae
and spinules in the coenosteum, and the upper surfaces of
these structures can be relatively smooth (Fig. 5F). Costae
and spinules contain a layered/trabecular microstructure,
and saddle-shaped depressions between them are partially
filled by layers of shingles. Thus, trabeculae and space-
filling shingles are intimately mixed spatially, but repre-
sent temporally disjunct skeletal deposition with shingles
accreting at high angles to fibers in trabeculae along ob-
viously disconformable surfaces (Fig. 5K). Skeletal thick-
ening occurs in coenosteal areas where synapticulae are
composed predominantly of shingles that grow from ei-
ther side between two ridge-shaped costae, in some cases
evenly, in other cases with one side dominant (Fig. 7).
The initial growth direction of shingles in synapticulae is
perpendicular to the growth direction of the costae. Once
the two sides have made contact the structure continues to
thicken, forming the dominant reticulate structure of the
coenosteum. Layers of fibronormal microstructure are not
prominent.

Individual shingles are 4–50 µm wide, 2–7 µm thick,
and between 20 and 150 µm in length. However, because
individual shingles have variable and curving growth direc-

" Fig. 6 Ultrathin sections of four coral genera showing differences
in skeletal microstructure. A and B Acropora hyacinthus. A Trans-
verse section showing shingle microstructure draped around trabec-
ula microstructure of a costa/spinule similar to that seen in Fig. 5J,
5K. (sample 98-6-12C). B Longitudinal section through two costae
(white arrows) illustrating shingle microstructure filling space be-
tween costae (sample 03-10-47). C and D Pocillopora damicornis
(sample 03-10-83). C Longitudinal section through adjacent trabec-
ulae. Note that fibers in trabeculae are already roughly grouped into
bundles. D Longitudinal section though a calice illustrating the sec-
ondary filling of bundle microstructure at the base of the calice. E
and F Goniastrea favulus (sample 04-9-30). E Transverse section il-
lustrating primary (p) and secondary (s) septa with fibrous trabecular
microstructure continuous between adjacent corallites. F Intergrowth
of trabeculae in adjacent primary (p) and secondary (s) septa showing
differences in growth direction of fibers (white arrows) and obvious
discontinuity in age of adjacent skeleton. G and H Porites lobata
showing continuous growth of trabecular fibers from the centers of
skeletal elements to their smooth edges (sample 03-10-65). H Mul-
tiple adjacent trabeculae with finger-like projections on growth front

!Fig. 7 Scanning electron photomicrographs of synapticulae devel-
opment between costae in Acropora hyacinthus (sample 03-10-50).
Scale bar is 20 µm except in A where it is 100 µm. A External lateral
view of a radial corallite showing the location of synapticulae shown
in B–E. B–E Progressive stages of growth of synapticula. B Initial
stage of synapticula growth from either side of adjacent costae. C
Initial connection by shingles across the two sides. D and E Pro-
gressive thickening of synapticulae as they are coated by shingles
oriented at right angles to corallum extension. Continued thickening
of synapticulae will fill the space between the two costae, appearing
like that shown in Figs. 5F and 6B
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tions that are commonly oblique to the plane of ultrathin or
polished sections, it is difficult to observe shingles in their
entirety from their point of nucleation to their termination.
Hence, the greatest length attained by shingles is unknown.
Fibers within shingles are roughly parallel to the surface of
underlying shingles and radiate laterally at angles between
6 and 45◦ with low angles dominating (Fig. 5G). Where
fibers are roughly parallel (i.e., low angle of divergence),
they appear to be in optical continuity and may not be dis-
tinguishable in ultrathin sections that intersect them at high
angles (Fig. 6A–B). Hence, in many cases shingles appear
to be single crystals in cross-polarized light despite their
clearly fibrous internal structure. Preferential etching on
surfaces of shingles enhances thin growth lines similar to
those in fibers in trabecular regions (e.g., Cuif and Sorauf
2001).

Most shingle growth is directed distally within each
corallite, not directly away from individual surfaces, and
growth directions are non-parallel on surfaces with com-
plicated relief. Some shingles appear to originate from the
distal edges of trabeculae, where they are continuous with
fiber bundles within the trabeculae, but most occur against
trabeculae with distinct discontinuity (Fig. 5I). It is com-
monly unclear exactly where shingles nucleated, but nu-
merous layers of shingles fill relatively large spaces be-
tween trabeculae, in some cases, more than 25 layers deep
(Fig. 5J–K). In ultrathin sections, Acropora shingles are
similar in size and appearance to lamellae-microlamellae
in Paleozoic corals, commonly having roughly crescent-
shaped transverse cross sections (Nothdurft and Webb in
press).

In polished and etched sections, the outermost edges of
shingles are more resistant to acid etching than the in-
ner parts emphasizing the shingle structure in SEM im-
ages (Fig. 5H). Sorauf (1972) suggested that shingles were
surrounded by organic material, and Cuif et al. (1997)
suggested that the etching pattern results from an intra-
crystalline organic coating in the fringes of the structures
that was protected from the oxidizing agent (NaOCl) dur-
ing initial removal organic matter. Gautret et al. (2000) con-
firmed that interpretation by demonstrating the correlation
of acridine orange staining, which reflects the position of
calcium-binding organic matter, with the regions that stand
in relief. Hence, individual shingles appear to be contained
within organic envelopes.

Dissepiments are thin and weak and rarely exceed 12 µm
in thickness. The upper surface is generally covered with
shingles oriented obliquely towards a central ridge, whereas
the under surface has a rough fibrous, ‘furry’ appearance
with fibers orientated towards a central junction. The spac-
ing between dissepiments is difficult to measure because
sections of continuous corallites are rare. However, they ap-
pear to be irregularly spaced and can be as closely spaced
as 330 µm.

Pocillopora damicornis microstructure

Coralla of Pocillopora damicornis are branching with com-
pact robust branches tending to be slightly flattened or

clavate. Distinction between verrucae and branches is dif-
ficult. Corallites are plocoid and range in diameter from
1–1.5 mm and can be slightly elongate in the dominant
lateral growth direction of the branch. Calice depth ranges
between 0.8 and 1.8 mm (Fig. 8A–B). Blunt, cone-shaped
spines up to 150 µm long cover the coenosteum. Spines
located on the outer margin of the corallite line up with
septa (Fig. 8A–C). The width of the septal wall is vari-
able within a single branch, ranging from 80 to 700 µm.
The walls are generally thicker on lateral corallites of the
branch. Corallites have septothecal walls, poorly developed
septa, and no columellae. Some septa have well-developed
dentition or spines (Fig. 8D). Spines extend perpendicular
to the wall towards the centre of the corallite in line with,
and along, septa and are generally larger at the base of the
corallite. Larger spines are cone-shaped and up to 120 µm
long and 80 µm wide at the base with blunt rounded tips.
Less well developed spines range down to mere bumps.
The degree of spine development is variable within coralla
with some corallites and inter-septal spaces having well-
developed spines, and others having none.

!Fig. 8 Scanning electron and thin-section photomicrographs of
Pocillopora damicornis. A Exterior view of corallum showing size,
shape, and structure of corallites. The coenosteum is covered by
cone-shaped spines of varying sizes. Also note the variable thick-
nesses of the theca where the wall labelled (a) is approximately 650
to 700 µm across while the wall marked (b) is less than 100 µm
thick. Septal spines occur in vertical rows on calice walls (sample
03-10-71). B Longitudinal section through a branch showing distally
convex dissepiments (d), septal spines and coenostial spines at the
top of the calices (sample 03-10-80). The box indicates the location
of C. C Higher magnification view of coenostial spines shown in
B. The spines are prominent, conical in shape and covered with ter-
minations of bundles. D Longitudinal view of internal calice wall
showing septal spines forming a row. The spines and the surrounding
area are covered by bundle terminations except where the coral polyp
has left an attachment scar (as) (sample 03-10-80). E High magni-
fication view of the bundle terminations that cover most surfaces of
the Pocillopora damicornis skeleton. They are more irregular in size,
but more equant in shape, than the shingles in Acropora hyacinthus
(Fig. 5G), and are less ordered in arrangement (sample 03-10-80). F
Polished and etched longitudinal section through the theca. Section
shows three coenostial spines that have EMZ in a layered appear-
ance that is distinct from thickening by fiber extension of individual
trabeculae by bundles (sample 03-10-90). G Polished and etched
transverse section through a branch showing spines (black arrows)
that have layered trabeculae. The spaces between spines are filled
by bundle microstructure. As in Acropora, aragonite fibers on the
outer edge of bundles etch in higher relief than fibers in the inner
parts (sample 03-10-92). H Thin section photomicrograph in crossed
polarized light of primary trabeculae of the theca (large black arrow)
and secondary trabeculae (small black arrows) growing at 90◦ to the
theca. Secondary trabeculae fill in space within the calice and are
topped by spines (sample 03-10-92). I Slightly oblique longitudinal
section of an inter-septal space and the underside of a dissepiment
(d). The dissepiment displays centripetal growth culminating in a
central junction that takes the form of a groove. The septal wall and
spines under the dissepiment are covered by bundles. The area above
the dissepiment, indicated by the dashed line, is completely filled
by thickening deposits (sample 03-10-92). J Thin-section photomi-
crograph in plane polarized light of a dissepiment showing convex
shape and central ‘keystone’ (sensu Jell 1974). Note that the septa are
considerably thicker above the dissepiment than below it due to con-
tinued fiber extension subsequent to emplacement of the dissepiment
(sample 03-10-92)
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Fig. 9 Microstructure of Pocillopora damicornis. A Scanning elec-
tron photomicrograph of polished and etched longitudinal section
(sample 03-10-72). B Schematic diagram of A showing the primary
trabeculae (p) occurring as septa and secondary trabeculae (s) branch-

ing off from the primary trabecular into the inter-septal space above
the dissepiment. The remaining intra-calical space is filled by thick-
ening deposits composed of bundles (f)

Trabeculae have radiating fibrous microstructure, but
fibers within trabeculae are commonly grouped into bun-
dles (Fig. 6C). Trabeculae may be simple, if there is
only a single “axis of calcification”, or compound, if
secondary axes are developed. Secondary trabeculae di-
verge from primary trabeculae at acute to nearly 90◦

angles and end as spines that project into the calice
(Figs. 8H, 9). Intergrowth of adjacent spines results in
sections of dense skeleton with little or no inter-septal
space remaining. Thickening is best-developed on flanks of
branches.

External surfaces of calices and coenosteum, including
spines, are generally covered by irregular, dome-shaped
fasciculi (Wise 1970; Vandermeulen and Watabe 1973)
(tufts sensu Jell 1974, in the genus Fungia) (Fig. 8C–
E). The fasciculi represent the ends of bundles of skele-
tal fibers, which may or may not be slightly radiating,
and are somewhat more elongate at the base of the cal-
ice than at the tip. In the transverse section, individual
bundles range in shape from circular, to oval, to crescent-
shaped, or irregular-shaped, and aggregates of as many as
three or four tufts occur fused together (Fig. 8E). Bundle
diameters range from 5 to 30 µm and in some cases they
can be traced directly into trabeculae. While similar in ap-
pearance and size to the shingles in Acropora, bundles in
Pocillopora have a far less ordered arrangement and tend
to be more equidimensional, but irregular in shape. The
outermost margins of bundles stand in relief in polished
and etched sections, but less so than around the shingles in
Acropora. Studies have not been carried out yet to deter-
mine if the poorly etched zones result from increased or-
ganic matter, as in Acropora. However, this is probably the
case.

Polished and etched longitudinal sections cut perpendic-
ular through the theca of P. damicornis show simple tra-
becular microstructure. Fibers diverge from stacked ‘cen-
ters of calcification’ at between 60◦ and 90◦ (Fig. 8E–H).
Thin walls are only one trabecula thick, whereas thicker
walls may have several trabeculae joined laterally (Fig.
6C–D). The theca generally has a growth front composed
of coenostial spines that reflect the position of trabeculae
(Fig. 8C, F). In etched sections (Fig. 8F) the spines appear
to be disjunct from secondary thickening, and they stand in

!Fig. 10 Scanning electron photomicrographs of Goniastrea favu-
lus. A Longitudinal section through a corallite illustrating skeletal
elements: theca (t), dissepiment (d), columella (c), septa (s), pali-
formal lobes (p) (sample 04-9-30). B View within calice illustrating
relationship between paliformal lobes (p) and septa. Septa have den-
tition with rows of verpreculae (dashed lines) along the side of the
septa in a line towards the denticles (sample 04-9-30). C View along
the thecal wall showing septa and their dentition fanning from one
corallite to the adjacent corallite (sample 98-6-12B). D High magni-
fication view of dentition at the edge of septa showing pointed tips
on the margin of each septum that fan out to form fist-like shapes
perpendicular to the septal plane (sample 98-6-12B). E Transverse
polished and etched section of theca and corallites showing cross
sections of those features shown in A (sample 04-9-30). F Higher
magnification view of a transverse section of theca and septa. The
EMZ are fairly continuous (dashed white line) both along the theca
and within individual septa. Solid black lines show individual growth
lines in fibrous microstructure (sample 04-9-30). G Polished and
etched longitudinal section across a thecal wall. Black lines trace
growth lines illustrating the layered nature of thickening deposits.
Dashed sections indicate uncertainty in the exact location of the
growth line (sample 04-9-30). H and I Polished and etched sections
of the EMZ in longitudinal (H) and transverse (I) sections. Note the
continuity of preferentially etched organic matter-rich layers in the
centers of trabeculae with growth lines in the fibrous thickening layers
(sample 04-9-30)



13



14

Fig. 11 Microstructure of Goniastrea favulus showing obvious dis-
continuity between fibers of the septa and fibers in the thickening
layer that forms the theca. A Polished and etched transverse sec-

tion of theca (sample 04-9-30). B Schematic diagram traced from A
to show growth lines within primary septa (ps) and adjacent fibers.
Growth direction of fibers is shown by the arrows

relief at the surface of the corallum, but in petrographic and
ultrathin sections, the thickening appears to result from ex-
tension of fibers in trabeculae without obvious disjunction
(Figs. 6C, 8H).

Pocillopora damicornis has endothecal dissepiments that
are generally equi-dimensional or slightly elongate in the
direction of primary growth of the branch (Fig. 8I–J). They

are convex distally with a relatively smooth underside and a
variable upper surface. The undersides display centripetal
growth from each side of the corallite wall bounded by
lateral junctions (sensu Sorauf 1970: Fig. 2) and culmi-
nating at a central junction that is typically an elongated
central groove or, rarely, a single point of depression. The
upper surfaces of dissepiments are variable depending on

!Fig. 12 Scanning electron photomicrographs of Porites lobata. A Distal view of ceroid corallites. The white box is the area shown in
B (sample 03-10-79). B Single corallite showing the internal structure. The white box is the area shown in D. C (sample 03-10-65) and
D (sample 03-10-79) Vertical skeletal elements of septa (s), pali (p), and columella (c), all with finger-like extensions at the tips on the
surface. E Spines form the beginnings of synapticulae between vertical elements of the skeleton and are an extension of fanning fingers
such as those shown in C and D (sample 03-10-79). F Polished and etched longitudinal section showing the columella (c) in the middle
of the calice. The base of the calice is marked by the last-formed dissepiment (d) (sample 03-10-76). G Polished and etched longitudinal
section of a septum. Solid black lines represent EMZ, and their distribution shows that they are not continuous throughout the septum. The
areas above dissepiments (d) have thickening that clearly post-dates the formation of the adjacent parts of the septum. Dashed black lines
indicate the edge of the septum before the formation of the dissepiment. White arrows indicate places where the edges of the septum and
dissepiments have been covered by non-skeletal aragonite in the form of syntaxial early marine cement. Despite cements commonly being in
optical continuity with skeletal aragonite they can be distinguished by their coarser fibrous texture (sample 03-10-65). H Broken and etched
transverse section through a septum showing the EMZ and radiating fibers in the trabecula. Note the microboring (sample 98-6-12G). I
Broken and etched transverse section through vertical elements of skeleton showing multiple EMZs, each with radiating trabeculae abutting
each other but forming a smooth outer surface where fibers terminate in unison as fibronormal microstructure (sample 98-6-12G). J Polished
and etched longitudinal section of the hand-shaped tip of a septum with finger-like extensions and multiple adjacent trabecular. The white
arrow indicates direction of corallite extension (sample 03-10-65)
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the amount of subsequent thickening. Non-thickened dis-
sepiments have a smooth upper surface, but thickened dis-
sepiments have nodular surfaces with structures that can
be described as bundles. The apparent bundles are directed
obliquely towards the center of the calice and distally. Bun-
dles do not mimic the arrangement of centripetal fibers seen
on the under surface. Thickening of septa commonly oc-
curs immediately above dissepiments so that septal flanks
distinctly step inward immediately above dissepiments at
the base of the calice (Fig. 8J). The average vertical spac-
ing between dissepiments is 585 µm (σ = 178), ranging
between 200 and 1,000 µm.

Goniastrea favulus microstructure

Goniastrea favulus colonies are massive, and all colonies
sampled in this study have small ( < 10 cm), dome- or
ovoid-shaped coralla. Corallites are mostly submeandroid
to cerioid (e.g., see Veron 1986). Corallites range in diame-
ter from 3 mm in smaller cerioid corallites to submeandroid
corallite groups up to 20 mm long. Most corallites are be-
tween 5 and 10 mm in diameter. Calice depth is between
5.5 and 7.5 mm. The thecal wall is generally 600–800 µm
thick, thinning towards the tip of the calice (Fig. 10A–I).

Goniastrea favulus has at least two cycles of septa and
probably a third in some corallites (Fig. 10E–F). Septal
dentition is present on all septa, but more pronounced on
primary septa (Fig. 10B–D). Dentition comprises pointed
tips on the margin of each septum that fan out to form fist-
like shapes perpendicular to the septal plane. In lower parts
of the calice, denticles become increasingly developed to-
wards the axial margin and eventually twine together to
form a columella. In cross section, denticles represent the
primary growth points of trabeculae. Lines of verpreculae
(sensu Jell 1974) are aligned with the denticles at the mar-
gin along the lateral face of most septa (Fig. 10B). These
verpreculae represent secondary trabeculae that branch off
perpendicular to the primary septum.

Septa are continuous over the thecal wall between ad-
joining corallites (Figs. 5E, 10E–F). The upper portions of
the axial edge of the septal plane of most septa (upper 2–
4 mm of the calice) parallel the theca. Primary septa in the
lower parts of the calice extend farther towards the center
of the calice to form a weak lobe. The direction of growth
of septa and denticles in this area changes from perpendic-
ular to the theca to an upward oblique direction, and from
this point, denticles extend farther and intertwine to form a
columella.

Septal thickness narrows from the edge of the theca to-
wards the center of the corallite. Where primary and sec-
ondary septa join the theca, widths are consistent at ∼ 240–
260 µm. Septa narrow gradually for the first 500–700 µm
away from the theca to a width of 80–100 µm near the cen-
ter of the calice. Secondary septa terminate at 500–700 µm
from the theca; primary septa continue at a similar thick-
ness farther into the calice.

At the thecal and septal margin, there is obvious disconti-
nuity between fibers of the primary structures and fibers in

thickening deposits. Trabecular fibers in the thickening de-
posits are oriented parallel or at a low angle to the theca and
septa and are disjunct from earlier trabecular fiber growth
that is perpendicular to the surface of the theca or septum as
is obvious in the configuration of growth lines in the fibers
(Figs. 6F, 11). Trabeculae tend to be adjacent and parallel
in the septotheca, and bundle-like structures that provide
thickening between trabeculae in Acropora and Pocillopora
appear to be lacking. Where thickening occurs, it appears
to represent a continuation of trabecular fibers.

Dissepiments are endothecal and are strongly convex dis-
tally with centripetal growth lines on the underside. The un-
derside is marked by a central groove, which is capped by
a central keystone (as illustrated in Fig. 5 by Sorauf 1972;
Jell 1974: Fig. 10). Sub-vertical thecal dissepiments are
also present. The average vertical spacing between dissepi-
ments is 522 µm (σ = 113), with a range of 180–720 µm.

Porites lobata microstructure

Porites lobata is a massive coral with dome- or
hemispherical-shaped colonies. Specimens collected for
this study were all parts of small ( < 5 cm) coralla. Coral-
lites are ceroid and 1–1.5 mm in diameter, and the calice
depth is between 1.8 and 2.5 mm. Columellae, pali, and
septa are present, and denticles form the outer part of the
corallite and theca (Fig. 12A–I).

Columellae, pali. and denticles represent vertical ele-
ments of skeletal growth, all of which are similar in ap-
pearance being composed of finger-like extensions of fibers
(15–30 µm long) with tips pointing distally and into the
calice. Short and rounded individual ‘fingers’ splay out in
places to form vaguely fist- or hand-like shapes (Fig. 12B–
D). The majority of external surfaces of septa and walls
are relatively smooth. However, spines extend out from
margins of septa and denticles. Spines, which are larger
than ‘fingers’, are sharp-tipped cone-like structures that are
generally 25–30 µm long (Fig. 12E).

Denticles and pali join to form septa, whereas free-
standing septa have a fascicular edge or growth front. Ad-
jacent denticles also can be connected by radial skeletal
growth in several layers along the margin of the coral-
lite. All skeletal elements are composed of single radiating
trabeculae (Fig. 12F–H). Most trabeculae are orientated
distally, but those forming denticles occur at acute angles.
Fibers in individual trabeculae radiate outwards terminat-

!Fig. 13 Scanning electron photomicrographs comparing mi-
crostructure of four coral genera in polished and etched sections.
Scale bar is 100 µm for all images. A and B Acropora hyacinthus
with trabecular costae or spinules (p) as the primary skeletal frame-
work and spaces between then subsequently filled by shingle mi-
crostructure (s) (samples 03-10-44 and WH-10). C and D Pocillo-
pora damicornis with trabecular spines (p) as the primary skeletal
growth element followed by growth of fiber bundles as extensions
of trabeculae (s) (samples 03-10-90 and 03-10-47). E Goniastrea
favulus with primarily layered trabecular growth in this longitudinal
section through a theca (sample 04-9-30). F Porites lobata with rela-
tively simple trabecular growth showing distinct growth lines in this
longitudinal section through a columella (sample 03-10-65)



17



18

Fig. 14 Schematic diagram of
an idealized growth model
proposed for Acropora where an
initial stage of layered
trabecular growth is followed by
fiber growth organized into
shingles that are almost parallel
to the surface of the ectoderm in
pockets

ing evenly at high angles to the ectoderm to form smooth
skeletal surfaces characterized by fibronormal microstruc-
ture (Figs. 6G–H, 12I). Although ‘fingers’ occur on col-
umellae, pali, and denticles, they represent the surface ex-
pression of fibers that are continuous into trabeculae (Fig.
12J). No distinct shingles or bundles occur as in Acropora
and Pocillopora.

Dissepiments are generally horizontal (basal) to sub-
horizontal, and are much weaker or less robust and more
irregular in shape and position than those in the previously
described genera. The average vertical spacing between
dissepiments is 269 µm (σ = 113), with a large range
between 60 and 460 µm.

Discussion

Models of skeletogenesis

Current models for the growth of coral skeletons (Cuif
et al. 1997; Stolarski 2003) highlight differences in the
timing of growth of different skeletal elements. Advances

from the traditional trabecular model to incorporate stepped
growth and organic layering have greatly improved our un-
derstanding of coral microstructure. However, the present
study highlights the complexity and spatial variability of
skeletal growth in different coral genera at levels of organi-
zation far above the nanoscale of individual fibers (Fig. 13).
One basic model of organo-matrix-controlled skeletogen-
esis may account for the formation of individual fibers in
and out of EMZ, but a variety of different microstructural
growth models are required to characterize the temporal
relationships of particular associations of fibers within the
skeleton. Such new models are required if coral skeletons
are to be interpreted adequately to serve as repositories of
temporally constrained geochemical data.

In Acropora, initial skeletal deposits are formed by dis-
tally directed trabeculae in septa, costae and spinules. Sub-
sequent skeletal thickening consists of layers of discrete
shingles that fill spaces and depressions and form synap-
ticulae. Synapticulae join costae at regular intervals along
the coenosteum and thicken and accumulate along flanks
of the scaffold-like trabecular costae, while synapticulae
connect spinules in varied orientations. Hence, trabecu-
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Fig. 15 Schematic diagram showing differences in timing associ-
ated with microarchitectural elements. A Large-scale microstructure
through a septum showing broad temporal units numbered according
to their time of deposition (1 oldest – 4 youngest). The emplace-
ment of dissepiments and subsequent thickening of the septum above
the dissepiment (t) creates a temporal disjunction between adjacent
skeletal aragonite. In this example, parts of the septum deposited at
time 1 are immediately adjacent to a dissepiment and subsequent

thickening deposited representing time 3. B Enlarged view of lowest
skeletal unit showing individual growth increments deposited during
time 1. Note that growth lines show that vertical accretion at the
center of the septum is more rapid than lateral accretion towards the
flank of the septum. Therefore, the time series represented by line
X–Y is equivalent to that represented by line X–Y’. Hence, even a
slight excursion from the center of the septum towards the margin
may lead to samples not representing true time series data

lar structures are intimately mixed spatially with zones of
younger shingle microstructure. The conventional model
for coral skeletal development involves extension of fibers
from trabeculae or layered surfaces with elongation per-
pendicular to the basal ectoderm (Fig. 2). However, in

Acropora the oblique fiber growth that forms the shingle
microstructure occurs in pockets oriented at low angles to
the overall ectoderm and direction of local extension. This
type of skeletal accretion does not fit well within the range
of previous microstructural models. Thus, a new model is
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Table 1 Measurements of spacing between dissepiments and dis-
tance from the tip of the calice to the most recent dissepiment of three
coral species∗

Dissepiment spacing (mm) Depth of calice (mm)
Species Ave Max Min Ave SD

P. damicornis 0.59 1 0.2 1.2 0.5
G. favulus 0.52 0.72 0.18 6.2 0.6
P. lobata 0.27 0.46 0.06 2.2 0.3
∗It was not possible to directly measure dissepiment data for Acropora
hyacinthus

proposed here that involves a two-phased process with an
initial phase of trabecular growth, followed by a secretory
phase wherein spaces between trabeculae are filled, and
surfaces are coated, by flattened bundles of fibers that grow
at an oblique, low angle to the basal ectoderm, thus re-
sulting in shingle microstructure (Fig. 14). Although we
studied primarily A. hyacinthus, other Acropora species
observed have similar microstructure, and the surface mor-
phology that results from overlapping shingles is evident in
photomicrographs of all other Acropora species illustrated
by Wallace (1999). Importantly, because of the different
orientation of skeletal fibers in trabeculae and shingles and
their differing temporal relationships a linear transect of
samples through a given skeletal structure need not yield
time series data.

In Pocillopora damicornis dentition (spines) on the
coenosteum and theca provide a growth front of layered
trabeculae. Space between spines is filled subsequently by
relatively equidimensional bundles making a microstruc-
ture similar to that of Acropora but with less apparent order.
Thickening within the calice by emplacement of bundles
between septa and septal spines proceeds to the point where
bases of some calices are completely filled. Thus, a two-
phase process similar to that in Acropora occurs in the
genus, but the shapes and orientations of the bundles differ.

In Goniastraea favulus, initial growth consists of distally
directed trabeculae forming dentition on the septo-thecal
margin. Spines (dentition) on septa then extend laterally to-
ward the center of the calice. Septal growth is characterized
by strongly thickened, layered trabeculae, as in the tradi-
tional model of skeletogenesis. However, skeletal thicken-

ing between septa has different fiber orientations, providing
clear evidence of multiple phases of temporally disjunct de-
position (Fig. 11), but unlike in Acropora and Pocillopora,
thickening deposits are not organized into bundles. Addi-
tionally, the intricate internal structure and relatively deep
nature of the calice in Goniastrea contributes to a variable
growth rate in different parts of the calice. The resulting
microstructure is similar to that described by Cuif and Per-
rin (1999) in Favia fragum, also a member of the Family
Faviidae.

Porites has the simplest microstructure of the genera
studied. Trabecular fiber extension in Porites lobata oc-
curs continuously over the surface of all skeletal elements
and appears to be perpendicular to the surface of the basal
ectoderm in all cases, thus forming sheets with fibronor-
mal microstructure on the sides of vertical structures held
up by trabeculae. Trabecular growth is layered and pre-
dominantly vertical, as in Goniastrea, but layering is less
well developed. However, trabeculae in synapticulae are
not invariably oriented distally and infilling and thicken-
ing of the skeleton between trabeculae occurs throughout
the calice by extension of trabecular fibers. Porites has no
fiber bundles, and the outer surface is relatively smooth.
Thus, the Porites skeleton does not contain obvious tem-
porally disjunct fiber associations within septa. However,
septal thickening may occur continuously by extension of
fibronormal layers at the base of the calice or on walls up
until the time that a dissepiment is emplaced above the
structure. At this time, the particular section of skeleton is
sealed off from living coral tissue and can no longer grow.
In some cases, irregularities in walls or septa are filled in by
continued fiber extension in discrete patches wherein the
growth lines that cut across fibers terminate laterally before
passing into the EMZ of trabeculae. The exact time of em-

!Fig. 16 Scanning electron photomicrograph of a polished etched
section of Porites lobata (sample 03-10-65). A Photomosaic span-
ning the length of one continuous vertical section of skeleton (pali).
B Schematic diagram of A showing growth lines (black lines). C
Enlargement of A. Growth lines (dashed lines) show the extent of
vertical and lateral growth. Note that some laterally directed fibrous
growth (s with dotted black line) cannot be related directly to an EMZ.
Hence, that growth could be substantially younger having been de-
posited any time prior to emplacement of a dissepiment above it

Table 2 Range of published
annual extension rates and
calculated rates of dissepiment
emplacement (calice
depth/extension rate) for four
common reef building coral
genera

Extension rate
(mm/year)

Calice depth/
extension rate (days)

Species Location Min Max Reference Min Max

Acropora spp Somoa 4.0 185.0 Mayor 1924 547.5 11.8
Acropora cytherea Solitary

Islands
20.9 Harriott 1999 104.8

Pocillopora
damicornis

Panama 6.0 72.0 Glynn and Stewart
1973

73.0 6.1

Goniastrea retiformis Enewetak 5.0 9.5 Highsmith 1979 238.2
Goniastrea favulus GBR 3.8 4.3 Babcock 1988 595.5 526.3
Porites spp GBR 8.8 21.7 Lough and Barnes

1997
91.3 37.0

Porites lobata Indonesia 11.7 16.3 Edinger et al. 2000 68.6 49.3



21



22

placement of such patches relative to the underlying fibers
is difficult to establish and could represent some degree of
temporal disjunction.

Implications for geochemical proxies

For corals to serve as ideal geochemical proxies, their skele-
tons would accrete along smooth, continuous fronts at a
uniform rate in the direction of extension, thus forming
layers analogous to tree rings. However, the complex mi-
crostructure of the coral skeleton and differential timing
of emplacement of different fiber associations (e.g., tra-
beculae before bundles) are far from ideal. Several studies
utilizing scleractinian corals have documented large trace
element heterogeneities on scales of less than 100 µm (Al-
lison 1996; Cohen et al. 2001; Marshall and McCulloch
2002; Allison and Finch 2004). These variations are too
large to reflect changes in SST, for example, and have been
attributed to biological and/or kinetic effects that relate to
local spatial and temporal variation in seawater parame-
ters, differing calcification rates of the corals, or various
unspecified vital effects (e.g., Cohen et al. 2002; Marshall
and McCulloch 2002; Meibom et al. 2003; Allison and
Finch 2004; Sinclair 2005). These geochemical discrepan-
cies have been highlighted by recent attempts to resolve fine
temporal sequences of paleoclimate data (i.e., subannual)
by use of increasingly smaller laser or microprobe spot sizes
for sampling. However, the most consistent and repeatable
data sets are those that represent larger, time averaged sam-
ples. Although finer temporal scales have become possible
with high-resolution, high-precision microsampling tech-
niques, this sampling must take the exact temporal rela-
tionships between adjacent elements of microstructure into
account. Even a slight lateral divergence (e.g., from tra-
beculae into secondary fibronormal thickening or bundles)
may invalidate time series data.

Microsampling techniques commonly used for paleocli-
mate analysis of corals utilize a range of analytical spot
sizes. Ion microprobe samples have commonly ranged be-
tween 10 and 80 µm in diameter (e.g., Hart and Cohen
1996; Cohen et al. 2002), and LA-ICP-MS laser spot sizes
vary in size and shape, including 100 × 500 µm rectan-
gles, 25 × 600 µm rectangles and 175-µm diameter circles
(e.g., Sinclair et al. 1998; Fallon et al. 2002). The depth of
analysis is rarely reported. The assumption has been that
a linear sequence of samples collected along a structure in
the direction of overall skeletal extension will represent a
temporal sequence of samples. To test that assumption, we
have used two methods to calculate the maximum range in
age of closely adjacent sections of coral skeleton. First, we
determined the length of time that a given skeletal surface
within a calice was available for fiber extension (i.e., active
growth) before it was isolated within the corallum by em-
placement of a dissepiment above it. Secondly, for Porites,
which has the simplest trabecular microstructure, we used
photomicrograph mosaics to trace individual growth lines
within skeletal fibers to compare the magnitude of growth

vectors in the direction of calical extension and laterally
within walls.

For our first method, we divided calice depth by the av-
erage annual extension rate. We defined calice depth as
the distance from the outer tip of the calice, which is gen-
erally trabecular in microstructure, to the most recently
deposited dissepiment, which occurs adjacent to a wall that
has reached its maximum thickness. The ratio represents
the length of time that skeletal surfaces within an individ-
ual calice can potentially grow, because skeletal thickening
may occur at the base of the calice at the same time as
trabecular growth occurs at the tip of the calice. Thus, this
calculation gives the potential maximum difference in age
between the center of trabeculae at the center of the walls
and the last fibers secreted in the adjacent thickening on
their flanks (Fig. 15).

A survey of previously published extension rates (Table
2) established the possible range of maximum and min-
imum values for genera and/or species analyzed in this
study. The wide range of growth rates for Acropora results
in a significant range of possible time intervals between
growth of trabeculae and immediately adjacent thickening
deposits (between 11.8 and 547.5 days). Hence, if sam-
ple locations within an individual vertical structure, such
as a wall, stray from the center of a trabecula to the out-
ermost flank, skeletal age could potentially vary by more
than 1 year within a lateral distance of only 30–50 µm.
As most laser ablation spot sizes are significantly larger
than this, our data suggests that most laser ablation sam-
ples may represent significantly time-averaged samples en-
compassing portions of up to 1 year’s skeletal growth.
Hence, peak summer and winter temperature extremes in
SST would invariably be underestimated. Regardless, most
Acropora accretes more rapidly, providing a good poten-
tial for its use as a subannual paleoclimate proxy. How-
ever, in such cases of rapid extension, the overall temporal
span that can be analyzed is severely limited, and annual
growth bands are difficult to recognize in rapidly grow-
ing branching forms. Hence, although Acropora has been
a prolific reef builder since the Late Oligocene (Wallace
1999) it has not been used extensively for paleoclimate
records.

!Fig. 17 Comparison of geochemical sampling spot sizes and Porites
lobata microstructure (sample 04-9-30). A Photomosaic of scanning
electron photomicrographs of polished and etched surface of a sep-
tum showing various common sample sizes for laser ablation (open
rectangles and circles for LA-ICP-MS) and ion microprobe (solid
black circles) analyses of scleractinian corals. B Schematic diagram
of A showing growth lines (thin black lines) and EMZ – black shaded
areas. Line X–Y represents a vertical growth distance of 384 µm,
whereas the temporally equivalent line X–Y’ represents 36 µm of
lateral growth (a ratio of > 10:1). These two lines terminate at the
same growth line and therefore grew over the same time interval
( ∼ 20 bands). If it is assumed that the growth lines represent daily
increments, most individual laser samples will reflect more than 1
month’s worth of skeletal growth. Ion microprobe spot sizes have
greater resolution, but note that where they are located in the lat-
eral thickening deposits they may sample fibers of approximately the
same age over vertical distances approaching 300 µm



23



24

Pocillopora also has highly variable extension rates,
ranging from 73 to 6.1 days between skeletal growth at
the tip and base of the calice. However, Pocillopora has a
simpler microstructure, with clearly defined septa and lim-
ited intra-calice features such as septa and dissepiments,
thus allowing for a more continuous temporal sequence
of skeletal deposition. Regardless, Pocillopora has major
problems as a paleoclimate proxy due to the large amount
of thickening that occurs at the base of the calice. Such
thickening renders it difficult to sample in the direction
of extension. The branching habit of corallites also makes
recognition of annual bands difficult.

Goniastrea has the potential to serve as a proxy for pa-
leoclimate research because it has a robust septothecal
microstructure with clearly defined density bands. How-
ever, it and other faviid corals have only rarely been used
for environmental analyses (Shen and Boyle 1988; Hanna
and Muir 1990; Esslemont 1999; Munksgaard et al. 2004).
Goniastrea has the slowest extension rate of the corals
investigated in this study along with a relatively deep cal-
ice. These two factors, together with its relatively complex
intra-calical structure, contribute to a large amount of sec-
ondary thickening and many temporal disjunctions between
skeletal zones within the calice. The result is a large poten-
tial time difference between growth at the tip and base of the
calice (up to 595.5 days). Even at the highest extension rate
recorded for the genus, the difference in depositional time
could still be as much as 238.2 days within a lateral dis-
tance of only 100–200 µm. Hence, even a small amount of
straying towards the outer edge of the wall could represent
as much as a 1-year difference in the time of deposition.

Porites is the most commonly used coral genus for envi-
ronmental analysis because of its easily identified and date-
able density bands, the longevity of individual colonies and
its widespread global distribution (e.g., Alibert and McCul-
loch 1997; McGregor and Gagan 2003). Also, as the Porites
microstructure lacks discrete, secondary thickening phases,
such as bundles, there are few obvious temporal disjunc-
tions between adjacent parts of the skeleton. The potential
difference between growth of skeleton at the tip and base of
the calice ranges from 91.3 to 37 days. This range is sim-
ilar to that calculated by Barnes and Lough (1993) where
they calculated the frequency of dissepiment emplacement,
which varies between 107.2 and 30.6 days.

In order to better determine the timing of skeletal em-
placement in Porites, we applied a second method wherein
we traced individual growth layers in fibers through coral-
lite walls on SEM photomicrograph mosaics of polished
etched surfaces (Figs. 16, 17). We found that within sin-
gle continuous vertical growth segments, individual growth
layers are traceable for up to 470 µm of vertical growth
(Fig. 16C). When this is compared to extension rate data
in Table 2, it represents ∼ 10–15 days of growth. Figure
17 shows a vertical section of a septum with easily traced
growth lines. Growth lines suggest that 384 µm of verti-
cal growth are equivalent to only 36 µm of lateral growth,
measured from the EMZ in the center of the septum to
the edge of the growth line. According to global extension
rate data in Table 2, the growth increment may represent

as many as 12 days of growth. Therefore, as many as 12
days’ skeletal growth may represent only 36 µm of skeletal
growth. Thus, even a slight stray away from the intended
line of sampling in a high-resolution survey may cause
data to be missed or resampled within a given time series.
If samples are collected in a line parallel, but lateral to the
central EMZ, they may fall largely along a single growth
line, and many sequential spots may sample skeleton that
accreted at the same time. The potential error is much larger
in genera such as Goniastrea where lateral growth of septa
is greater, thus representing larger intervals of time. Ow-
ing to differences in microstructure between different gen-
era, direct observation of trabeculae, fibronormal layers
and bundles as delineated by etched growth lines may be
necessary to allow samples to be placed into series that
represent temporal sequences with known degrees of time
averaging.

Conclusions

Scleractinian coral genera have varyingly complex mi-
crostructures, and no single growth model is adequate to
describe coral skeletogenesis. Various types of skeletal in-
filling and thickening deposits postdate initial wall and sep-
tal formation to various degrees, as constrained by the tim-
ing of dissepiment emplacement when surfaces are isolated
from living tissue and further growth. Hence, immediately
adjacent portions of skeleton may have formed at different
times of the year, and depending on overall extension rates,
calice depth, and rates of dissepiment emplacement; adja-
cent skeletal accretion may even span seasons or different
years. In all cases, current laser and microprobe spot sizes
for geochemical sampling involve a degree of time averag-
ing that may also include seasonal overlap. Thus, fine scale
geochemical sampling of coral skeletons for high tempo-
ral resolution may be distorted where sampling does not
take microstructure into account directly. The age of coral
skeleton decreases both along trabeculae in the direction of
corallum extension and laterally, from the center of trabec-
ulae towards the septal flank within the corallite. The com-
mon assumption that a linear sequence of samples collected
along a feature in the direction of overall skeletal extension
represents a temporal sequence of samples is unfounded
in many cases. The variation of microstructures between
different genera (particularly the interplay between trabec-
ulae and thickening deposits) becomes especially important
where discontinuities are present and represent potentially
significant time differences. Thus, a greater understanding
of microstructure is required if coral skeletogenesis is be
understood adequately for coral skeletons to serve a repos-
itories of temporally constrained geochemical data.
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